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Introduction

Motivation As one of the steps towards an universal "motivic" cohomology theory, in 1985
Beilinson [2] defined rational motivic cohomology HY (U, Q(p)) of an algebraic manifold U/C
and defined the regulator map into the weight p Deligne-Beilinson cohomology of U,

reg : Hj(U,Q(p)) — Hp(U,Q(p))-

The terms occurring on either side of this map arise as the cohomology of certain complexes.
It was suggested by Goncharov in [24] and [25] that the regulator map should be induced by
an explicitly defined map between these complexes. A cycle complex that computes motivic
cohomology and even allows integral coefficients was already proposed 1986 by Bloch in [6]. He
also constructed a map from the cohomology of this complex, the higher Chow groups, to the
integral Deligne-Beilinson cohomology. His construction however was not very explicit.

Kerr, Lewis and Miiller-Stach [39] gave the definition of a regulator map on complexes, using
a variation of Bloch’s cycle complex to compute motivic, and Jannsen’s 3-term-complex [37] to
compute Deligne-Beilinson cohomology.

Both motivic cohomology and Deligne-Beilinson cohomology carry the structure of a graded-
commutative associative Q-algebra. Their products can be partially defined on the underlying
complexes — partially in the sense of "not everywhere defined". Although the regulator map
of Kerr/Lewis/Miiller-Stach induces a morphism of graded-commutative algebras on total co-
homology (i.e., on the direct sum over i,p € Z), this map is not a strict homomorphism of
algebras. That means, it is not compatible with the products on the underlying complexes.
This is due to the fact that the product on the cycle complexes can be chosen to be associative
and graded-commutative, while the (rather any) product on the 3-term complex lacks at least
one of these properties.

The goal of this thesis is to describe a map of partially defined graded-commutative differential

graded algebras (dg algebras) that on cohomology induces the same regulator as the one of [39].

Short sketch of the content We start by reviewing some complexes that compute motivic
cohomology and Deligne-Beilinson cohomology. On the motivic side, we work with Bloch’s
cycle complexes and in particular with their refinement z% (U, e) of higher Chow chains that
have proper intersection with respect to some "real faces". On the analytic side, we use (a
variant of) Jannsen’s 3-term complex Cp which comes with a whole family of products — but
none of them is both associative and graded-commutative. Following an advice of Levine, we
replace the 3-term complex by another complex Pp that actually has a graded-commutative
product and is related to the complex Cp by means of the evaluation map ev, which turns out
to be a quasi-isomorphism after extending coefficients to Q.

These complexes actually depend not only on U, but on a choice of a good compactification
(X, D) of U. Therefore, we put ourselves in a general setting and define an abstract (partially
defined) regulator map from the complex of higher Chow chains to any family of complexes

indexed by triples (X, D,p) that satisfies a list of properties. We verify these properties for



the complexes Cp and Pp, thus obtaining two specialization of the abstract regulator map, the

former of whom coincides with the regulator map in [39].

The diagram formed by these two regulators and ewv,

PP™*(X,D,Z(p))

ev

Zﬂg(Ua °) C%p_.(X,D,Z(p)),

regc

although not commutative in general, commutes after passing to rational cohomology.

We equip the above complexes with partially defined intersection products, and it will turn out

that the regulator maps are compatible with these products.

The product on the complex of higher chains is in general not graded-commutative. For
rational coefficients however there exist subcomplexes zﬂg(U,O)(Slt of alternating chains that
also compute motivic cohomology and that are endowed with a partially defined — this time
graded-commutative — intersection product. It is convenient to regrade this complex and write
N2~ (U,p)§" = 2 (U, )", with the effect that the (Q-linear extension of the) regulator
maps become morphisms of cochain complexes.

The total complex &N *(U, p)@lt is an associative graded-commutative partially defined dg
algebra and the same holds for the total path complex, so that the restriction of the regulator
regp to rational alternating chains is a map of associative graded-commutative partially defined

dg algebras
@N.(Uap)alt - @PZ.)(Xa Da Q(p))
p P

This is the searched-for map. On cohomology, ev induces an isomorphism of algebras, so that

this map is indeed equivalent to the regulator reg. (and thus reg) on cohomology.

The passage from higher Chow chains to alternating Chow chains is realized by the alternating
projection Alt. The regulator regp is invariant under alternation and even can be seen as an

alternating version of reg.. All this is formalized in the commutativity of the diagram below.

regp

Pl%p_n(X’ D, Z(p))

_— >
regp
Alt ev

AU —C O (X, D, Q(p))

One advantage of the regulator map between complexes is that one has explicit formulas for it.
To illustrate that point, we give formulas for the regulator into Pp for small cubical degree and
for a special class of cycles — namely the graph cycles. To see a concrete example, we apply the

regulator map to a generalization of Totaro’s cycle, which leads to dilogarithms.

Building on the construction of the higher Abel-Jacobi map in [39], we associate to both reg-
ulator maps an Abel-Jacobi map from higher Chow chains that are homologous to zero to a
generalized Jacobian. It turns out that the Abel-Jacobi map for regp is a symmetrization of

the Abel-Jacobi map for reg..

We also study the behaviour of the Abel-Jacobi map under exterior products and pullbacks

along higher correspondences and provide explicit formulas.
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Conventions While in section 1 the higher Chow groups are defined over any field, outside of
this section we mostly stick to the field C or R. In this case, we work in the (complex) analytic
setting, i.e., all spaces/sheaves are with respect to the analytic topology.

A complex algebraic manifold denotes a smooth quasi-projective algebraic variety over C to-
gether with the complex topology. In particular, it is hausdorff and second countable.

Usually, the notion of a "regulator' is reserved for mappings that are defined on higher K-theory
and take values in some cohomology theory (here Deligne-Beilinson cohomology). We rather
use 'regulator" as a synonym for "higher cycle map", which is justified by Bloch’s work [5],
where he showed that — after tensoring with Q — higher Chow groups are isomorphic to higher
K-theory.

A bullet e indicates that the object is a complex. By convention, complexes with lower indices
have decreasing differential, while complexes with upper indices have increasing differential
(degree +1). We omit the e, if it is not necessary.

The notion of a partially defined product will be used in an informal way, meaning a product

which is defined only on a certain (not further specified) subset.






1 Higher Chow groups

Higher Chow groups have been introduced by Spencer Bloch [5] in 1986 as a cycle-theoretic
description of rational higher K-theory. They can be thought of as an algebraic version of sin-
gular (Borel-Moore) homology theory. In fact, they are known to compute motivic cohomology
with integral coefficients. The name "higher Chow groups" is due to the fact that they contain
the usual Chow groups as a special case.

We introduce a complex of cubical higher Chow chains whose cohomology groups are the higher
Chow groups and describe their functoriality and their exterior and interior products. The pas-
sage to alternating chains allows to define a graded-commutative inner (intersection) product,
with the drawback of needing rational coefficients. With view to the construction in 4.1, we
also define higher Chow chains with good intersection with respect to some real faces and show

in an appendix that they also compute the higher Chow groups.

1.1 Bloch’s cycle complex

Following Totaro [62, p. 180], we define the cubical higher Chow groups for quasi-projective
varieties over a field k. They can be seen as an algebraic analogon of the cubical singular

homology groups. Define the (algebraic) n-cube as

O™ = (Pr(k) \ {1})" .

The codimension 1 faces of the n-cube are defined to be the hyperplanes obtained by setting
one of the coordinates z; to be equal z; = 0 or z; = co. So for each ¢ there are two i-th faces

which can be identified with the images of the maps

that insert € at place i. Codimension r faces are intersections of r different 1 faces, i.e., obtained

by setting r of the n coordinates to be 0 or co. The union of all codimension r faces is thus
" O" = {(z1,...,2,) | r different z; € {0,00}}.

One also has degeneracy maps m; : (0" — (0" ! which omit the i-th coordinate and act as the
identity on the other coordinates. The collection of all the cubes together with the various maps
0;.¢,m; form a cubical object (in the sense of [9]) in the category of smooth quasi-projective
varieties.

Now let U be a (smooth) quasi-projective variety over k. To mimic the construction of (cubical)
singular homology one needs a replacement for the continuous maps (0" — U. Since there are
too few algebraic maps from the n-cube to U, one instead considers algebraic cycles in U x "
(the fibre product over Speck). In general, the group of codimension p algebraic cycles in

a quasi-projective variety V' (over a field) is the free abelian group generated by the set of



irreducible closed subvarieties of V', that is,

2P(V) = { Z n;Z; | n; € 7, Z; closed irreducible subvariety of V} .

finite

The faces of 0" extend to U x " as U x face. To have a good notion of restriction to those
faces, one works with a smaller set of cycles. Namely, an algebraic cycle is called admissible, if
it intersects all faces properly, i.e., in the correct codimension'. The group generated by those
algebraic cycles is

P (U,n) :=(Z € zP(U x ") admissible )

whose members are the admissible (higher Chow) chains. The pullbacks of admissible chains

along the face maps 0; . exist and give rise to a differential

0:=Y (~1)F07, — 0} o) 1 P (U,n) = (U, — 1),
i=1
The group of degenerate cycles dP(U,n) is the subgroup of all those algebraic cycles that are
obtained as the pullback of admissible chains along some projection map ;. This is a subgroup

of admissible chains and one defines the group of higher Chow chains as the quotient
2P(U,n) := P (U,n)/d?(U,n).

This becomes a chain complex with the differential 0, i.e., 9o 9 = 0.
The higher Chow groups can be defined as the homology groups of z?(U, e), or, cohomologically
written,

CHP?(U,n) := H,(2P(U,9)).

If A is a coefficient ring, then the higher Chow groups with coefficients in A are by definition
the homology groups of zP(U, e) ®7 A. For A = Q, this is the same as CH?(U, o) ®z Q by the

universal coefficient theorem.

Remark. The original definition of Bloch’s higher Chow groups uses simplicial chains instead

of cubical ones. The corresponding homology groups however are the same [45, 4.7].

Higher Chow groups and motivic cohomology The "modern" approach to motivic cohomol-
ogy of smooth schemes over a field k is to define somehow a triangulated category DM (k) with

special "Tate objects" Z(n) in it, and then define the motivic cohomology of U as

H\(U, Z(p)) = Hompar () (Z(0), Zu (p)[i]),

where Zy (p) is the "motive associated to U". All these categories have in common that (actually,

it is a requirement for a good category DM) there is a functorial isomorphism for smooth U,

Hj(U,Z(j)) = CH (U, 2j — ).

1Two algebraic cycles A, B are said to intersect properly if their intersection A N B is either empty or lives in
the right codimension, that is,
codim(A N B) = codimA + codimB.

In this case, the intersection of A and B is a formal linear combination of the irreducible components of
AN B with suitable multiplicities. We again denote this intersection with A N B.



The maybe most prominent definition of DM (k) comes from Voevodsky [64] (there are others
by Levine, Hanamura,...) as a derived category of some category of motivic sheaves. In [63]
Voevodsky verified that for U smooth over a field k his definition of motivic cohomology is the

same thing as simplicial higher Chow groups, or which is the same, cubical higher Chow groups.

1.2 Properties of higher Chow chains

Functoriality

Let U be a quasi-projective variety over k that is equi-dimensional of (complex) dimension d.
Then the abbreviation z;(U,n) := 247%(U,n) is well defined. Any map f : U — V extends to
amap f xid: U x 0" — V x 0", which will also be denoted by f (for any n).

Proposition 1. The proper pushforward resp. flat pullback of algebraic cycles [20, 3.5] induce

morphisms of higher Chow chains such that
o 2,(U,e) is covariant functorial wrt. proper morphisms,
e 29(U, e) is contravariant functorial wrt. flat morphisms.

Sketch. The proof is given in [5, Prop. 1.3] (for simplicial chains), where it is shown that the
usual pullback/pushforward of algebraic cycles respects proper intersection with boundaries.
It also preserves degenerate chains and thus induces a morphism between higher Chow chains.

Finally, the induced maps on higher Chow chains are compatible with the differential. O

The contravariant functoriality can be extended to morphisms between quasi-projective varieties

by means of the formula

12 i=(pryxoe)s (U % 0" x2) (T i )

=(proc): (U x 2)n1y).

where I'y and I yxjq,, are the graphs of f and f xidg». But then not every cycle can be pulled
back — one has to restrict to those cycles whose intersection with I'y exists.

For any finite set S of closed algebraic subsets of V', denote by
ZS(V7 .) - Z(‘/v .)

the subcomplex of higher Chow chains that is obtained by imposing the additional condition
that all cycles S x F' are intersected properly for all S € S and all faces F'.

Lemma 2. Let f : U — V be a morphism between smooth algebraic varieties. Then there
exists a finite set S of closed algebraic subsets of V' such that the pullback of cycles induces a
morphism of complexes

z2s(V,0) = z(U, o).

Proof. Let S be the union of the sets S;,i > 0, where S; is the set of points v € V' such that
dim f~1(v) > i. At least for i > dimV the sets S; are empty and so S is finite. The proper
intersection with all the S; is enough to ensure proper intersection with the graph of f. See

also [5] or [45, Cor. 4.9]. Indeed: Let Z € z%(V,e) and consider an irreducible component



Z'c (Ux Z)n (s x F). Because the S;, i = 0,1, ... form a filtration of V, there exists an i
such that Z’ C U x S; x F and Z' € U x S;41 x F. It follows that

dim Z' < dim (U x Z) N (f71(S;) x S; x F)) < dim (Z N (S; x F)) + .
Using this and the proper intersection of Z with the S; x F,

codimr, xpZ" > dim(T'y x F) —dim(Z N (S; x F)) — i
=dim(T'y x F) — dim(S; x F') + codimg, xp(Z N (S; x F)) — i
= dim(U) — dim S; + p — 1.

The claim follows because dim S; + ¢ < dim U. O

The pullback on chain level is only partially defined. The following "moving lemma" says that

it is everywhere defined at least after passing to rational cohomology groups.

Proposition 3 (Moving lemma). Let U be a smooth quasi-projective variety over k. For any
collection of finitely many closed subsets S1,...S; of U, every cohomology class in CHP (U, n)g
has a representative that intersects all S; properly.

If U is projective or affine, this holds even for integral coefficients.

Proof. This is corollary 3.2 in [45] and theorem 14 in [46]. O

The product of higher Chow chains

One advantage of the cubical version of higher Chow groups (and the reason for their invention,
see Totaro [62]) is, that the product of two cubes again is a cube. This allows an easy definition
of an external product for higher Chow chains.

For two varieties U,V consider the isomorphism 7: U x 0" xV x O™ - U x V x O" x O™ =
U x V x O"™ that exchanges the two middle factors. Together with the usual exterior product

of algebraic cycles, this induces a morphism
U xO") @ 24(V x O™) — 2PTHU x V x O™,

The external product of two admissible cycles is again admissible (because faces on the product
are just exterior products of faces in the respective factors) and the product of an admissible
and a degenerate cycles is always a degenerate cycle. Consequently, one obtains an external

product for higher Chow chains,
2P(U,n) @ 24(V,m) — 2PTIU x V,m +n).

Taking the sum over the cubical indices gives rise to an exterior product on the complexes of

higher Chow chains, i.e., the exterior product is compatible with Bloch’s differential:
(U, 0) @ 2%(V,8) = 2PT(U x V, o).

This product is associative but not graded-commutative (in the sense of exterior products). For
example, the exterior product of two graph cycles I'y,T', (which are assumed to intersect the

boundaries properly) is equal to I'fy g # I'gx .



Now specialize to U = V and consider the diagonal embedding A : U — U xU. The composition
of the external product with the pullback along A is not everywhere defined. It however gives

rise to a partially defined map
(AZ™)* : 2P(U,n) ® 29(U,m) --» 2PT4(U,n + m).

The intersection of higher Chow chains induces a well-defined product on higher Chow groups
by defining the intersection of two higher cycle classes Z, Z' with representing higher Chow
cycles Z, Z' to be the unique class such that

ZNnZ .= (A;}”")*(Z x 7' 4+ 8B) + boundaries

for a higher Chow chain B for whom the pullback on the right hand side exists. If it exists,
the product is well-defined on cohomology classes and is independent of the choice of B: This
is a consequence of the identity (Ay™)*d = (A};™)*. Working with rational coefficients, the
moving lemma implies that such a B always exists. In particular, the intersection product is
everywhere defined on @, ,, CH?(U, n)q.

Marc Levine proved the following properties of this product in [45, Theorem 5.2].

Proposition 4. For U smooth and quasi-projective over k, these products give Gap,n CHP(U,n)q
the structure of a bi-graded ring, which is graded-commutative with respect to n and commuta-
tive with respect to p. The restriction to @, CH?(U,0)q s the usual product structure on the
rational Chow ring of U.

That is, one has an associative, graded-commutative (with respect to n and m) product on the
rational higher Chow groups (but not on the underlying complex, since one needs the moving

lemma).

1.3 Alternating chains

The exterior product (and thus also the intersection product) of higher Chow chains is not
graded-commutative — but becomes graded-commutative on rational cohomology. The alter-
nating cycles were introduced to remedy this defect. They furthermore have the advantage that
a degenerate alternating cycle is zero and thus the higher Chow groups can be defined without
using a normalization (see [45, p. 36], [8]). They are defined as a subgroup of admissible chains
that behave good with respect to some action on the coordinates.

Denote by G,, the subgroup of automorphisms of (1" generated by

o:(z1,--s2n) = (Zo1y- -+ Zon)y O €Sy
Tit (21,00, 20) — (zl,...,z%,...,zn).
Then G,, is just the group of automorphisms of the pair (P1,1)" that map faces onto faces?.

Acting identically on U, this gives rise to a group action of G,, on U x (0", and hence an action

on the algebraic cycles in U x (0" via pullback. This action respects proper intersection with

2To see this, let ¢ be an automorphism of Pf" that leaves 1 and {0,00}" invariant. Restrict it to some
Py C IP’?" and compose it with the projection to the k-th component. The resulting map Py — Py is either
constant or a Mobius transformation. There must exist a k such that this map is non-trivial and thus gives
an automorphism of (Pq,{1}). The assumption that it preserves {0, 00} leaves as the only possibilities the
identity and z +— 1/z.



faces and thus restricts to an action on admissible chains.

An admissible chain is called alternating, if G,, acts on it via the Sign representation, where
Sign : G, — {£1} denotes the unique homomorphism that extends the signum map on the
symmetric group and maps 7; — —1 for all 7. In other words, the set of alternating higher

Chow chains is the subspace spanned by Sign-equivariant admissible algebraic cycles,
2P (U, n)APE = cP(U, n)Sign.

The differential J restricts to these subspaces and makes them into a chain complex with respect

to the variable n.

The alternating projection The action of GG,, comes with an associated projector

Alt: P(U,n) - Q®cP(U,n)

1
Z»—>—§ Sign(g) - ¢* Z,
Gl gn(g) - g
geGy

whose image is the space of Gj-alternating chains with rational coefficients. Bloch [8, 1.1]
showed that Alt is compatible? with the differential 0. After extension of scalars to the rationals,
this yields an endomorphism of the space of rational admissible chains ¢?(U, ®)g, which turns
out to be projector (i.e., Alt o Alt = Alt) onto the subspace of alternating chains 2P (U, 0)8“.
The alternation of a degenerate chain is zero and thus Alt descends to a well-defined map on
higher Chow chains

Alt : 2P(U, 0) — zp(U,o)alt.

With rational coefficients, this becomes a quasi-isomorphism that is quasi-inverse to the inclu-
sion zP(U, 0)8“ C 2P(U, ®)gp. The proof uses an extended cubical structure on zP(U, o), see the

references in the proof of proposition 7.

Product for alternating chains The exterior product of admissible chains induces a product

of alternating chains by composing it with the alternating projection,
2P(U, n)glt ® 24(V, m)alt — 2PTU x V,n + m)@lt.

This gives a graded-commutative associative exterior product, compatible with the differential
on the complex of alternating higher Chow chains. Pullback along the diagonal yields a par-
tially defined intersection product on the alternating chains with rational coefficients, which is

associative and graded-commutative (with respect to the cubical degree n):

ZNZ =Alto A" (Zx Z').

3To be honest, Bloch merely showed the compatibility of & with the projector associated to the action of
Sn C Gp. To see that it extends to Gy, it is to show that 9 commutes with the projector associated to

. . 1 1 E
the (Z/2)™ action generated by the 7, i.e., 5w ZTG(Z/mn(—l)""T*a* = SnFT Z-rg(Z/2)?L+1(_1)‘T‘d*T*'

. . . 7;0; j < .
Because 7; interchanges 0 and oo in the j-th cube, one has 8;7; =< 7" ] ’ and 9;7; = —9;. Using
Ti—10; J > 1,
this, a computation gives that S (—pPiFiHgErr =2 S (—1)II+iHLrr 9% from which the
i=1...n+1 i=1...n+1
Jc(z/2)ntl JC(z/2)™

result follows.



With this product, the direct sum

P v n)g"
p,n

becomes a partially defined, associative and graded-commutative dg algebra. By definition, the

quasi-isomorphism Alt induces a morphism of partially defined algebras

@ 2P(U,n)g — GBZP(U’ n)alt.

p,n p,n

Remark. Alternating higher Chow chains can (and in fact this has been done in the preprint [67])
also be defined as higher Chow chains that alternate with respect to the action of the symmetric
group (that is, without Z/2-action, but modulo degenerates). In my opinion, this definition as
a sub-quotient of a complex is undesirable. Thus here the alternating higher Chow chains are
defined as admissible chains that are alternating with respect to the full automorphism group

of the cube. To my knowledge, this approach is due to Hanamura.

1.4 Examples

e CHP(U,0) is by definition the group of algebraic cycles on U modulo cycles of the form
0y Z — 0%, Z, for Z running through admissible cycles in U x 0. This is just the rational
equivalence relation of algebraic cycles, and thus CH?(U,0) = CH?(U) are the ordinary
Chow groups. See also [21, Prop. 1.6 and the remark following].

e CHP(U,n),n =0,1,2, is generated by graph cycles of functions that meet the faces in the
correct codimension (the inverse image has the correct codimension), see 1.5. This means
that while a general higher Chow chain corresponds to a multi-valued function, for n < 2

they can actually be represented by single-valued functions only.

More precisely, for n = 1, any higher Chow cycle can be written as a finite sum > ,(V;, fi)
where V; C U is an irreducible algebraic cycle of codimension p—1, f; a non-zero rational
function on V; and ), div(f;) = 0 as a cycle of codimension p on U. The last condition

just means that the multiplicities at 0 and oo cancel out [65].

° CHO(U7 n). The admissible chains here are generated by U; x 0" where U; runs through

the irreducible components of U. Since they are degenerate for n > 0, one gets

o Z#{irred. comp.}7 n=0
CH"(U,n) =
0, n > 0.

e CH'(U,n). Spencer Bloch [5] showed that in codimension 1,

Pic(U), n=20
CH'(U,n) =S T(U,0;), n=1
0, n > 2.

e Vanishing: One has the trivial vanishing

CHP(U,n) =0 for p>n+dimU.



As an extension of the vanishing in codimension p = 0 and p = 1, the conjectural

Beilinson-Soulé vanishing says that
CHP(U,n) =0 if either (% >2,p>0)or (n>0p=0).

This is known to be true for rational coefficients and U the spectrum of a number field by
Borel’s computation of K-groups [11] and the comparison between rational higher Chow

groups and rational K-theory [5].

e U = Speck = pt. CHP(pt,n) is generated by codimension p algebraic cycles in 0"
meeting all faces in the right dimension. By the work of Nesterenko/Suslin [54] and
Totaro [62], CH"(pt,n) = K (k) are the Milnor K-groups. Together with the trivial
vanishing, CH? (pt,n) = 0 for p > n, the higher Chow groups are

p
3.0 0 0KM? 2
2.0 0KM? 7 2
1 0k 0 0 0 0
0 Z 0 0 0 0 0
0 1 2 3 4 5 n

For k a number field, Borel’s computation [11] explicitly determines the rank of the higher
Chow groups in terms of the number of real and complex embeddings of k. Thus the higher

Chow groups are determined up to torsion.

1.5 Higher Chow chains as graphs

For small n (in fact n = 0, 1,2) the higher Chow groups admit an alternative description via

graph cycles.

Indeed, we sketch how the Gersten resolution for higher Chow groups [5, §10], the degeneration
of the local to global spectral sequence for higher Chow groups [52, §5], and the Milnor-Chow
homomorphism [62] imply that every class in CH?(U,n), n = 0,1,2, can be represented by a

sum of graph cycles.

Gersten resolution for higher Chow groups Let U be a smooth quasi-projective variety over
k and denote by CH},(n) the Zariski-sheafification of the functor V' + CHP(V,n). There is a
local-to-global spectral sequence relating the cohomology of CH with the higher Chow groups.

One can show that this spectral sequence partially degenerates and that this leads to

CHP(U,n) = HY="(U,CH}, (), n=0,1,2.



Furthermore, one has the Gersten resolution for higher Chow groups, which is a flasque resolu-

tion of sheaves (i, denoting the skyscraper functor)

0 — CHY,(n) — @ i, CHP(Spec k(x),n) — @ i, CHP ' (Speck(z),n —1) — ...

zcU ) xcU@)
— @ i, CH*(Speck(z),n —p+1) — @ i CH’(Spec k(z),n — p) — 0.
reUP-1) zeU®)

Consequently, an element in Bloch’s higher Chow group CH?(U,n), for n = 0,1,2, can be

represented by an element in

P i. CH*(Speck(z),n).

zeUP—n)

Milnor K-Theory For k a field, the Milnor k-group K (k) is the quotient of the tensor algebra
over k*,

2ok ok QK ) (K" QK" k") ® ...

by the so-called Steinberg relations, that is, the two-sided ideal generated by a ® (1 —a), where
a # 0,1. Note that the tensor algebra is No-graded with Z in degree 0 and (k*)®? in degree
1. The Steinberg relations are compatible with the grading and one obtains a Ny-graded ring
KM (k). Totaro [62] showed that there is a ring isomorphism
KM (k)= CH®(k, o).

To describe the homomorphism K (k) — CH"(k,n), observe that an element in CH"(k,n)
is just a finite linear combination of points in (Py(k) \ {0,1,00})”. The map sends a tuple
a = (as,...a,) to the intersection aNO™. For example if n = 1, then the map sends a € k*\ {1}
to a and 1 to 0 (the empty sum).

Putting all these things together, an element in Bloch’s higher Chow group CH? (U, n), for

n =0,1,2, can be represented by elements in

D K (k@)

zeUp—m)

that is, by a formal sum of symbols (V, f; ® --- ® f,,) with V an algebraic subvariety of codi-

mension p —n and f; € k*(V) a non-zero rational function.

1.6 Higher Chow chains with good real intersection

In the definition of the regulator map in 4.2, 4.3, we will have to restrict to higher Chow chains
that are in good position with respect to the branch locus of the complex logarithm, which we
choose to be R_ := [—00,0] C 0. We will see that every class in CHP (U, n)q is represented by
a higher Chow cycle that intersects R! ¢ 0" properly for all I C {0, 1}".

A real face of O is one of the subsets {0}, {oo}, R_, 0 and a real face of 0" is an n-fold exterior

product of real faces of (0. For U a smooth quasi-projective variety over C, define

irreducible Z € zP(U x O") such that Z and 8Z>

intersect all real faces U x F properly

) =



Here proper intersection with a real face means that Z intersects all real strata of the face
properly as real analytic varieties. For example, proper intersection with R_ means proper
intersection with (—o0,0), oo and 0.

Denote by d%(U,n) C ¢k (U, n) the subgroup generated by those algebraic cycles with one factor
being = [0 and define

(U, o)
ZP(U’ o) = RAT T
N dx (U, e)
with boundary map 9 as before.
In the same way, for S = {S1,...,.5;} any finite collection of closed subvarieties of U, define

P (Un) <Z € zP(U xO") such that Z and 97 intersect S; X F properly>
c ,n) = )
SR as real analytic varieties, for all real faces F' and all ¢
and the quotient complex zg,R(U, o).
Theorem 5 (Moving Lemmas).

e The inclusions give rise to quasi-isomorphisms
Zp(Us 0)g = 2 (U, 0)g = (U, #)q.
e For D C X any closed subvariety of pure codimension q in a smooth projective variety
X, the restriction to X \ D induces a quasi-isomorphism

zp (X, 0)o
zp Y(D,e)q

Proof. Originally, the moving lemma for higher Chow groups without subscript R has been
proven by Bloch and Levine. For X projective, this is the collection of moving lemmas from
[38, 8.14-8.16]. The proof of the first statement also works for quasi-projective X. O

The "alternating" version is

(U, )M = <Z € 2P(U,n)A

7 and 0Z intersect all real faces
properly as real analytic varieties > ’

Proposition 6. The diagram below formed by the alternating projection (horizontal) and in-
clusion (vertical) is a commutative diagram of partially defined dg algebras and each arrow is a

quasi-isomorphism.
92 2P(U,n)g — @ 2P (U, n)alt

p,n

T T

@ Zﬂg(Uﬂ n)Q - @ Zﬂg(Uﬂ n)alt
p,n p,n

Proof. Commutativity of the diagram is obvious. That the maps in the diagram are compatible
with the products is clear for the inclusions. For the alternating projections, this is equivalent
to Alt(Alt(Z) NAlt(Z)) = Alt(Z N Z'), which can be verified by hand.

That the horizontal arrows are quasi-isomorphisms follows from general theory of (extended)
cubical objects as in [47, Proposition 1.6], see also the appendix to this section. For the
upper arrow this statement is also in [46, Lemma 29]. That the left vertical arrow is a quasi-

isomorphism is content of the moving lemma 5. The quasi-isomorphicity of the right vertical
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arrow finally follows from the commutativity of the diagram and the quasi-isomorphicity of the

other three arrows. O

1.7 Appendix: Around cubical objects

In this appendix, the formalism of extended cubical objects [47] is applied to prove that the
vertical maps in proposition 6 are quasi-isomorphisms.
Define the category of "abstract cubes' Cube to be the category with objects n := {0,1}",

n =0,1,... and morphisms given by

e Aut({0,1}") = G,, generated by the symmetric group in n variables and the maps
0,1} = {0,1},i — 1 — 4.

e The other morphisms are generated by the inclusion of faces (the face maps) and linear

projections (the degenerations).

Denote by Cube®® the category with the same objects as Cube, but all arrows reversed. A cubical
object in a category A is a functor Cube®® — A. In the following, A will always stand for an
abelian category.

(U, *) and ¢ (U, %) are examples of cubical abelian groups. In the previous subsections, there
have been two fundamental constructions of complexes of abelian groups out of a cubical object.
The first one (normalized chain complex) divides the chains by degenerate elements, while the
second one passes to the subgroup of alternating elements.

These two procedures can be defined and compared in an abstract setting.

Construction 1 If c is a cubical object and if cqey denotes its degenerate elements, then the
c(n)

Cdeg(n)

associated (normalized) complex is by definition the complex which in degree n is and

whose differential is given by the alternating sum over the face maps.

Construction 2 By functoriality, any cubical object ¢ comes with an action of G,,. Denote by
Sign the sign representation of G,, and by c(n)5®" the largest subobject of ¢(n) on which G,
acts via the sign representation. This object always exists in an abelian category, and applying

Alt

the above degree-wise, gives rise to a complex ¢*'* whose differential is the same alternating

sum as above.

In order to compare the two fundamental constructions above, define the category of extended
cubes ECube to be the category Cube with additional morphisms generated by the map u :
{0,1}> — {0,1},(4,§) = i -j. A cubical object in A is called an extended cubical object, if
it extends to a functor ECube®® — A. The mere existence of an extended cubical structure

suffices to ensure the (quasi-)equivalence of the two constructions above:

Proposition 7. For any extended cubical object ¢ : ECube — A with values in a Q-linear

abelian category A, the composition of the inclusion and the canonical map to the quotient
Al 50— ¢/Cdeg

induces a quasi-isomorphism of compleres. A quasi-inverse is given by the alternating projection
Alt = ﬁ deGn(_l)Sign(g)g*'

11



Proof. The first statement is a combination of [47, Lemma 1.5] and [47, Prop 1.7]. For the
second, note that Alt descends to a map ¢/cgeg — Al that is split by the map in the statement.

Thus Alt is necessarily a quasi-inverse. O

Lemma 8. The functors n — ¢?(U,n) and n — ck(U,n) are extended cubical objects for any

smooth quasi-projective U .

Proof. We only prove the statement for ¢f (U, %); the other follows analogously. We will show
that it has an extended cubical structure induced by p : 0% — O, (2, 2') + 242’ — 22/, which is
agreed to be u = oo if either z = oo or 2’ = co. For this, it is to show that the proper intersection
with real boundaries is preserved by the extended structure. It even suffices to check this for u
alone. Utilizing the isomorphism (0O, 00, 0) = (A1,0, 1) given by z — 1/(1 — 2), allows to work
with cycles Z C U x Afz. In these coordinates, the map p is just the multiplication of the two
components of Aid. It is to show that whenever Z intersects all real faces properly, then the

same holds for
N Z) ={(u,2,y) : (u,z-y) € Z}.

This is done by showing that the various intersections of ~1(Z) with each of the real subvari-
eties in U x {0,1,(0,1), A1 }*? is either empty or has the correct real codimension.
e First consider the intersection with faces that contain the divisor {0}. For example,
pHZ)N(z =0) = {(u,0,y) | (u,0) € Z} = (Z N (z =0)) x A;. Because Z intersects
(x = 0) properly, it follows that the real codimension is codim%xmlfl(Z) N(z=0)=
codim{*(Z N (x = 0)) > codim{*P(Z) +2, as expected. Similarly, the intersection with
(y = 0) and all combinations of these two with other faces (e.g 0 x (0, 1)) is treated.

e Next consider faces containing the divisor 1. For example, p=*(Z) N (z = 1) = {(u, 1,y) |
(u,y) € Z} = Z. In particular, its codimension in X x A? is equal to the codimension
of Z plus one. Because Z intersects the real boundaries properly, an analogous argument

shows that ;~1(Z) intersects 1 x F' and F x 1 properly for all real faces F.
e Now consider the face U x A; x (0,1). The intersection with this face is

pH(Z)N (U x Ay x (0,1)) = {(u,z,y) | (u,2y) € Z,y € (0,1)}
~ 7 x (0,1),

where &~ denotes the analytic isomorphism (u,z,y) — (u,zy,y). Since the latter has
real codimension at least p + 1, so does the intersection above. In exactly the same way,
proceed with U x (0,1) x A;.

e A similar reasoning can be done for the face U x (0,1) x (0, 1):

pHZ)N (U % (0,1) x (0,1)) = {(u, z,y) | (u,2y) € Z, 2,y € (0,1)}
{(u,z,9) | (u,2) € Z,y € (0,1),2/y € (0,1)}
{

(

2,9) |
(u,2z,9) | (u,2) € Z,z,y € (0,1)}
=(Zn (U x (0,1))) x (0,1).

C

From the proper intersection of Z with the real faces, it follows that the right-hand side

has real codimension at least p + 2, hence so does the left-hand side. O
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2 Currents

This section shall introduce to the basic theory of currents on manifolds. Currents are important
for us, because they unify both the concepts of singular chains and differential forms. They
have good covariant functorial properties, an associative external product (in contrast to the
exterior product of singular chains) and contain appropriate subspaces which compute the
integral and real (complex) cohomology of a manifold. Furthermore, there exists a partially
defined intersection product that generalizes both the wedge product of differential forms and
the intersection product of singular chains and that induces a well defined, everywhere defined
product on cohomology.

Currents can be seen as either differential forms with distribution coefficients or as duals of
differential forms. We adopt the second point of view, which emphasizes the homological
character of currents, and we may think of them as "generalized manifolds with densities".
While currents are considered in huge generality in geometric measure theory, we restrict our-
selves to currents on (real or complex) analytic manifolds. Excellent introductions into this
area are the texts by Gillet/Soulé [23, §1], Demailly [12], Harvey [30], Jannsen [37] and, for the
general notions of geometric measure theory, the fundamental works of Herbert Federer [17],
[18] and the more recent reference work of Giaquinta/Modica/Soucek [22].

We start investigating currents on manifolds and afterwards turn to currents on pairs of spaces.
Intersection theory for currents is the one introduced by Federer (Federer/Fleming [18]) and
axiomatized by Hardt [28].

2.1 Currents on (complex) manifolds

Let M be a real analytic manifold and denote by A*(M) the vector space of complex valued
smooth differential k-forms on M. The subspace of compactly supported forms A¥(M) comes
with the direct limit topology induced by the topology of uniform convergence (of all partial
derivatives) on AF(K) for all compact K C M. This is the uniquely defined topology in
which a sequence w, — w converges if and only if there is a compact subset K such that
sptwp, sptw C K for all n and the sequence of partial derivatives D®w,, (x) — D“w(x) converges
uniformly in z for each multi index «. The currents of dimension k on M by definition are the
distributions on A¥ (M), that is,

Dy (M) = C-linear continuous functionals on AF(M).

In other words, a current is a linear form on A.(M) whose restriction to any A(K), K C M

compact, is a continuous functional. The space of currents on M,
D(M) = &, Di(M),

is a graded C-vector space concentrated in dimensions [0, dim M].

Let X be a complex analytic manifold of (complex) dimension m. Then there is an additional
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decomposition of differential forms A¥(X) = @4 4=£A2(X), where AP9(X) is the vector
space of complex valued smooth differential (p, q)-forms on X with compact support. The
distributions on these subspaces with the inherited topology are the currents of bidimension
(p,q) on X,

D, (X) = distributions on A2 (X).

Under the inclusion D, 4(X) < Dp14(X) (extension by zero), the currents of bidimension (p, q)
are identified with those currents that pair to zero with all test form of bidegree # (p,q). One

obtains a decomposition

Di(X) = @ Dp,q(X)-

p+q=Fk
It is common to raise the indices by writing D" = Dyq_, and similarly D?*? := D, _,, 1,—q. The
so obtained grading/bigrading is called the degree/bidegree. The degree of a current T will be
denoted by |T'| = deg(T') and the dimension by dim(7).
Examples of currents

The main examples of currents, considered more detailed in 2.7, are the following.

e If w is a locally integrable differential r-form on an oriented manifold M (that is, a

form whose integral over each compact set exists), then the integration gives a current
[w] € D"(M) by setting
Ll = [ wnn
M

If M = X is a complex manifold and w is of bidegree (p, q), then [w] € DP4(X).

e A singular k-chain v = > a;7; of M is called (piecewise) smooth if each v; can be extended
to a smooth map from a neighborhood of the k-simplex A;, C R*¥*! into M. The chain is
oriented, if a orientation of Ay has been fixed. Differential forms on M can be integrated

over piecewise smooth oriented chains by pullback

/n=zai/ .
y i Ay

This leads to a map from the group Cp°(M) of smooth oriented k-chains on M into k-

dimensional currents on M which assigns to a smooth singular chain v the integration

() = L 1.

This even makes sense for locally finite smooth oriented chains (smooth Borel-Moore

current [v], defined by

chains) and, in particular, for any smooth oriented real (sub)manifold (and in this case it

recovers the integration current over this submanifold, see 2.7).

e ! For a k-dimensional complex subvariety Z of a complex manifold X, the set Zq of
manifold points is a smooth oriented real 2k-dimensional manifold and thus induces a

current of bidimension (k, k) by

12)(1) = /Z "

reg

1See [31, Prop. 1.6] or [40, Thm 3.1.1]
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On the space of currents there are two differentials of degree +1,
IT(n) :=T(dy) and dT(n) := (—1)¥9DT1T(dp)

that make D*® into a complex, i.e. 8% = d*> = 0, concentrated in degrees [0,2m]. With the
differential d, the inclusion of smooth forms into currents A®*(M) — D*(M) becomes a mor-
phism of complexes. The differential 0 on the other hand makes the map C¢°(M) — Do(M) a
morphism of complexes. Unless otherwise stated, we endow D*® with the differential d.

Note that the formula djw] = [dw] usually fails for non-smooth forms w, since in this case one
additionally has to restrict the domain of integration. The log and dlog function for example

are locally integrable on P;(C) and give rise to currents

log 2] (n) = / logz -1
P1(C)\R_

[dlog z](n) = / dlogz A n
P1(C)\{0,00}

where one naturally has to remove the poles and, in order to make log single valued, the negative
real line R_ = [—00,0]. Give R_ the orientation such that OR_ = [0] — [cc]. Then an application
of Stokes theorem [39, Lemma 4.1], shows that one has equations of currents,
d[R_] = (z) = [0] — [oq],
d[log z] = [dlog z] — 2mi[R_],
d[dlog] = 2mi(2)],

where (z) = {0} — {00} is the divisor of the coordinate function. More general for f : Py — Py
meromorphic, one has that d[log f] = [dlog f] — 2mi[f~![—0o0,0]] and d[dlog f] is the divisor of

f, i.e., the sum of zeroes minus the sum of poles of f (counted with multiplicities).

A-module structure The wedge product of a current T with a smooth form w is the current
T A w given by
(T Aw)np=T(wAn).

This is a current of degree degT + degw. The so defined map (T,w) — T A w satisfies the

Leibniz rule with respect to d and thus gives a map of complexes,
D(M)" ® A(M)* — D(M)"**

i.e., a right A(M)-module structure. The associated left A(M )-module structure is obtained by
forcing graded commutativity, that is, by the formula w A T := (—1)deewdeeTT A ;. The sign
conventions again are adopted to the case of currents represented by differential forms, so that

[w1] Aws = [w1 Aws]. All this is compatible with the bidegree if M = X is a complex manifold.

Exterior products of currents Given two currents S € D" (M),T € D*(N) of degree r resp. s,
there exist two slightly different notions of an outer product corresponding to the two different
ways of looking at currents as homological or cohomological objects. Both products yield
currents of degree r + s on M x N (differing only by a sign). Such a current is uniquely

determined by its values on test forms which are exterior products n; X 0y = prj; 1 A priy n2
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of forms on M and N respectively. Indeed, the set of all forms 7, X 75 is a dense sub vector
space in A(M x N), see Federer [18, 4.1.8].

The (homological) cartesian product is the current defined by

(S xT)(m Wng) = S(m) - T(n2)

and the (cohomological) exterior product is?

(SBT)(m Ruz) = (—1)0e@ w8t 5(01) - T(app).

Proposition 9. Both products are associative and bilinear. The exterior product satisfies the

Leibniz rule with respect to the differential d,
d(SRT)=dSRT+ (-1)*eSS R dT

and similarly, the cartesian product S X T satisfies the Leibniz rule with respect to the boundary
map 0.
Furthermore, both products are graded-commutative in the sense of exterior products. That is,

if T denotes the map that exchanges the two factors in M x N, then one has

T*(S X T) _ (_1)dengegT+mnT X S
7. (S x T) = (=1)dmSdmTp . g

Especially for M and N complex manifolds, both products are graded commutative with respect
to degree in the sense of exterior products. In this case, they are also additive with respect to

bidegree.

Proof. This follows straight-forward from the definitions and the properties of the wedge prod-
uct of forms. In case of the cartesian product this is done by Federer in [18, 4.1.8]. The

statements for the tensor product can easily be derived from this. O

As a consequence, the exterior product of two closed currents is again closed and, if either S or

T are exact, their exterior product is exact, too.
Examples.

e If S and T are represented by differential forms w;, then
[w1] R [wa] = w1 K ws].

Here wy M wy = priw A pri w is the exterior product of forms.
e For 1-forms w;, one has [wi] X ... X [wy,] = (—1)(3)[w1 X ...Xw,] by induction.

e If S and T are given by integration over submanifolds Y7 and Y5 respectively, then

SxT:/ ,
YIXYZ

2References are Demailly [12, §2.D.1] (for ) and Federer [18, 4.1.8] (for x). Demailly denotes the exterior
product by the symbol ®.
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that iS, [Yl] X [YQ] = [Yl X YQ]

Thus X is an extension of the exterior product of forms to currents, while x extends the exterior
product of manifolds/chains.

The compatibility of K and the wedge product is expressed by the

Lemma 10. For currents T1,T> and smooth forms wi,ws on M,
(Ty Awy) B (Ty Aws) = (=1) 2T RTy) A (wy Rws).
An analogue formula holds for the exterior product:
(Ty Awy) x (Ty Aws) = (=1)Trrwnllezl(y s To) A (w1 Rwy).

Note the various special cases obtained through [M]Aw = [w] and [Y]A1 = [Y].
For example,
W] X [Y]=[M x Y] Apr*w.

Proof. We give only the proof of the first formula. The second follows formally from the equality
Ty KTy = (—1)desTedimTip 5 T, Let n =1 K1, be a test form. Then

(S |Z|T> A\ (w1 @wg)(m X 7]2) = 1 “”2“"1‘(5 |Z|T)(W1 Am Kws A T]Q)
1 \w2H771\+|THw1/\771\S(W1 An) - T (w2 Ang)

-1)
-1)
—1)lwzllmlHTlwsrml g A g () - T A wa(ng)
—1)
-1

1)lwellmHTllwirn |+ A2l (G A ) ) B (T A wy) (1 K1)
)T A 1) B (T A wa) (i B 772). -

2.2 Functorialities

Support of a current The support spt T of a current is the smallest closed subset C' such that
T(w) = 0 for all w with spt(w) C M \ C. That is, it is the intersection of all closed subsets C
such that T'|pp¢ = 0.

Pushforward of currents Let f : M — N be a smooth map between two manifolds. The

pushforward along f of a current T € D(M) is the current given by the formula

(fT)(m) =T(fn).

The pushforward need not exist, because the pullback of a differential form with compact
support in general is no longer compactly supported. However, it is well defined if f is proper.
It even suffices that the restriction of f to the support of T is proper (i.e., sptT N f~1(K) is
compact for all K C N compact). Then f*n is compactly supported in spt T and the formula
above defines a current on N with the same dimension as T, i.e., f.,T € Dy(N) whenever
T € Dy(M).

The following basic properties of the pushforward of currents are immediately obtained from
the definition:

o spt fuT C f(sptT).
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e The pushforward is compatible with composition of functions, that is, (go f).T = g« fuT

if all occuring pushforwards exist.
e If f is a smooth map such that fl|sper is proper, then (f.7) Aw = fo(T A f*w).

e The pushforward is compatible with the boundary map, so that df, T = f.0T. Thus,
with the same notations as above, f.dT = (—1)3me(M)+dime(N)q( £ T). Especially for M
and N even dimensional, the pushforward is compatible with the differential, provided

that all pushforwards exist.

e If f is a holomorphic map between complex manifolds, then f, preserves the bidimension,
ie., fiDpq(M) C Dy q4(N).

Moreover, one has
e If v is a smooth oriented chain, then fi[y] = [f o~].

e If i : M C N is a closed embedding of a submanifold (i.e., the image of the embedding
is a closed submanifold) then the map i, : D(M) — D(N) is injective. Indeed: A closed
embedding is proper, hence the pushforward is defined. The injectivity of the push forward

follows because the induced map on tangent spaces is injective.

Pushforward of forms The pushforward of currents can be used to define a pushforward for
differential forms with compact support. Assume that T = [w] is represented by a compactly
supported differential form of degree ¢ and that f : M — N is a smooth submersion (i.e.,
surjective and df is surjective at each point) between oriented manifolds. Then flspt., is always
proper and the pushforward fi.|w] exists as a current. By the proper submersion theorem,
locally over N one has a product situation, the fibers being compact manifolds. Splitting up

the integration and using Fubini’s theorem, the current fi|w] can be written as

plo = [ ([ ernnw, we i)

This expression has to be interpreted as zero whenever the degree of the vertical part of w does
not match the fiber dimension. As a consequence, f.[w] can be thought of as being represented
by the differential form of degree ¢ — (dimg M — dimg N) that is given by integrating w along
fibers of f. This form is also denoted by f.w:

faly) = /f L

A very clear account on the so defined form can be found in the article of Stoll [60] and, more

detailed, in the appendix of [59] of the same author. We merely state some of its properties.
o If wis of class C¥, then so is few.
e If w has Lj . coefficients, then so does fyw.

e w— f.w is continuous in the C* topology [12].
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Pullback of currents For a submersion f: M — N and a current T' € DP(N) the pullback of
T by f is defined via

(f*T)(n) = T(fn).

Here f.n is the pushforward of a differential form as above. f.n is a smooth form with compact
support because the same holds for 7 and so the expression is well defined. One has the following

properties.
L d(f*T) = f*(dT)
2. If Z is a submanifold, then f*[Z] = [f~1(2)].
3. f (T Aw) = f*T A f*w
4. If w is a r-form with locally integrable coefficients, then f*[w] = [f*w].

5. If f is holomorphic, then the pushforward along f preserves the bidimension, and so f*T

has the same bidegree as T'.

Proof. The first three statements can be found in Demailly, [12, 2.14 ff]. The fourth follows
from the third by choosing T' = [N]. Note that the fourth property also follows directly from
Fubini’s theorem for manifolds (as stated in [22, 3.2 Prop. 3]):

F*lwl(n) = /N WA fun = /M o g = [fwlm). O

Push 'n’ Pull For later use, we state a result that follows from [60] and relates pushforward

and pullback of forms: If there is a commutative diagram of smooth maps

M—2= M

T

N—N'

such that f and f’ are submersions and ¢ is fiberwise an orientation preserving diffeomorphism
(i-e., @lg-1(n) is a differomorphism onto g~!(¢(n)), then for each form 7 such that fl exists,
fx*n also exists and f.@*n = ¥* fin. Dually, this shows that

Puf* = "1 : D*(N) = D*°(M),
where ¢ is the real fiber dimension of f.

Exterior products of currents and maps

Lemma 11. Let f: M — N and g : M’ — N’ be two smooth maps between manifolds. If f, g

are proper then one has the equality of currents on N x N,
(f X 9)«(5xT) = fu5 x guT.
If f, g are submersions then
(fxg)"(§xT)=f"SxgT

as currents on M x M'.
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Proof. Note that the product of two submersions/proper maps is again a submersion/proper
(the latter is by no means obvious, see [61, Satz 19.8]). Let n = 11 K 72 be an appropriate test

form.

(f x9)(SxT)(n) = (SxT)(f'mXNg"n)
= S(f*m)T(g"n2)
= [S(m)gsT(n2)
= ([ x gT)(m K na).

For the second statement let n = 1; K1 be a test form on M x M’.

(f xg)" (5 xT)(n) = (S xT)((f x g)«n)
= (S x T)(fomn X gun2)
= S(fem)T(gn2)
= (f"S x g"T)(m K ng). O

(
(

Similar formulas hold for the exterior product of currents: If f, g are smooth proper, then
X . —(_ im img N’ —dimp M’ ” N
(f X 9)x(SKT) = (~1)tim Sima N=dima M0 1, 589, T,
and, if f, g are smooth submersions,
X = (=1 imp N —dimpg e * * i
(f x )" (SRT) = (~1)dime Nodime M) deeT 2.5 5 g

Again the signs vanish in the complex setting.

2.3 Cohomology of currents

Fix a real analytic manifold M. Every open U C M has an induced manifold structure and the

inclusion gives rise to restriction maps ("pullback")
resy p : D(M) — D(U), resy pm (T)(n) = T(i4m)

where i,m is the compactly supported form on M obtained as the extension by zero. The
collection of all D(U) together with these restriction maps form a presheaf of Aj-modules.
This is actually a sheaf, denoted by Dy, so that the sections in T'(U, Dys) = Das(U) are again

the continuous linear functional on I'.(U, Aps).

Remark. Note that T'.(U, Aps) consists of all those sections of A with compact support in U.
This should not be mixed up with I'(U, Aps,.), which are the sections over M with locally

compact support in U.

Theorem 12. The inclusion of locally constant functions gives rise to a quasi-isomorphism
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In particular (D is fine), there is an isomorphism for any integer n
H"(M,C) — H"(D*(M),d).
Sketch of proof. A proof is given in [27, p 382ff], and proceeds in two steps.
1. Establish an analogon of the Poincaré lemma for currents.
2. Use the Aj;-module structure to see that the sheaves DF are fine.

The first step shows that the complex of sheaves of currents D}, forms a resolution of the sheaf
of locally constant functions C on M. By the second step, this resolution is acyclic and hence
its global sections compute the (hyper-)cohomology of C.

While the second part is obvious, the first part involves some work. One way to prove it is
by approximating the currents by smooth forms and using the Poincaré lemma for forms, see
Demailly [12]. O

On a complex manifold X, there exists an additional structure on forms and currents coming
from the bigraduation on differential forms. It is convenient to state this in terms of a descending

filtration on currents, the (putative) Hodge filtration
FPD"(X) = @55, D" °(X).

Analogously, one defines a filtration for differential forms.

A more refined version of the previous theorem that includes the Hodge filtration is the following
Theorem 13. The inclusions of forms into currents
% = A% — D%
are filtered quasi-isomorphisms. If X is projective, then the induced filtration on cohomology
FPH"(X,C) = im(H"FpD’(X) > H"D'(X))

agrees with the classical Hodge filtration on cohomology®. Similarly for holomorphic resp.

smooth differential forms (possibly with cohomology replaced by hypercohomology).

Sketch of proof. The two morphisms are both filtered morphisms and it is to show that the
associated graded pieces with respect to the Hodge filtration are all quasi-isomorphisms. The
p-th graded piece is QP — AP:* — DP-*. That these maps are quasi-isomorphisms is the content
of the d-lemma for forms and currents (also called Grothendieck-Dolbeault lemma since it has
been proven independently by each of them, see [13], [57, pp. 3-4]).

If X is projective (or compact Kahler), then the spectral sequence associated to the filtration F
(called the Frohlicher spectral sequence) degenerates at F1, and the putative filtration coincides
with the filtration on the de Rham cohomology of X, which is the classical Hodge filtration (see
also [55, Proposition 2.22]). O

3The Hodge filtration on the cohomology of X is the descending filtration on cohomology FPH(X,C) that is
spanned by those classes that can be represented by harmonic differential forms of bidegree (r, s), with r > p.
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2.4 Normal currents

The (real or complex valued) cohomology of a manifold can be computed by more geometrical
currents — the locally normal currents. These are the currents that together with their differ-
entials are representable by integration or, have finite mass in every compact subset. See also
King [40] and Federer [18, 4.1.7].

Currents representable by integration and normal currents Denote by CA,; the sheaf of
complex valued forms on M whose coefficients are continuous functions. Its space of sections
carries a topology by declaring a sequence of forms w,, — w to converge, if for each coordinate
neighbourhood and each compact subset K of this neighbourhood the coefficient functions
f1,n — fr converge uniformly on K.

Let CAps,c be the subsheaf of complex valued continuous forms with locally compact support.
Give it the topology where a sequence w1, ws, ... of forms is convergent whenever the sequence
converges in the topology on CAjs and there exists a compact subset K C M with sptw; C K
for all j.

A current is called representable by integration, if it can be extended to a continuous linear
functional on CApys c.

A locally normal current is a current T' such that T and dT" are both representable by integration.
They form the subcomplex of sheaves Ny C Djys. A locally normal current is a normal current

if its support is compact.

Examples

e [w] for a locally integrable form w is representable by integration.

1

ivc-coeflicients need not to be normal. For example, the current

e An arbitrary form with L
[1] on C is not locally normal since d[1] = &y + [2dz] is not representable by integration.
Currents of the form [w] for w a log form however are locally normal currents [41, p. 43].

They are normal if in addition spt w is compact.
e [Z] for Z an oriented real subvariety is a locally normal current.

e [v] for v a oriented singular chain is a locally normal current.

The mass norm Let X be a complex manifold* and denote by < —,— > the associated
Riemannian metric, that is, the metric that is locally given as the real part of the fundamental
2-form ) j dz; Adz;. This metric on the tangent space extends to a metric on the space of multi
tangent vectors by defining the norm of a simple r-vector as |vy A ... Av,|? = det(< v;, v; >).
Recall that a multi vector is called simple, if it can be written as an exterior product of 1-vectors.

Using this norm, one defines the co-mass of a differential r-form w to be
lw]| := sup{|w.(v)| : € X, v is a simple r-vector at x and |v|, < 1}.

If the v; form an orthonormal basis and w is expanded in the dual basis dv;, A ... A dwv;,, then

|lw]| is just the maximum of the absolut values of the coefficient functions.

4The following can be done more general for any Riemannian manifold.
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Dually, the mass of a current T of dimension r is defined as
M(T) = sup{T(n) : n € AL(X) and []n| < 1}.

If T is representable by integration, then the multiplication of T" with the characteristic function
of a Borel set B makes sense (e.g. as a limit limy~p 1y - T') and the mass of T in B is defined
as

Mp(T) = sup{[T'(Lpn)| : (|| < 1}

where ||n|| is the co-mass from above. For example, if T' = [Z] is given by integration over a
locally closed oriented submanifold, then Mg [Z] = vol(Z N K) [30].
The locally normal currents are exactly those currents 7' such that the mass of T" and dT in

every compact subset is finite.

Cohomology of normal currents On a complex manifold X, the Hodge filtration on D%
induces a Hodge filtration on the subcomplex Ny C D% by

FPNx := Nx N FPDx.
The C-valued cohomology of X can also be computed by locally normal currents.

Theorem 14. The following inclusions
C— Q% - A - Ny = D%
are all filtered quasi-isomorphisms of sheaves on X.

Proof. This is [41, 4.1.1]. All maps are morphisms of filtered complexes of sheaves on X. For
currents of order > 1, the Dolbeault-Grothendieck lemma shows that the first two arrows and
the map Ax — Dx are filtered quasi-isomorphisms. That the last inclusion is a filtered quasi-
isomorphism is due to King, [41, 4.1.1]. More precisely, he showed in [41, 4.3 (for W = )] that
Q — N is a filtered quasi-isomorphism, by proving a Poincaré lemma for d that preserves the
Hodge filtration. O

Remark.

e N is not a bigraded subcomplex of D, because the differential of the components can
not be controlled. For example [41, p. 43], even if T' = T10 + T%1 has differential dT = 0,

one only knows that dT*% = —dT°! which is not necessarily representable by integration.

e Locally normal currents compute the C-valued cohomology of a much larger class of

manifolds (but then there is no longer a Hodge filtration), see also [19, 5.11].

2.5 Integral currents

We interpret singular chains as currents to get a complex that calculates integral cohomology
and has a graded commutative (external) product. The latter property is not true for singular

chains (but for singular chains up to subdivision).
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C! chains A continuous differentiable (or C) k-chain is a current v = 3" n; - (7;)«[A] where
all 7; are continuous differentiable maps defined on some open neighborhood of Ay. Note that
the pushforward (v;).[Ag] is well defined because [Ag] is representable by integration. If all
coefficients n; occur to be integers, 7y is called an integral chain. The chain is finite if n; = 0

for almost all 3.

Rectifiable currents For a compact subset K C M, the class Ry x (M) of k-dimensional
rectifiable currents in K consists of continuous linear functionals T on the space A(M) (of not
necessarily compactly supported smooth forms) such that for each € > 0 there is a finite integral
C! chain v with support in K that satisfies M (T —v) < e.

A k-dimensional rectifiable current in M is an element in the union |J, Rk x (M), the index
running over all compact K C M. A current T is called locally rectifiable if for each point z
there exists a rectifiable current S such that x ¢ spt(S — T).

Remark. Originally, Federer used Lipschitz chains instead of C! chains to define rectifiable

currents. The here used definition is equivalent to Federer’s, see [31, p.557].

For any Borel set B, the product T - 1 of a rectifiable current with the characteristic function
of B is again a rectifiable current (see [31, p. 558]). If B is an open subset, this is proven in
[19, Remark 3.8 (3)].

Integral currents Rectifiable currents are not closed under the differential — a problem that
is solved by introducing integral currents.

A locally integral current is a current T such that both T and dI' are locally rectifiable. If
moreover its support is compact, T is called an integral current.

For example, the current of integration over a subset E that has a locally finite C'* triangulation
(i.e., there is a locally finite representation E = > n;v(Ay,), n; € Z) is a locally integral current.
It is an integral current if the representation can chosen to be finite.

Any rectifiable current is representable by integration and thus any integral current is normal.

Cohomology of locally integral currents Denote by 7%, the sheaf of locally integral currents
of degree p on M. By definition, they form a subcomplex I}, C D}, and even of the locally
normal currents. Z9, contains the sheaf of locally constant, integer valued functions Zy; and the
inclusion Zy; — I}, is a quasi-isomorphism of sheaves. Furthermore, the Z%, are soft sheaves®
and thus each 7, is acyclic ([41, 2.2]). Z3, then is an acyclic resolution of the constant sheaf
and thus

H"(M,Z) = H"(T(M,T3))).

If more general Z(M, Z(p)) denotes the global sections of Zy; ®Z(p), then this complex calculates
the singular cohomology of M with values in Z(p).

Functoriality for integral currents By [19, Rmk 3.8], the pushforward along a smooth function
f+ M — N preserves integral currents, that is, f.Zy(M) C Zy(IN). Moreover, the product SxT

5Proof: Let C C M be a closed subset and T" € IP(U) for some open U O C. Choose V open such that
C CV CV CU. The current 137 - T is again locally rectifiable and has support in V' (hence does not meet
the boundary of U). In particular, its pushforward along the inclusion of the closed subset V — M gives a
locally rectifiable current on M. Its boundary d(]lv- T)= Lyy T+ 157 -dT is again locally rectifiable, hence
the current is actually locally integral. Rmk: Maybe it is not true that d]lv = ]IV\V but then one can move

V a little bit so that d]lv - T is defined and locally rectifiable.
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of two rectifiable currents is again rectifiable. In particular, pushforward and exterior products
preserve integral currents.

This is enough to show that integral currents are preserved under pullbacks:

Lemma 15. If f : M — N is a smooth submersion and f is locally integral, then f*T is locally

integral.

Proof. Since f* commutes with the differential (up to a sign), it suffices to show that f*T
is locally rectifiable whenever T is locally rectifiable. This can be checked locally. As f is a
smooth submersion, it can locally (in M) be written as a projection. That is, for a sufficiently
small open U C M there is an open V' C N and coordinates around U and V such that f is a
projection with respect to these coordinates. So we may assume that f is the restriction of a
projection pr: W x F — W to some open subset U C W x F'| where the fibre F' is an euclidean
space. But in this case, f*T = pr|;;T = (T x [F])|v is rectifiable. O

2.6 Flat currents

A current T of degree p is called® locally flat if and only if for each smooth function ¢ the
current ¢T" (defined by the module structure) can be expressed as S + dR where S and R are
currents represented by differential forms with locally integrable coefficients.

The locally flat currents form a sheaf on M, denoted by Fy.
Examples.

o IP C NP C FP.

o dF C F.

Locally flat currents can also characterized as limits of locally normal currents (see [31, p. 316]):
A locally flat current is a current 7" such that for all cut off functions ¢ there exists a compact
set K D spt e such that the current ¢ is a limit of locally normal currents supported on K
with respect to the flat norm on K.

Here the flat norm on K of a current T is defined as
Fr(T) = sup {|T(n)| : [Inllx < 1, [ldnllx <1}

The importance of flat currents stems from the following proposition due to Federer (see also
[40, 2.1.8, 2.4.2]). Denote by Hj, the k-dimensional Hausdorff measure.

Proposition 16 (Support theorems). Let T' € Fi (M) be a locally flat current.
o If Hi(sptT) =0 then T =0. (measure support theorem)

o Assume that f,g: M — N are smooth maps.
If flsptT = glspt 7 then f.T = g.T. (support theorem)

e In particular, if M < N s an embedded submanifold,
then i, F (M) ={T € F(N) | sptT C M}. (flatness theorem,)

6This definition is from [31].
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Remark. The exterior product of (locally) normal currents is again (locally) normal, hence
(locally) flat, see [19, 2.6]. This is no longer true for locally flat currents. That is, S x T need
not be a locally flat current if S, T are merely locally flat. However, if S or T is normal and the
other is flat, then S x T is flat [22, 5.1.3 Rmk 2.v)].

2.7 Integration currents

We now recall the constructions of the current of integration over a semianalytic set, mainly
following [34]. This uses the simple extension of currents which has been introduced by Lelong
[43] in order to show that the current of integration over a complex analytic set of codimension
p is a closed locally integral (p,p) current.

We are interested in two applications of this theory. First, it follows that any algebraic cycle
in a smooth complex algebraic manifold U gives rise to a current on a compactification X of
U. Second, the integration over semianalytic sets allows to define the current represented by a

semimeromorphic differential form.

Integration over manifolds

Let M be a connected oriented real analytic manifold. Choose a family of orientation preserving
coordinate maps v, : U, — V, C R” such that the sets U, form a locally finite covering of M.
Let 7, be a differentiable partition of unity subordinate to the Ul,.

For any compactly supported smooth differential form 1 on M, the integral of n over M is

/M T %: /Rn (Ya)«(Tan)-

Note that (¢ )« = (1, 1)*. This definition is independent of the choice of the chart and the

[e3

chosen partition of unity.

For a not necessarily connected manifold M = LUM,,, the integral is extended linearly by

/Mn: ;/Ma n‘MW

This gives rise to a dim(M)-dimensional current on M, the current of integration over M,

[M]:nH/Mn

If M is not orientable, by convention [M] = 0 is the zero current.

Integration over semianalytic subsets

Let M be a real analytic manifold. Let O/ (U) be the ring of real analytic functions on U C M,
that is, the ring of functions on U that locally near each point can be represented by a convergent

power series with real coefficients.

Definition ([4]). Define S(U) to be the smallest family of subsets of U that contains all sets

{f(z) >0}, f € Op(U), and is stable under finite intersection, finite” union and complement.

7To define semianalytic sets, one can even allow locally finite union.
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Every element in S(U) can be written in the form (J!_; ﬂ?:1 S;; with basic semianalytic sets
S;j that are either equal to {fi;(x) > 0} or {f;;(z) = 0} for f;; € Onm(U).

Definition. A subset S of M is semianalytic if each x € M has a neighborhood U such that
SNU e S).

For example, every real analytic subvariety of a manifold is semianalytic.

The closure, interior and the boundary of a semianalytic set are semianalytic [4, Corollary 2.8].

Definition. Let S be a semianalytic set in M. z € M is a regular point of S if there exists
a neighborhood U of x such that U N S is a connected real analytic submanifold of M. At
each regular point there exists a tangent space and the dimension® of the semianalytic set S is
defined as

dim S := sup{dim 7S : z is a regular point}.

The regular points of a semianalytic set form a dense subset Sieg C S. The set Syeg q of regular
points of dimension d (points that locally look like a d-manifold) form a d-dimensional real
analytic submanifold of M.

Integration over the top-dimensional piece of the regular part Siegq, d = dim(S) defines a

current [S] € D(Syeg,q) of dimension d, the current of integration over S.

Remark. Herrera constructed more general currents I(S,c¢) for each cohomology class ¢ €
H,(S,R). Here we always set ¢ to be the fundamental class of S (which always exists by

Lojasiewicz’ work on triangulations of semianalytic sets [49]).

Simple extension of currents

Let M be an oriented real analytic manifold of dimension m. If S is any semianalytic set in M,
then from now one we write just Sieg := Sreg,a for the set of regular points of highest dimension
d = dim S. The inclusion

Sreg = M\ (S\ Sreg)-

realizes Syeg as a closed submanifold of M \ (S \ Sieg) (It is closed, because we removed the
closure of S from M). Thus the inclusion is a proper map and the proper pushforward of the

integration current of Syeq gives a current on M \ (S '\ Syeg) by the usual formula

1S)(n) = /S X

The question whether this expression is well-defined for test forms on M instead of forms on

Srcg'

M\ (S\ Sreg) was studied by Lelong [43] (complex case) and Herrera [34] (semianalytic case).
They start with a current 7' defined on an open set U C M. A current T € D(M) is called an
extension of T, if its restriction to U is T, i.e., if T(n) = T(n) for all test forms 7 with compact
support in U. In general, extensions need not exist nor need they be unique.

The obvious — or: most simple — extension would be to define

T(n) =TMlv)-

To make sense of this expression (7|y is not necessary compactly supported), Lelong [43, §1]

approximated U by a limit of compact subsets. He introduced

8For equivalent characterizations of the dimension of a semianalytic set, see also Hardt [28, p. 79].
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Definition. The simple extension of a current T of order zero (i.e., representable by integation)
is the current 7' with
T(n) = lim T (aen)

e—0

where «. is a familiy of functions of a real parameter € > 0 such that
e cach a. is a smooth function on M and 0 < a.(z) < 1.

e there exist open sets w. C w, of M containing D := M \ U such that o = 0 on w. and

ae = 1 on the complement of we.
e o, is monotonically increasing with ¢ — 0 and converges to 1y for € — 0.

The simple extension need not exist, but if it exists, it is again representable by integration and

extends T'. In this case, it does not depend on the actual choice of the functions a. [43, 1.(6)].

Proposition 17 ([34, I1.A.2.1]). The simple extension of locally closed semianalytic sets exists.

The cycle map into currents

Let U be a complex algebraic manifold and X D U be a compactification, that is, a compact
complex algebraic manifold such that D = X \ U is a divisor.
The simple extension of the integration current over the regular part of a complex analytic

(here algebraic) set in U has some remarkable properties, as shown by Lelong.

Proposition 18. Let Z C U be a codimension p irreducible algebraic subvariety. Then the
simple extension [Z] to X exists and is a d-closed integral (p,p)-current on X. It is equal to

the current of integration over the closure Z C X.

Proof. The first statement is due to Lelong [43, Théoréme 7]. The main point is the existence
of the simple extension. Then it is clear that it is locally integral and of bidegree (p, p), because
the integration is over a complex manifold. The current [Z] has compact support in X, hence
is integral. That the current is d-closed relies on the fact that the real codimension at the
boundary Z \ Z drops by 2. Since the boundary of [Z] is supported on Z \ Z, it must by zero
by the support theorem. Note that this last argument can be replaced by Stoke’s formula for
complex analytic sets, stating that [, dn = ff\ , 1 for any test form 1.

Finally, because Z\ Z consists only of components of codimension > p, the set of regular points
of highest dimension in Z and in Z are the same. Thus [Z] = [Z]. O

This extends linearly to algebraic cycles, that is, to finite linear combinations > n;Z; where
Z; C X \ D are closed algebraic subvarieties. The resulting integration current, > n;[Z],
is a d-closed integral current on X (also called holomorphic chain). If the algebraic cycle is
homogeneous of codimension p, then the associated holomorphic chain is of bidegree (p, p).

The cycle map into currents is the map
cl: 2P(U) — IT?*(X,Z(p))

which is defined as cl(Z) := (2m)?[Z].

Remark. o Instead of using the regular part Z,e, to define the integration current, [Z] could
equivalently be defined as the proper pushforward [Z] = 7,[Z] along a proper desingular-
ization w : Z — Z. Up to a subset of measure 0 the map 7 is locally biholomorphic and

thus the two definitions indeed agree.
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e Proposition 18 implies that the diagram below commutes, so that one may think of cl as

"taking the closure in X".

P (U) == T2 (X, Z(p))

closurel /
cl

2 (X)
Consider now another pair U’ C X’ of algebraic manifolds.

Lemma 19 (cl and X). For any two algebraic cycles Z,Z" on U C X and U’ C X',
c(ZxZ")=cl(Z)Rcl(Z").

Proof. 1t suffices to show that [(Z X Z')reg] = [Zreg] W [Z]o4] as currents on X x X'. By Fubini’s
theorem, the right hand side is equal to [Zieg X Zjeq], and it is enough to show the equality of
sets (Z X Z')reg = Zreg X Zjog-

Since the cartesian product of manifolds is a manifold, D holds. Conversely, any regular point
(2,2') in Z x Z' has a neighborhood in X x X’ whose intersection with Z x Z' is isomorphic
to a real analytic manifold. Shrinking this neighborhood if necessary, one can assume that it
has the form U x U’. The restriction of the isomorphism to U 2 U x {z'} and U’ = {z} x U’
shows that (UNZ) =2 (UNZ)x{z'} and U'NZ" = {z} x (U'NZ") are isomorphic real analytic

manifolds, and so z, 2’ are regular points. O

Lemma 20 (cl and pushforward). Let f: X — X’ be a smooth algebraic map that restricts to
a proper map f: U — U'. Then
cd(fiZ) = fucl(Z)

for all algebraic cycles Z C U. More precisely, there is a commutative diagram

2 (U) 2 I°7(X, Z(p))

l(fu)* lf*

P —— L= T4 (X Zp + §))

where § = dim X’ — dim X.

Proof. Let Z be a closed irreducible subvariety of codimension p in U. Because f|y is proper,
the same holds for the restriction f : Z — f(Z). The 2mi-twists are the same so that it is to
show that

[f*Z} = f*[Z]

Note that f.Z is defined as d - f(Z), where d is the degree of f. The dimension of f(Z) is
always less or equal than the dimension of Z. If the dimension of f(Z) is strictly less than the
dimension of Z, then d = 0 by definition, so that the left hand side vanishes. The right hand
side is supported on f(Z) and thus also vanishes by the support theorem.

So assume that f preserves the dimension. Then there exists an open subset W' C f(Z) such
that the restriction of f to f~'W’NZ — W' is a locally biholomorphic cover and d is just the

number of sheets of this cover.
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Then for any test form n on W' one finds that

d/ n=/ fn.
/ fwnz

Note that f~*W'NZ C Zyeg and W’ C f(Z)yeq consist of regular points, and that the two sets

are actually dense, that is, their complement is negligible for the integration. It follows that

/ n=d/ n=d/ n=/ f*n:/f*n.
f«Z f(Z)reg ! f_IW/ﬁZ Z

The open W’ can be chosen such that the complement f(Z)\ W’ has measure zero by Sard’s
theorem (in our case, it consists of finitely many points). In particular, the statement is even
true for test forms on f(Z).eg and, since the simple extension of both sides exist, also for test

forms on X'. O

Lemma 21 (cl and pullback). Let f : X — X’ be a smooth algebraic map such that the
restriction fly : U — U’ is flat. Then the pullback along f (which exists, because smooth

algebraic maps are submersions) satisfies
c(f*Z) = frel(Z2).
In other words, the diagram below commutes

P(U) —S= T2 (X', Z(p))

joor |

P (U) —>I°7(X, Z(p))

Proof. By linearity of f* and cl, it is enough to show the statement for Z closed irreducible.

Since f* preserves codimension, it is to show that
121 = [fl 2]

Now, use two things: First, f*[Zyeg] = [f 1 (Zreg)]. Second, f|5;Z = f~1(Z) by definition. This

reduces the statement to
/ n= / n
f I(Zreg) f I(Z)reg

for any test form 7. But this is true because both integration domains differ only by a set of

codimension +1. More precisely,

F N Zveg) C T (Z)eg € f71(2)
and f~HZ)\ f1(Zreg) = [~ (Zsing) has codimension +1. O
Remark. The lemmata 19, 20 and 21 can also be formulated in the complex analytic setting
by replacing everywhere the word "algebraic" by "holomorphic". If X is projective, there is no

difference since in this case every holomorphic function is algebraic and every analytic cycle is

an algebraic cycle by Chow’s lemma.
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Semimeromorphic forms

Let X be a complex manifold and D C X a divisor that is assumed to be defined locally by

a single equation (h = 0). A semimeromorphic form with polar set D is a differential form w
more precise, w is a smooth differential form on X \ D in such a way that each point of X has

on X which can locally at each point be expressed as w = for @ smooth and ¢ > 0. To be
a neighbourhood U where U N D = (h = 0) for some holomorphic function h on U and hiw
extends as a smooth differential form to U for some integer q.

A particular class of semimeromorphic forms are the differential forms with logarithmic pole
along D, A(X,log D). These are the forms w such that locally for a reduced h (that is, h has
no multiple factors) the forms hw and hdw extend even holomorphically to U.

To a semimeromorphic form w one associates a current, the principal value [w]. This current is

locally (in the above situation) defined by

[w)(r) = limy e
where the integration is over the semianalytic set |h| > €. It is shown by Herrera/Lieberman
[33] that the integral converges and defines a current on X independent of the chosen local
representation of D and w. A similar result has been obtained by Dolbeault [14]. The principal
value of w is just the simple extension of the current [w] € D(X \ D) to X. From this point
of view, Herrera/Lieberman showed that the simple extension of semimeromorphic differential
forms exist.
We define the wedge product of a locally normal current with a semimeromorphic form as the
simple extension

TAw:= li_}r%T/\(aEw)

whenever it exists.

The weak limit exists for example if sptT N D = (. If w is a smooth form, then the wedge
product also exists and is equal to the usual wedge product. This needs that T is locally normal
to ensure that T'(1x\pw) = T'(w).

If w, w' are semimeromorphic differential forms with polar set D resp. D’, then w X ' is
semimeromorphic with polar set DX D’. Similarly, the wedge product of two semimeromorphic
forms and the pullback of a semimeromorphic form along holomorphic functions are again
semimeromorphic.

The restriction of a semimeromorphic form to a closed subset in general need not be a current.

For log forms in good position however, this is true.

Lemma 22. Let D C X be a normal crossing divisor and w a log-D form on X. For any
algebraic cycle Z C X that intersects D properly, the wedge product [Z] A w exists and is

normal.

Proof. The differential of the above functional will be of the same form, so that it suffices to
show that the current exists and is representable by integration. Roughly, this means that the
restriction of w A1 to Z,g is locally integrable for any continuous test form 1. More precisely,
it is to show that for any compact K (which can arranged to be contained in a coordinate chart

of X)) there exists a constant C' such that for any continuous test form 7 with support in K one

has
y/ WA < C- [l
Z\D
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Because Z and D intersect properly, one can choose coordinates zi, 2s,...2, in such a way
that Z = (1 = ... = 2z, = 0) and such that the normal crossing divisor D has the form

D = (zp+1- - 2p+r = 0). With respect to these coordinates, the integral becomes

|/ w/\n|

07 X (C*)"xCm P "

for some continuous form 7 compactly supported in the above mentioned coordinate chart. The
integral vanishes if w A 7|x\p is not a multiple of the volume form of X \ D. Otherwise, it
is a rational multiple of the volume form with denominator equal to the denominator of w.

Bounding the numerator of w by a constant C' > 0 from above, we get the upper bound

1g
/ 2K e AdZpr A Adzn AdZn] - O 1]l
Zp+1 DREEY Zp+r
(C*)v-xcn—p—r
A calculation in polar coordinates shows that the inner integrand is locally integrable: The
main point in using polar coordinates z = pe’? is that one obtains dz A dz = 2pidy A dp and
therefore each factor of the form dlogz A dz has locally bounded coefficients. Because K is
compact, the integral is also bounded by a constant independent of 1 and thus the lemma is

proved. O

2.8 Intersection of currents

Slicing flat currents

Here we want to intersect a current 7" with the level set of a smooth function f : M — R™. We
follow [31] closely. Let a € R™ and fix an "approximation of J," as follows: Denote by Q the
volume form of R™ and choose a smooth function ¥ : R" — R>o with compact support such
that fR” 1 - Q = 1. For any p > 0 define a smooth form on R™ by

Qa p(z) := pinw (L;“) Q(x).

These forms approximate the delta distribution §, in the sense that for any locally integrable
function g one has lim,_,¢ [ ¢Q4,, = g(a) for Lebesgue-almost all a (this essentially is Lebesgue’s
differentiation theorem).

For a current T' € FP(M) the current T'A f*Q, , is locally flat of degree p + n. If the (weak)

limit for p — 0 exists, one writes
<T,f,a>=UmTA f*Qq,
p—0

and calls this the slice of T along f at a. In fact, up to a set of Lebesgue measure zero, the

slice at a exists and is independent of the choice of the approximation v, see [31, p. 565{].

Proposition 23 (Slicing theorem). Let f : M — R™ be a smooth map. If T is locally flat
(locally normal, locally integral) then for Lebesque almost all a the slice <T, f,a> exists and is

again locally flat (locally normal, locally integral).

Proof. See [40, 2.3.4], or Federer [18, 4.3.2] for the local case. O
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The next proposition gathers some properties of the slice of a current.
Proposition 24. Assume that the slice <T, f,a> exist. Then
o spt<T, f,a> CsptT N f~1(a).
o d<T, f,a> = <dT, f,a> if |T| < dimg M.
o 9. <T, fog,a>= <g,T, f,a> whenever the left-hand side exists.
o <T,—f,0>=(-1)"<T, f,0>.

Proof. The first statement is trivial. Two and three are in Harvey-Shiffman [31, 1.3.9] and [31,
Lemma 1.19]. For the fourth, choose 1 such that ¢(—x) = ¢(z) and remark that for the volume
form © on R™ one has (—f)*Q = (—=1)" f*Q. O

Intersection in R"

Consider currents S, T of degree r resp. s on some open U C R"™ with r + s < n. Assume
that the slice current <S5 x T, &, 0> along the difference map &(x,y) = x — y exists and defines
a locally flat current of degree r +s on U x U. Then the slice is supported on the diagonal
Ay C R?™ and hence, by the flatness theorem, there exists an unique current, the intersection
current SNT, on U of degree r 4 s such that

A(SNT) = (=1)"""9D<S x T, f,0>,

where A : U — R?" is the diagonal embedding with image Ay.
The following properties are from [22, 5.3.4, prop 1].

Proposition 25.
i) If SNT exists, then spt(SNT) CsptSNsptT.
i) SNT exists <= T NS exists, and in this case SNT = (—1)deeSdeeTT g,

i11) Compatibility with differentials: If SNT and either dSNT or SNdT exist, then

d(SNT)=dSNT+ (-1)4855 N dT.

i) For ¢ :U — U’ an orientation preserving diffeomorphism, .S N . T = p.(SNT).

Intersection on manifolds

Let M be an oriented manifold and S,T be locally flat currents on M of degree r and s
respectively. The intersection current of S,T on M is defined by localization, that is, by locally

transferring the two currents into some R™ and intersecting them there.

Definition. The intersection current S NT (if it exists) is a current on M such that for each
orientation preserving coordinate chart h: U — ©Q C R™ one has h,.(SNT) = h,SNhT.
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The intersection current in this definition is well defined. Indeed, if A’ is another orientation
preserving chart, then the coordinate change ¢ = h/ o h~! is an orientation preserving diffeo-
morphism, hence hL.S N AT = ¢.(hS N hT) by 25 iv). In particular, it suffices to test the
condition for one specific atlas only.

Note that, due to the existence of a partition of unity for test forms, it suffices to construct
S N T locally. In particular, the intersection current is necessarily unique if it exists.

The relative notion of slicing allows to rewrite the definition as follows. This characterization

has been taken as the definition of intersection in [28].

Lemma 26. The intersection current SNT (if it exists) is the locally flat current on M such

that for each orientation preserving coordinate chart h: U — Q C R™ one has
A (SNT|y) = (—1)4e85dImT < (& 5 T |y, €0 (h x h),0> .
Here the map & sends (u,v) to u —v.

Note that the right-hand side, if it exists, is supported on the diagonal of U and by the flatness

theorem arises as the pushforward of a flat current on U.

Proof. We may assume that S, T are supported in some coordinate domain U. The intersection
h.S N h,T exists if and only if <h,S x h,T,&,0> exists. Now apply proposition 24 to see that
the existence of the latter is equivalent to the existence of <S5 x T, £ o (h X h),0> (note that h

is invertible). O

Particular cases of intersections

The intersection product of currents extends both the wedge product of differential forms and

the intersection of subvarieties. This is content of the following proposition.
Proposition 27.

e For a locally normal current T and a smooth form w the intersection current T N[w] exists
and TNw] =T Aw.

o Forwy,wy smooth differential forms of degree r and s with r+s < n, one has [w1]N[wsz] =

[w1 A wal.

e For M, N submanifolds of an oriented manifold that meet transversal, one has [M]N[N] =

[M N NJ.

e If A, B are two complex analytic sets in a complex manifold X such that codim(ANB) =
codimA + codimB, then [A] N [B] exists and equals [A N BJ.

Proof. The first two claims can be found in Federer, p. 461 (and also in [22, 5.3.4 Prop. 3]).
Note that the second is a consequence from the first one. The last two statements are from
[58]. O

In particular, the intersection of currents extends the intersection of algebraic varieties (i.e.

computes the correct multiplicities).
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Intersection of algebraic varieties with log forms

The intersection of a normal current with a non-smooth form in general does not exist. For

algebraic chains in sufficiently good position and logarithmic forms however, it exists.

Recall that a form with logarithmic poles along a normal crossing divisor D C X is a smooth
differential form w on X \ D such that for a reduced local defining equation D = (h = 0) the
forms hw and hdw extend to smooth forms on X.

Lemma 28. For any complex subvariety Z C X that intersects D properly and any log-D-form
w, the intersection [Z] N [w] ezists and [Z] N [w] = [Z] A w.

Proof. The statement can be checked locally, so that we may assume that X = C". We show
that on C"™ x C™ (with coordinates (z,y))

<[Z]B W], £,0> = Au([Z] Aw)

for the difference function £(z,y) = x — y. This is exactly the condition that [Z] A w is the
intersection current of [Z] and [w].

For almost every x € Zeg, the current

/ wy) A€ ()
yeEX\D

converges weakly to 1\ pw(x). Indeed, this is a smoothing of w, and since w is smooth outside
D, every point in Z \ D is a Lebesgue-point and hence the smoothing at this point converges
to w(z). Since Z N D has positive codimension in Z (by the proper intersection condition), the

convergence takes place almost everywhere on Z.

Because log forms are locally integrable, Lebesgue’s majorized convergence theorem implies

that
/1)i_r>r(1) /Zreg /X\Dw(y) NE Qo p(z,y) = /Z T I p(r)w(z) = /Z\Dw(x)

reg

weakly on continuous test forms on X x X. O

Intersection of real analytic chains

The last two points in proposition 27 have been generalized by Robert Hardt [28], who consid-
ered the intersection of real analytic chains. A real analytic chain of dimension t on M is a
locally flat current T' of dimension ¢ such that dim(spt7T) < ¢ and dim(spt 0T) < ¢ — 1.

Here the real analytic dimension of a non-empty subset () # E C M of an oriented real analytic
manifold M is defined as

sup inf{dim « : @ is the germ of an analytic variety at z and a contains the germ of E at z}.
zeM

The empty set has dimension dim @ = —1. If E is a (real) analytic variety, or even a semianalytic
set, then this definition coincides with the analytic or measure theoretic definitions. That is,
in this case dim £ = sup, ¢,  dim T, E and dim E' = sup{r : H,(E) > 0}, see [28, 2.2].

In particular, every real analytic submanifold (even with boundary) and every semianalytic set

is a real analytic chain.
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Two analytic chains {5, T} of degree r and s are said to intersect suitably, if

r+s < dim M,
codim(spt S NsptT) > r + s,
codim [(spt S N'spt T) U (spt S Nspt IT)] > r + s + 1.

Hardt proves that if {S, T} intersect suitably, then the intersection SNT of S and T exists and
again is an analytic chain of degree r 4+ s. Furthermore the following axioms are satisfied and

they uniquely determine the intersection theory.
o iS)NT =4i(SNT) for any integer 1.

o« SNT =(-1)""TNS.

(SNT)|y = S|luNT|y for every open subset U.

e 0. (SNT) = ¢S Np,T for every orientation-preserving analytic isomorphism between

analytic manifolds.
e A(SNT) = (—1)deeSdmT (g TV A, [X].

e If RS, T are analytic chains such that {R, S}, {S,T} and {R,S,T} intersect suitably,
then (RNS)NT =RN(SNT).

e If N is another oriented real analytic manifold, L an analytic chain in M x N and R an
analytic chain in M such that pry |, is proper and {L, R x [N]} intersect suitably.
Then pr, L is an analytic chain on M, the intersection with R exists and pr, LN R =
pr.(L N R x [N]).

e [0]N[0] = [0] in R® = {0}.

To explain the statement about the associativity, more general a finite set of analytic chains
{T;}icr is said to intersect suitably, if
> degT; < dim M,
codim(Ny spt T;) > Zdeg(Ti),

codim(Ui(spt aT; N ﬂ spt Tj)) > Zdeg(Ti) + 1
J#i

General pullback of currents
The intersection product allows to (partially) define a general notion of a pullback along a
smooth map f : M — N of oriented real analytic manifolds.

In fact, denote by [I'f] = (id, f)«[M] the graph current of f. If T € D(N) is a current such that
the intersection ([M] x T') N cl(T'y) exists, then the pullback of T along f is the current

F7T = (pra)- (M) x T) N [1])

Note that the projection pr,, restricts to a proper map on I'¢, and so the pushforward is defined.
If f is a submersion, then this pullback is the same as the one defined in the previous subsection
2.2. If f is a morphism of algebraic manifolds, this extends the general pullback of algebraic

cycles.
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Inverse mapping formula

Hardt proved further properties of his intersection theory, for example the inverse mapping
formula, which states that if f : M — N is an analytic mapping of oriented real analytic
manifolds and 7" is an analytic chain on N such that f~!(spt7) and f~!(spt dT) have the
expected codimensions, then the general pullback f*T exists and is an analytic chain on M. If
moreover S is an analytic chain on M such that f|sp¢s is proper and f~!(spt7) Nspt S and
(f~Y(spt T) Nspt AS)U(f L spt(OT) Nspt S) have the correct codimensions, then T'N f,.S exists
and

TN fS = L((fT)NS).

If f is a projection, this formula is also called the projection formula.

Properties of intersection currents

Lemma 29 (K and N). Let M, N be oriented real analytic manifolds, S, P locally normal
currents on M and T, Q locally normal currents on N. If the intersections SN P and T NQ
exist, then (SR T)N(PX Q) also exists and

(SRT)N(PRQ) = (—)TIPI(SNP)R (T NQ).

Proof. For real analytic chains, such a formula was proven by Hardt [28]. Let m,n be the
dimension of M,N and denote by s,p,t,q the degrees of S, P,T,Q respectively. Note that
Aprxn =70 (Ap X Ay), where 7 is the isomorphism M x M x N x N — M x N x M x N that
exchanges the middle factors. It is to show that the local slices defining the left hand side exist
and are equal to the pushforward of the right hand side along the diagonal. Since M x N is
covered by product charts, it is enough to consider a coordinate chart (h, k) and the difference
of the coordinates, ) = £ o (h, k). It is related to the difference functions of the factors
by §nky © T = (§n X &). The function 1 that defines the slices can be chosen in such a way
that Q,0y,, = Q0,, X Qg . One then finds that g?h,k)Q(O,O)w = &8, XELQ ,. Using this,
the graded-commutativity of the exterior product (Prop. 9), the compatibility of slices under
pushforward (Prop. 24), the definition of the slice, and the compatibility of exterior products
under pullbacks (Lemma 11), one finds that

<SHTRPKRQ, &k, (0,0)> =< (SHPRTKXQ), &), (0,0)> - (_1)\PIIT|
=7, <SRPXRTNXQ,& X &, (0,0)> - (=)
=7 M (SR PRTRQ) A (& % §:)20,0),p (=D)IPIT]

p—0

=Ty lin%(S XMPRTKQ)A (£Q0, R EQ,,) - (—1)IPITIHmn
p—

= . lim ((S RT) A&, (PRQ) A g;;QO,,,) (-1,

where the last equality is compatibility of exterior product and wedge product (Lemma 10),
and ¢ = |P||T| + mn + [T X Q|m).

Under the given assumptions, the two slices in the last row exist. By the continuity of X, the
slice in the first row (and thus the intersection current) also exists. It is left to show that the

intersections is indeed the claimed one.
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By definition of the intersection,

<S|ZP, £h70> _ (71)\S\dimp+dimS|P|A*(Smp),
<TRQ, &, 0> = (—1)TIImQ+dmTICIA (T 0 Q)

and we find with ¢/ = |S|dim P + dim S|P| + |T'| dim @ + dim T'|Q)|, and using lemma 11, that

<SRTRPEQ, &, (0,0)> =7 <<S X P&y, 0> K <T R Q, &, o>) (~1)°

=T (A*(S NPYXRA(TN Q)) (1)t

T (A X A), ((S NP)XR(TN Q)) . (=1)ete +dim(SNP)n

= Ap N ((S NP)YX (TN Q)) ) (,1)c+c’+dim(SmP)n.

Finally, one checks that ¢+ ¢ +dimSNP +n = |SKT|dim(P X Q) + dim(S X T)|P X Q|

modulo 2, as required. O

For practical computations, the following extension of proposition 27 is very helpful.

Lemma 30 (Nand A). Let T, T be locally flat currents on a manifold M such that TNT exists.
Let w,& be two smooth differential forms on M. Then (T Aw) N (T A@) also exists and

(TAw)N(TAG) = (DT (T AT) A (wAD).

Proof. We may assume that T, 7T are defined in some n-dimensional euclidean space. Denote

by ¢ the usual difference map. By lemma 10,

T Aw)R (T A2),6,0> = lim [((T Aw) R (T AG)) A g*szo,p}

= lim [(TRT) A (wRD) AE'Qy,,] - (~1)TI1

p—0

= lim [(TRIT) AE ] A (@A) - (—1)Tlltnlns

p—0

= <TRT,£0> A (wAd) - (=1)Tlleltnlons]

Since the last term exists, so does the first term. Therefore, (T'Aw)N (T AQ) also exists and one
verifies that it indeed is equal to (T'NT) A (w A Q) - (=1)IT11l ie.. the signs that are obtained
by replacing X by x and plugging in the definition of N are the same on both sides. O

If T = [Z] and T = [Z] are integration over algebraic cycles that intersect properly and w,
are semimeromorphic forms on Z,s resp. Zreg such that w A @ is semimeromorphic of Z N Z,

then the above statement still holds true.

Lemma 31. On a complex manifold X, the intersection product is compatible with the Hodge
filtration, i.e., if the intersection of S € FPD(X) and T € FIYD(X) exists, then it lies in
FPHap(X).

Proof. A current lies in FPD(X) if and only if it vanishes on all test forms of type (r, s), where
r 4+ p > dimc X. This can be verified locally. Since the exterior product is bi-additive in the
degree, S x T € FPTID(X x X). Whenever the slice along the difference map

<S X T,£,0> = lim (S x T) A £ Qg
p—0
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exists, then it lies in FPHatdime XD(X x X)) because £*Q , is of pure type (dimc X, dime X)
in the coordinates of the two factors. For the intersection then

(SNT)(n) =<8 xT,£0>(prin) =0

whenever 7 is of type (r, s) and r satisfies r + p + ¢ + dim¢(X) > dime(X x X) = 2dime(X).
Thus S NT € FrHap(X). O

Lemma 32 (cl and N). If Z, 7’ are two algebraic cycles on U such that Z N Z' exists, then
c(Z) N cl(Z') also exists and equals cl(Z N Z').

Proof. Consider the closures Z, 7 X. Their intersection exists for example by using Serre’s
Tor formula to associate multiplicities to all components of the intersection. Because the fun-
damental class is given by integration over the closure, it suffices to show that [Z N Z'] is an

intersection current for the pair [Z],[Z’]. But this follows because the intersection of currents

extends the intersection of algebraic cycles. O

Intersection on cohomology

We show (roughly following [22]) that the partially defined intersection product of currents
induces an intersection product on cohomology that is everywhere well defined. The same holds
for integral currents: While in general the intersection of integral currents is not neccessarily
defined, and even if it is, the intersection need not be integral again (in fact it is not even
rectifiable, see [22, p. 601]), cohomologically the intersection is well defined for integral currents
as well.

We are going to show that any two currents on a compact complex manifold X can be brought
into good position to each other by adding boundaries. We begin with the "local case" (compare
[22, 5.4.2]).

Lemma 33. Let S, T be flat currents on X such that T is d-closed and has support in the
domain of some chart h : U — R™. Then there exists a current T such that T = T + dR
and SNT exist. If T is integral/normal, then T can be chosen such that T, R and SNT are

integral/normal as well.

Proof. Without loss of generality, we may replace S by S|y. Denote by 7, : R — R™ the
translation by a € R™ and define T, := (b= o 7, o h), T. This is well defined for all a ~ 0
sufficiently small and is again normal (resp. integral) if T is. The intersection h,S N h, T, =

hS N (74 0 h), T exists for almost all @ ~ 0, because

< X (10 © h).T.€,05 = (id x7,), <hu§ x BT, € 0 (id x7_y),05
= (ld XTa)*<h*S X h*T7 Taq © §7O>
= (ld XTa)*<h*S X h*Ta§7 —a>

exists for almost all @ &~ 0 by Federer’s slicing theorem 23, and is integral/normal for almost
all a = 0 if S and T are integral/normal. In particular, the intersection h,.S N h,T, exists for
almost all @ =~ 0 and can chosen to be integral/normal, if S, T are integral/normal. Finally,
since h,T and h,T, are homotopic, one has T, =T 4+ dR, in U. Indeed, if H : [0,1] x X — X
is a smooth homotopy from H(0,x) = h(z) to H(1,x) = 7, o h(x), then

dR, == dH.([0,1]KT) = (7, 0 h).T — h.T — H,([0,1] R dT) = h,T, — h,T.
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The current R, is also integral/normal, if 7" is. The result follows with T = T, and R = R, for

some good a (both extended to currents on X by zero). O

Theorem 34. Let S,T be two normal currents on X where T is d-closed. Then there exist

normal currents T, R such that
e T=T+dR.
o The intersection SNT exists and is normal.
o If S, T are integral, then T can be chosen such that T, R and SN'T are also integral.

Proof. Choose a (finite) covering U = {U;} of spt T by coordinate charts. Choose a subordinate
partition of unity ; by characteristic functions of Borel sets?. The x; can be chosen so that the
T; := x;-T are normal (integral). This gives a decomposition "= Y T; into currents supported
in the coordinate charts Uj;.

Now use lemma 33 to get normal (resp. integral) currents Ti such that Ti =T, + dR; and
such that the intersection S N 7T} exists and is normal (integral) as well. For T = 3. T; the
intersection S NT = 3.5 NT} exists and furthermore T = ST; = S, T; + dR; = T 4 d(3. R;).
The statement follows with R = > R;, which is normal (integral). O

Given two cohomology classes S, T, there always exist normal (integral, if S, T are integral)
currents S, T representing these classes such that S NT exists. The intersection S N T then is
defined as the class represented by S N7, that is,

SNT =85NT mod boundaries.

This definition is independent of the choice of S and T. Indeed, assume that S = S’ + dR and
T =T’ + dQ for some normal (integral) currents S’, R, T, @ such that S’ N T’ exists. Using
theorem 34, one finds Q' = @Q + boundary and R’ = R + boundary such that the intersections
S'NQ', RRNT', R NdQ all exist. Then, by proposition 25,

d(-1)¥1S'NQ + R NT' + R NdQ) = S'NdQ +dRNT' +dRNdQ
=SSN -TH+(S-9)NT' +(S-9)n(T-T)
=SNT-5nNnT.

Remarks.

e It follows from lemma 30 (or 27) that the quasi-isomorphism A(X) — D(X) is a homo-
morphism of algebras. If one were interested only in the intersection on complex valued
cohomology, one could use the induced isomorphism to define a product on H*D. The

here used definition also applies to integral currents.

e The local moving lemma 33 and thus also theorem 34 extend to intersections with a

countable family of flat currents Si, Ss, .. ..
o It is A, (SNT) = SKRTNI[A] = ((SKT) + dR) N [A] modulo boundaries, for repre-

sentatives S, T and some current P. Conversely, the intersection can be defined by this

last expression (there exist S, T, P such that the intersection exists). For currents, this

9See the proof of theorem A.9 in [32].

40



definition is equivalent to the definition given above. Because of a much weaker moving
lemma, the cohomological intersection of higher Chow cycles has been defined by the

second condition.

2.9 Log currents

Following King [41], we extend the notion of currents on manifolds to pairs (X, D) where X is
a compact complex manifold and D is a normal crossing divisor on X. This is done in such a

way that there is a quasi-isomorphism Ax (log D) — Dx (log D).

Null-D forms and on-D currents

For D C X a complex subvariety, denote by j : Dyeg — X the inclusion of its manifold points.
The sheaf of smooth null-D-forms is the subsheaf Ax (nullD) C Ax consisting of those smooth

forms on X that vanish on D..,. More precisely, its sections are
Ax(mullD)(U) ={w e Ax(U) : j"'w=0o0n Dyeg NU}.

This indeed is a subsheaf and even a bigraded subcomplex of sheaves in Ax. The usual wedge
product of forms gives Ax (nullD) the structure of an Ax-module. In particular, it is a fine
sheaf.

The sheaf of on-D currents is defined as the subsheaf of Dx(onD) C Dx that is obtained by
imposing the condition that T' € D(onD), <= T Aw =0 for all w € A(nullD),. Its sections
over some open U will be denoted by D(U,onD). Then a current T lies in D(U, onD) if and
only if T Aw =0 for all w € T'.(U, A(nullD)). From this description it follows easily that the

on-D currents actually form a bigraded subcomplex of D.

Remarks.
e The inclusion induces D(Dieg) —+ D(X, 0nD), since (i,T)(n) = T(i*n) = T(0) = 0.

e Every on-D current has support in D, but the converse in general is not true (see [41,
remark after 1.3.9]). It is true however when restricted to rectifiable currents (e.g. integral

currents). This is an instance of a flatness theorem, see [40, Thm 2.1.8].

Log currents

Let X be a compact complex manifold and D C X be a (reduced) normal crossing boundary

divisor. The sheaf of log-D currents of bidegree (p, ¢) is the quotient sheaf
D% (log D) = DY /DR (onD).

The total grading is obtained by summation over all possible bidegrees. Since the on-D currents

form a subcomplex, the differential descends and one ends up with the complex of log currents

D%(logD) = DX (log D).
ptqg=e

Thus two currents agree as log currents if and only if they take the same value on all null-D test

forms. The principal value associates to every differential form with logarithmic poles along
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D a current on X. This assignment in general is not compatible with the differential. After

projection to log currents however, it yields a map of complexes of sheaves
Ax (log D) — Dx(log D).

After localization (partition of unity), the divisor D can assumed to be of the form (h = 0) for

a holomorphic function hA. Then the current represented by a log form w is

o =tim [ wno
|h|>€

Wedge product

For an on-D current T', the wedge product with a smooth differential form w is again an on-D
current. Indeed, (T Aw)n = T(w A n) = 0, since the wedge product of a smooth form with a
null-D test form 7 is again a null-D form. In particular, the Ax-module structure descends to
a module structure on log D currents. More general, King showed that the logarithmic currents
carry a module structure for the log D forms, that is, there is a morphism of complexes of

sheaves compatible with the bigrading,
Dx (IOg D) ®_A())( AX (10g D) — DX(log D)

The construction can be given locally, so that one can assume D = (h = 0) and w = h~ '/
with a smooth form w’. Let the log current be represented by the current T. By the work of
Schwartz!? [56], there exists a current S such that T'= S A h. Then one sets

TAw:=5Auw.

The current S above is not unique, but the ambiguity vanishes modulo on-D currents. If T is
an on-D current, then the result is again an on-D current and therefore the wedge product well
defined as a log current (for details, see King, Thm 1.3.11).

If w is smooth, this wedge product is equal to the usual module structure.

For an arbitrary log form, the wedge product can be represented by the simple extension of the

wedge product with the smooth part of w:

Claim. As a log current,

TAw=1lImT A wa,
N0

where a. is any sequence of smooth functions on X taking values in [0, 1], such that
o cach a. vanishes on Dyeg,
® a. is an increasing sequence for € — 0, converging to 1x\p,,, for e — 0.

Proof. Indeed, the statement can be proven in the local situation. So let h be a local equation
for D, choose S such that T'= Sh and let  be a null-D test form. Then one has T' A wa(n) =
S(haew Am). For ¢ — 0, the argument converges to the (since 7 is null-D) smooth form
1x\p,.,hwn = hwn. This convergence takes place in the topology of the space of smooth test
forms and, because S is continuous, the limit is S(hwn) =T A w(n). O

10While Schwartz proved this statement for h holomorphic, this has been extended by Hérmander [36] (to h
polynomial) and Lojasiewicz [48] (to h real analytic)
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An important special case is that where T' is the current of integration over a real analytic
chain Z. In this case the functions a. does not even need to be smooth and can chosen to be
characteristic functions. Thus the wedge product with a log form is represented by the weak
limit

[Z]Aw=1lm | w,
E\O Ze

where the semianalytic set Z. is the intersection of Z with the set |h| > e. This can also be

[ZW:/Z\D“”

where the integral has to be computed as the limit over the regular part of an exhaustion.

shortly expressed as

Cohomology of log currents

The cohomology of log currents has been considered by King [41]. The key to its computation
is the following proposition.

Proposition 35 ([41, 1.3.11]). The wedge product induces a canonical isomorphism of sheaves
% (log D) @0, D! — DR (log D).

Proposition 36 (Cohomology of log currents). If D is a normal crossing divisor, then all
vertical maps in the following commutative diagram of filtered complexes of sheaves are filtered

quasi-isomorphisms.

QxC AxC Dx

| l l

Qx (log D)~ Ax (log D)—— Dx(log D)

Proving the proposition boils down to showing that the morphisms between the associated
graded, QP (log D) — AP*(log D) — DP*(log D) are quasi-isomorphisms. Using proposition
35, this sequence can be obtained by tensoring the sequence C — A4%* — D%® with the sheaf
of holomorphic log forms QP (log D) (which is locally free). This latter sequence consists of
quasi-isomorphisms by the d-lemma for forms and currents. A detailed proof can be found in
[41, Thm 2.1.2].

Cohomology of normal log currents

The complex of normal log D currents N'x (log D) is the filtered complex defined as the image
of N'x under the projection to Dx (log D):

FPNx(log D) := image (FPNX — Dx(log D)) )

In analogy to relative singular chains, we denote its space of sections over some open U by
FPN (U, D) and call its members relative normal currents (for the pair (X, D)).

Already Federer/Fleming [19] showed that the complex NM(X, D) can be used to compute the
C-valued relative singular homology groups of the pair (X, D). The above defined filtration
corresponds to the Holdge filtration. Indeed, log forms are locally normal by [41, p. 43], so
that the map A(log D) — D(log D) factors over N (log D). We have

43



Claim. For D a simple normal crossing divisor, the inclusions
A% (log D) — N3 (log D) — D% (log D)

are all filtered quasi-isomorphisms.

Proof. For D smooth, this is proven by King in [41, 4.4.8] by comparing two long exact se-
quences. We reduce to this case. Both arrows are morphisms of filtered complexes. It suffices
to show that the first arrow is a quasi-isomorphism. For D = > D, with D; smooth, set

Dy := N1 D; and consider

A(log D)

N (log D)

[T A(log D;) — T[] N (log D;)

[T A(log Dij) — 1N (log D)

All Dy are smooth (D is simple). The vertical arrows are the alternating inclusions. They form
a resolution of A(log D): The top one is obviously surjective, and for the others note that, for a
sequence of differential log forms (wy); that lies in the kernel, the dlog terms must cancel. But
the I are all pairwise distinct, hence not all possible dlog occur in w;. Thus they have poles

along some Dj with J D I. Consequently,
H Tot (A(log D) « [[A(og D;) « .. ) = HA(log D).

The same holds with currents instead of differential forms, because normal currents are just
differential forms with measure coefficients. Formally, use proposition 35 to get the result for

log currents and note that the exactness descends to the subcomplex of normal currents. [

Cohomology of integral log currents

Define the complex of relative integral currents Z®(X, D) to be the quotient of all integral
currents on X modulo those currents which have support on D. By the flatness theorem, the
integral currents with support in D are just the integral currents on D pushed forward along
the inclusion. Hence the inclusion of integral currents into currents induces an inclusion of
complexes

Z(X,D) — D(X,log D).

If A denotes a coefficient ring, the relative integral currents with coefficients in A are obtained

by linear extension, that is,

I(X,D,A) :=I(X,D) @z A
=T(X)/Z(D) ®z A.

The most important examples of relative integral currents are currents of integration over
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relative singular chains. In fact, every relative integral current is homologous to a relativ

singular cycle. This is a consequence of the following proposition.

Proposition 37 ([19, Thm 5.11}, [18, 4.4.5]). If A and B are compact local Lipschitz neigh-
borhood retracts in R™ with A D B, then the inclusion of singular chains into integral currents
induces an isomorphism from the singular homology groups of (A, B) with integer coefficients

to the homology groups of the chain complex (Zo(A, B),0).

Corollary 38. For X a compact complex manifold and D a real analytic subvariety, the sin-
gular homology of (X, D) with values in A can be computed as the cohomology of the com-
plex (X, D, A). That is, H3™&(X,D,A) = H,Z.(X, D, A) and, by duality, H"(X \ D, A) =
H"I*(X,D,A).

Proof. By Whitney’s embedding theorem (see [42]), X can be embedded as a smooth submani-
fold in some R™. By assumption, X and hence D are compact. Because every submanifold and
every real analytic subvariety of a manifold are local Lipschitz neighborhood retracts [18, 3.1.20],
the proposition 37 is applicable and says that the integral singular homology of (X, D) is com-
puted by Z(X, D). Passing to arbitrary coefficients A in both theories (singular chains/currents)
is declared by tensoring the Z-complexes with A, and so the quasi-isomorphism holds for any

coefficient ring. O

Functoriality of log currents

The functoriality of currents descends to the relative situation if it can be ensured that on-D

currents are preserved.

Lemma 39 (Pushforward). Let f : X — X’ be a holomorphic map between compact complex
manifolds and D C X, D' C X' divisors. If f(D) C D', then the push-forward, defined by the

usual formula, induces a morphism of complexes
[« :D(X,log D) — D(X' log D).

It preserves relative normal (resp. relative integral) log currents and is functorial in the sense
that g« o fu = (g o f)«-

Proof. Because X is compact, the proper pushforward of currents on X exists and the only
thing to show is that the pushforward descends to log currents, i.e., maps on-D currents to
on-D’ currents. This is essentially proven in [41, 1.1.10 c)] as follows. It is to show that the
pullback of a null-D’ form w along f is a null-D form. Since w is a null-D’ form, the pullback
f*w restricts to zero on f~(D].,) N Dycg. That it vanishes also on f~!'(DY,,) N Dyeg follows

sing
!/

wing are limits of tangent vectors of D] O

from the fact that tangent vectors on D reg:

Lemma 40 (Pullback). Let f: X — X' be a surjective submersion between compact complex
manifolds and D' C X' a divisor. Define D := f~1D'. Then the pullback of currents induces
a morphism of complezes

f*:D(X'1og D") — D(X,log D).

The pullback preserves relative integral currents and is functorial in the sense that g* o f* =

(fog)"
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Proof. Tt is to show that on-D’ currents are mapped to on-D currents. Since f is locally a
projection, one has Dyeg = ffl(D;eg). If i is any null-D test form on X, then 7 vanishes
on the fibers over all regular points of D’ and therefore the pushforward f.n is a null-D’
test form on X’ (with compact support). In particular, for a given on-D’ current T' one has
f*T(n) = T(f«n) =0. Hence, f*T is an on-D current.

If T is integral, then f*T is known to be locally integral. Since X is compact, f*7T has compact

support, hence is integral. O

Lemma 41 (Exterior product of log currents). Let (X, D) and (X', D’) be two pairs consisting
of a compact complex manifold and a normal crossing divisor on it. The exterior product for

currents induces an exterior product of log currents
X : D(X,log D) ®c D(X',log D') — D(X x X', log(D X D")).

Here DRD' = X xD'+Dx X' denotes the exterior product of the two divisors. This association
1s compatible with bidegree and the differential d.

Proof. 1t suffices to show that the exterior product is well defined. Then the assertions about the
bidegree and the differential are clear. Thus it is to show that if S is an on-D current or if T is
an on-D’ current, then the exterior product SXT is an on-DX D’ current. To check this, assume
there is given a null-(DX D’) form on X x X’ which can be chosen to be of the form nXr’. This
form vanishes when restricted to (DX D’)yeq = (Dreg X X')U(X x Dy, ). Thus 7 must be a null-

D form and 5’ must be a null-D’ form. Consequently, (SRT)A(nKn') = £(SAn)R(TAn') =0

whenever S or T is a null form. O

Since the exterior product of two locally integral currents is again a locally integral current, we

get immediately

Corollary 42. The exterior product of log currents restricts to relative integral currents and
gives
I(X,D, A(p)) ®a Z(X', D", A(q)) = Z(X x X', DR D', A(p + q)).

The lemma 10 also carries over to log currents without problems.

Lemma 43 (X and A). For T,T' log currents and w,w’ log forms, one has
(TAw)R(T' Aw') = ()TN TRTY A (wR ).

Intersection of log currents

Tt follows from lemma 30 that if the intersection S NT exists, then so does (w A S)NT for any
smooth form w, and one has
wASNT)=(wAS)NT.

In particular, this implies that whenever the intersection of a current with an on-D-current
is defined, it is again an on-D-current. Thus, the intersection descends to a partially defined
C-linear map

D(X,log D) ®c D(X,log D) --+ D(X,log D).

That means that the intersection of two log currents exists if and only if they can be represented

by currents whose intersection exists.
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The intersection also restricts to a partially defined Z-linear map of relative integral currents.
Again, the intersection is everywhere well-defined on cohomology, as follows from the compat-
ibility of the intersection product with the differential. To see that it is everywhere defined,
choose two representatives S, T which are normal/integral. By the very theorem for usual cur-
rents, there exists 7 = T + dR such that the intersection of S, T exist. Considered as a log
current, T lies in the same cohomology class as T and so the intersection exists.

From this, all the properties of the intersection of currents carry over to the intersection of
log currents. For example, the inverse mapping formula, the reduction to the diagonal, or the

compatibility with X.
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3 Deligne-Beilinson cohomology

Deligne cohomology and Deligne-Beilinson cohomology are two bi-graded cohomology theories
for algebraic varieties over C (or R). Deligne cohomology was first introduced by Deligne as a
cohomology theory that contains information about both the Hodge filtration and the integral
structure of the cohomology of an algebraic manifold. An account on that theory can be found
in [15] (Deligne did not publish anything himself).

For non-compact manifolds, Deligne cohomology does not give the "correct" cohomology groups.
Beilinson [2] solved this issue by imposing growth conditions at the boundaries. This version is
usually called Deligne-Beilinson cohomology. Beilinson also defined the dual theory — Deligne-
Beilinson homology — and showed that the two are isomorphic to each other (Poincaré duality
for smooth varieties). Details can be found in Jannsen’s article [37].

Here we consider only smooth algebraic varieties, and indeed use the homological version to de-
fine Deligne(-Beilinson) cohomology. This has two advantages: First, the homology theory can
be computed by very concrete complexes (of currents), while the cohomology theory is defined
by complexes of sheaves. Second, the homological complexes have good covariant functorial
properties (the same as higher Chow groups).

We start with the sheaf theoretic definition of Deligne cohomology and motivate the homological
definition in term of currents. After that, we define Deligne-Beilinson cohomology using currents
in the spirit of Jannsen [37], but use relative integral currents instead of relative singular chains
(and with a cohomological Tate twist). Then we introduce the path complex and show that it
can be used to compute rational Deligne-Beilinson cohomology. We explain the functoriality,
the cycle maps, and the products on these two kinds of complexes.

In view of the to-be-defined regulator map, we summarize the properties of these complexes

that are needed for the construction later in 4.1.

We close with a short appendix on total complexes.

3.1 Deligne cohomology

Let X be an m-dimensional compact complex manifold, and A C R be a coefficient ring. For
any p € Z, denote by A(p) := (27i)P A the p-th twist. Then the weight p Deligne cohomology
of X with coefficients in A(p) was originally defined (see [16]) as the hypercohomology of the
complex of sheaves

Ax(p) & Ox —» Q% — ... = Q8!

with Qx the sheaf of holomorphic differential forms on X and the unlabelled arrows being the
usual differential. Equivalently, Deligne cohomology can be defined as the hypercohomology of

the total complex of sheaves on X

Tot (AX (p) ® FPQ% — QX)
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where the unlabelled morphism is the difference of the two canonical inclusions. A quasi-
isomorphism from this complex to the original complex is given by dividing out the inclusion
FrQ® — Q°. This total complex (sometimes written as Cone(...)[—1]) is the starting point for
other definitions of Deligne cohomology. Namely, one knows that the inclusions of holomorphic
forms into smooth forms and of smooth forms into currents are filtered quasi-isomorphisms (see
theorem 13)

(Q%, FP) = (A%, FP) — (D%, FP).

Consequently, the (complex of) sheaves €2 in the total complex can be replaced by A or D.
Because the latter complexes are big enough to admit partitions of unity, they are acyclic with
respect to the global sections functor and hence taking hypercohomology is reduced to taking
cohomology of their global sections. When using currents, one moreover has a replacement for
the constant sheaf Ax (p): The sheaf of (locally) integral currents with coefficients in A(p) is a
soft sheaf and thus for X compact I'-acyclic.! The inclusion of locally constant functions into

integral currents is a quasi-isomorphism and hence gives rise to a I'-acyclic resolution
Ax(p) = Ix ®@z A(p).

Replacing forms by currents is compatible with the defining map Ax (p) ® FPQ — Q of Deligne
cohomology in the sense that it gives a compatible resolution of the total complex of sheaves
above. Taking global sections, one obtains the complex of A-modules

5+t

Cp (X, A(p)) :=Tot {I‘(X7A(p)) © FPD*(X) —— D‘(X)}

=I*(X, A(p)) ® F'D*(X) & D*~1(X)

with differential
(a,b,c) — (da,db,b— a — dc).

So the Deligne cohomology groups can equivalently be defined as
Hp (X, A(p)) := H'(CH (X, A(p))-

Remark. Some people use A(p — m) as coefficient ring for the integral currents instead A(p),
thereby underlining the fact that the Deligne 3-term complex actually computes Deligne ho-
mology, and so is dual to the cohomological complex. We however stick to this notation and

indeed think of p as something that keeps track of the complex codimension.

3.2 Deligne-Beilinson cohomology

Consider now a complex algebraic manifold U. By the works of Nagata and Hironaka, one
can always find a good compactification X D U. That is, X is a compact algebraic manifold
containing U such that D = X \ U is a normal crossing divisor, i.e., at each point exist local
coordinates hq, ..., h,, such that D is given by an equation hq - - - b, = 0 (for some 1 < k < m).
Thus one can equivalently study pairs (X, D) where X is a compact algebraic manifold and
D C X is a normal crossing divisor.

Beilinson [2] extended Deligne cohomology to such cases by replacing the complexes in definition

1See the section about integral currents 2.5.
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(3.1) by their log versions. More precisely, the Deligne-Beilinson complex of (X, D) is defined
to be the complex of A-modules

O2(X, D, A(p)) := Tot (I'(X, D, A(p)) @ FPD*(X,log D) — D*(X, log D)).

This definition does not depend on the choice of the compactification, as will follow from the long
exact sequence for Deligne-Beilinson cohomology (see paragraph below, or [37, 1.13]). For this
reason, the compactification is sometimes omitted from the notation of the Deligne-Beilinson

cohomology:

H5(U, A(p) := Hb(X. D, A(p))
= H(CH(X. D, A(p))).

If U = X is compact, one can choose D = () and Deligne-Beilinson cohomology and Deligne
cohomology agree. Even more, the complexes Cp(X, A(p)) = Cp(X,0, A(p)) are the same for
X compact.

Note that, as a consequence of the fact that the inclusion of relative normal currents into log
currents is a quasi-isomorphism, the Deligne-Beilinson cohomology can also be computed by
the complex Tot (Z(X, D, A(p)) ® FPN (X, D) — N(X,D)). In other words, any cohomology

class can be represented by triples (a, b, ¢) with a relative integral and b, ¢ relative normal.

Remark 1. The definition of Deligne cohomology also makes sense for non-compact complex
manifolds and then the restriction gives a natural map Cp(X, D, A(p)) — Cp(U, A(p)). This
map is a quasi-isomorphism whenever U = X is compact, but in general not for D # (). In order

to avoid notational confusion, here we consider Deligne cohomology for compact manifolds only.

The long exact sequence for Deligne-Beilinson cohomology

The most important property of Deligne-Beilinson cohomology is the existence of a long exact
sequence that relates Deligne-Beilinson cohomology to singular resp. de Rham cohomology.
The desire for such a long exact sequence also explains why the Deligne-Beilinson complex is
defined as a total complex. In fact, total complexes are tools to generate long exact sequences

on cohomology. So the complexes Cp give rise to long (not exact) sequences of complexes
... Cp - I(X,D,A(p)) ® F'D(X,log D) — D(X,log D) — Cp[l] — ...

which become exact when passing to cohomology groups. Note that by proposition 36 the
cohomology groups of the relative (integral) currents compute the Hodge structure on the
cohomology of the pair (X, D) and thus the Hodge structure on U. That is, the induced long

exact sequence on cohomology groups can be written as

.= H3(X, D, Alp)) — H*(U, A(p)) & FPH*(U,C) — H*(U,C) — Hp(X, D, A(p)[1] = ...
(3.2)

Thus the long exact sequence relates Deligne-Beilinson cohomology with singular cohomology
(Borel-Moore homology) and de Rham cohomology — and this even on the level of complexes.

Compare also Jannsen [37, Cor. 1.13 b)].

o1



Deligne-Beilinson cohomology and Jacobians

The long exact sequence (3.2) splits into short exact sequences, thereby revealing the Deligne-

Beilinson cohomology groups as extensions of the integral classes of FP-type,
0 — JP™MU) — HZ (X, D, Z(p)) — H*® ™(U,Z(p)) N F? — 0.

Here the leftmost term in the sequence is the p-th intermediate Jacobian of the mixed Hodge

structure on H*~"~1(U, C),

Jp,n(U) o H2p_n_1(U7 (C)
T P U.C) + 1 (U L)

If U = X is projective, then this is a generalized complex torus, that is, a complex vector space
modulo an R-linearly independent discrete subgroup.

Indeed, consider the composition of the canonical inclusion with the projection,

H?*""1(X,C)

2p—n—1
H (X, R(p) = &, H2r—n-1(X,C)

The image of any class v under this map (also denoted by v) satisfies either T = v or T = —v,
depending on p. Thus any element in the kernel lies also F? N FP = 0, so that the map
is an injective map of real vector spaces. Because the Z(p)-valued classes span a lattice in
H?P~"=1(X R(p)), they also form an R-linear independent discrete subgroup in the right hand
side and thus the quotient JP"(X) is a generalized complex torus.

For n = 0, the Hodge decomposition implies that the subspace spanned by the integral classes
has maximal rank in H?’~1(X,C)/FPH?*~1(X,C) and hence the Jacobian JP¥ is a complex

torus.

3.3 The path complex for Deligne-Beilinson cohomology

We now define complexes Pp(X, D, A(p)) that are built up from paths in D(X,log D) and that
for @ C A compute the Deligne-Beilinson cohomology of the pair (X, D).

Denote by Aa(z) := Alz,dz] the differential graded algebra of A-valued polynomial forms on
the 1-simplex, that is, the free differential graded algebra over A generated by the variable
2 (in degree 0). The path complex for Deligne-Beilinson cohomology is the subcomplex of
As(z) @4 D(X,log D) defined by

Pp(X, D, A(p)) := {P € Au(x) ®4 D(X,log D) such that -0 € (X, D, A(p)), } ,

P, € FrD(X,log D)

Here Py, P, denote the images of P under the evaluation maps at 0 and 1 respectively. The
evaluation at € is the unique map that sends dz to zero and z to e. For example, if w(x) =
a(z) + b(x)dx is an element in As(z), then the evaluation at € of an element P = w(x) @ T is
just P. = w(e)T = a(e)T.

It follows from (dP). = d(P.) that Pp is indeed a subcomplex, that is, closed under the
differential d of the tensor product. It moreover has an obvious A-module structure and we will

see that it inherits a partially defined intersection product from A4 (x) ® D(X,log D).

Remark 2. This complex can be obtained by applying the general procedure of Hinich/Schecht-
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man [35, Theorem 4.1] of Thom-Sullivan cochains to the diagram Z(X, D, A(p))®F?D(X,log D) —
D(X,log D) (considered as a simplicial object). The quasi-isomorphism stated therein special-

izes to the comparison-isomorphism ev below.

Comparison to the 3-term-complex

The relation between the complexes Pp and the total complex Cp is given by means of the

morphisms of A-modules
ev: Pp(X, D, A(p)) = Cp(X, D, A(p))
1
wT — (w(O)T, w()T, / wT) .
0

These maps are compatible with the differential and hence give rise to a morphism ev of

complexes.

Lemma 44. If Q C A, then the morphism ev is a quasi-isomorphism. A quasi-inverse is

induced by the maps

s: Op(X, D, A(p)) = Pp(X, D, A(p))
(a,b,c) » (1—2)@a+z@b+dr®ec

Proof. s is indeed compatible with differentials, i.e., gives a map of complexes. It is obvious
that s splits the map ev, that is, evos = id. It suffices to show that the map soev : Pp — Pp is
homotopic to the identity. Such a homotopy was given by Burgos Gil during a summer school
in Freiburg 2013. Define the homotopy h : Pp — Pp[—1] by

h(w@T):x/ w®T—/ wT.
[0,1] [0,x]

This map is well defined because of Q C A. One checks that dh+ hd = soev—id. In particular,

s o ev = id on cohomology and so ev is a quasi-isomorphism. O

3.4 Examples

e If X is a point, then the complexes for the Deligne (=Deligne-Beilinson) cohomology
become relatively simple. Since the space of currents over a point is isomorphic to C (and
a number A\ € C is identified with the integration current A[pt]), one obtains that the path

complex is
Pp(pt, A(p)) = {w € Ac(x) : w(0) € A(p) and, if p > 0, w(1) = 0}.
This complex is concentrated in degree 0 and 1, as is the 3-term complex, which is
Cp(pt, A(p)) = Tot (A(p) @ FrC =2ty c)

= (A(p) @ Fre 22Ee, c) :

Note that F'C = C and FPC = 0 for p > 0.
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The evaluation map Pp — Cp sends an element w = f(z) + g(z)dz to the triple
1
(£(0), £(1), [y g()d).

The Deligne cohomology can now easily seen to be

A, p=0,1=0
Hb(pt, A(p)) = { C/A(p), p>0,0=1
0, else,

as follows also from the sheaf-theoretic description of Deligne cohomology.

To conclude, there exists a sequence of quasi-isomorphisms

(A —0), p=0

Pp(pt, A(p)) = Cp(pt, A(p)) —
(0= C/A(p)), p>0

where the second arrow is induced by the projection to the first component resp. the

third component (in the second case composed with the quotient map).

e For p = 0, Deligne- and Deligne-Beilinson cohomology are both equal to the Borel-Moore
homology of U, that is, the singular cohomology of U.

e For p = 1, the Deligne complex of X is quasi-isomorphic to O%[—1] by means of the
short exact sequence 0 — Zx (1) — Ox — O% — 0. The Deligne-Beilinson complex of U
(or, (X, D)) however is quasi-isomorphic to Of ,,[—1], where Of; ,;, denotes the sheaf of

invertible regular functions on U [16, 2.12 iii)].

e For p = 2, the Deligne complex of X is quasi-isomorphic to (O% dlog, QL) [—1] by means

of the commuting diagram

Z(2)— Ox L oL
exp((QWi)lz)J/ \L(Q'lri)_lz

dlog
* 1
OX QX

that gives rise to a quasi-isomorphism between its rows.

e Because A, has the same cohomology groups as a point, the long exact sequence of
Deligne-Beilinson cohomology shows that Hp (P, P, \ A, Z(p)) = Hp(pt, Z(p)) for all p.

In fact, this is an instance of the homotopy invariance of Deligne-Beilinson cohomology.

The second example states that Deligne-Beilinson cohomology is an enhancement of singular
cohomology, whereas the first example shows that it carries strictly more information than
singular cohomology. The third example indicates that the Deligne and the Deligne-Beilinson

cohomology for non-compact manifolds in general are not the same.

3.5 Functoriality

One reason for using currents to define Deligne-Beilinson cohomology lies in their better functo-

riality under pushforwards. While the pushforward of forms is only defined along submersions
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(which have to be proper when restricted to the support of the considered form), the pushfor-
ward of currents is defined for any proper morphism. The functoriality of Deligne-Beilinson

cohomology is summarized in
Proposition 45. Let f: U — U’ be a holomorphic map between complex manifolds.

o If f is proper, then the pushforward of currents induces a map
f: Hp(U, A(p) = Hp* (U, A(p + 9))

where § = dimc U’ — dim¢c U.

e If f is a submersion, then the pullback of currents induces a map

f*: Hp(U', A(p)) — Hp (U, A(p))-

We show more general that these statements hold for the two complexes Pp and Cp. Since
they are defined for pairs of spaces, we consider only maps of pairs, that is, mappings that

restrict to a map between the distinguished subsets.

Theorem 46 (Pushforward). Let f : (X, D) — (X', D) be a holomorphic map of pairs. Then

there is a commutative diagram of complezxes

fo=(2mi)’ - id®f, : PR(X, D, A(p)) — Py (X', D', A(p +9))

fuoi= @2m0)° - (fo fur £) : OB(X, D, A(p)) — O3 (X', D', Ap + 9))

where § = dim¢ X' — dim¢ X. The pushforward is compatible with composition of functions in
the sense that g« o fx = (g o f)«.

Proof. The pushforward of currents (defined, because X is compact) maps Z® to Z*+2° and FP
to FPT9. The multiplication with (274)° ensures that the image has the correct twist. Thus
the two vertical maps are well defined. Commutativity of the diagram follows because the
pushforward acts on the underlying currents, while the evaluation map acts on the coefficient
forms:

id «
we T of w® f.T

I [+

(woT,wi T, fol wT) M (wo fs Ty w1 fiT, fol wfiT)

Compatibility with composition of functions follows from the respective property of the push-
forward between currents. To see that the pushforward is compatible with the differential d on
Pp, let w be homogeneous of dz-degree |w| and + = (—1)1*l. Then
frdw®T) = fuldo®@T +w®dT)
:@mﬁ-@w®ﬂTiw®ﬁﬂj
:@mﬁ-@w®ﬁTiw®¢uj

= d(w ® f*T),
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where in the third equality it is used that f. and d commute on complex manifolds (see 2.2).
The proof that pushforward is compatible with the differential in Cp is similar, but easier and
omitted. O

Theorem 47 (Pullback). Let f: (X', f*D) — (X, D) be a holomorphic submersion. Then the

pullback of currents induces a commutative diagram of complexes

fr=idef": P3(X, D, A(p)) — Pp(X', f*D, A(p))

The pullback along submersions is compatible with composition in the sense that f*og* = (gof)*.

Proof. The proof is similar to the proof of theorem 46 and follows from the properties of the

pullback for log currents in lemma 40. O

Remark 3. Rephrasing the two theorems, one could say that ev is a natural transformation
Pp — Cp of functors with values in A-complexes when considered on both the category with
morphisms the smooth submersions and the proper maps. In more fancy words one might say

that ev is a natural transformation of twisted Poincaré duality complexes.

3.6 Cycle maps

One central aspect of Deligne-Beilinson cohomology is the existence of a cycle class map for all
smooth algebraic manifolds. The cycle class in Deligne-Beilinson cohomology can be constructed
by means of the long exact sequence of Deligne-Beilinson cohomology and the cycle class map
in singular and de Rham cohomology, see [15, 2.2], [16, §7]. This construction can be made on

the level of complexes and produces concrete fundamental cycles (and not only cycle classes).

Deligne-Beilinson fundamental cycle

Let (X, D) be a pair of a compact complex algebraic manifold X and a normal crossing divisor
D. Write U := X \ D.

If Z is an algebraic cycle in U of codimension p, then denote by [Z] (the simple extension of)
the integration current associated to Z. That is, [Z] is given by integration over the manifold
points Zyee. The support of [Z] is the closure of Z in X, hence compact. Thus the current [Z]
is a d-closed integral current of codimension (p,p) on X.

The Deligne-Belinson fundamental cycle in Pp associated to Z is the element
(2mi)’[Z] € P5(X, Z(p))

which is just the fundamental current cl(Z) associated to Z with constant coefficient 1.
The cycle map in Pp induces a cycle map in the complex C'p by composing it with the evaluation

map. The resulting Deligne-Beilinson fundamental cycle in Cp associated to Z is then

(2i)” ([2],12],0) € CF (X, Z(p)).
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Both fundamental cycles will be denoted by cl(Z). Note that it follows from d[Z] = 0 that the
two fundamental cycles are indeed cycles, that is, have vanishing (total) differential.

If D' C X is a normal crossing divisor, then we define the Deligne-Beilinson fundamental cycle
relative to D' to be the image of the above defined fundamental cycle under the projection
Pp(X,Z(p)) — Pp(X,D’,Z(p)), and similarly for Cp. In other words, we consider cl(Z) up to

on-D’ currents.

Lemma 48. The cycle maps in Pp and Cp are related by the commutative diagrams
PR (X, Z(p))
Zp<U) ev

e

They are functorial in X with respect to proper pushforward and pullback along submersions

O (X, Z(p)).

in the following sence: If f: X — X' is a smooth algebraic map such that f|y is a (flat resp.
proper) map U — U’, then

clo fli; = f"ocl resp clo(f|u)« = feocl

Proof. Commutativity of the diagram is obvious (by definition). It suffices to prove the functori-
alities for the complexes Pp only — the result for Cp then follows from this and the functoriality
of ev. So it is to show that under the respective conditions on f, the corresponding diagram

below commutes.

P (U') ——= PP(X', Z(p)) 22 (U) = PEP(X. Z(p))
J/f* J/f* resp lf* if*
2 (U) —— PP (X, Z(p)) (U —L s PPYR(X! 7(p + 6))

This follows from the compatility of the cycle map into currents with pushforward (lemma 20)
and pullback (lemma 21). O

Remark 4.

e The composition of the cycle map on X with the projection to the Deligne-Beilinson

complex of (X, D) induces a map
#(X)/inz?" (D) = PF (X, D, Z(p)).

This is well defined because every algebraic cycle on D (that is, any cycle in i,2P~ (D),

¢ the inclusion of D) under the cycle map is send to an on-D current.

This map extends the cycle map on U in the sense that the diagram below commutes.

22 (U) cl P2 (X, Z(p))

closurel l

2 (X) iz (D) —= Pl (X, D, Z(p))

57



e Note that if the compactness assumption of X is dropped, the definition of the Deligne-
Beilinson cycle still makes sense as a locally integral cycle. This yields the Deligne fun-
damental cycle.

3.7 Exterior products

The cohomological exterior product X of currents induces exterior products on the two Deligne

complexes, and in particular on Deligne-Beilinson cohomology.

The exterior products on Cp

Alexander Beilinson introduced in his notes on absolute Hodge cohomology [3, 1.11] a whole

family of products, depending on a real parameter o € R. They are denoted by
Ro : Cp(X, D, A(p)) ®a Cp(X', D', A(q)) — Cp™(X x X', DR D', A(p + q)),
and defined by the formula
(a,b,¢) ® (@,,&) <axa,bm,acxa+ (—1)'(1-a)aRé+ (1 —a)c b+ (—1)%&;&5).

A common way to write the product is in the form of a table. If r denotes the total degree of

the triple (a, b, ¢), then the product with (a, b, ) is expressed by

| a b é
a| ala 0 (-D)"1—a)-aeé
b bXb (-1)a-bRé
cla-c®a (1—a)-cXb 0

where one has to take care of the spaces the elements live in.

Proposition 49. The products X, are compatible with the differential. For a =0 and a =1
it is associative, for a = % graded commutative. All products are homotopic to each other and,

in particular, induce the same product on cohomology.

Proof. See Beilinson, [3, Lemma 1.11]. O

The exterior product on Pp
For the complex Pp there is a canonical choice of an exterior product coming from the product
structures on the underlying tensor factors. It is given by
X: Pp(X, D, A(p)) ®4 Pp(X', D', A(q)) — Pp"(X x X', DR D', A(p + q))
W®S)@neT)~ (—1)"M5¥luAne (SKT).

Proposition 50. The exterior product on Pp is associative, graded-commutative and compat-
ible with the differential d.

Proof. This is a straight-forward computation using the definition and the respective prop-
erties of the products on Ay(x) and D(X,log D). We omit the proof of the A-linearity and

associativity, but show graded-commutativity.
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If 7 denotes the map that exchanges the factors in X x Y, and if w ® S, n ® T are elements in
Pp(X,D, A(p)) and Pp(X’, D', A(q)) respectively, then
woS)RneT) = (D" wrn e (SRT)
= (fl)lnIISIHnIIwIHSIITl(n Aw) @7 (TKS)
= (—1)IlISIHllwl+ISIT] ((n Aw)® (TR 5)>

= ()Tl 418D ((n ®T)R (we 5)).
The compatibility with the differential follows from the Leibniz rule for A, ® and X:

(—)"SldwAn® (SRT))
= (=)W An) @ (SR T) + (—1)MISHIlG Ay @ d(SRT)
dw® SR (neT)+ (-1 (we S)Rdn o T). O

d(we SR (neT)) =

Note that the exterior products on both complexes are compatible with pushforward and pull-
back (whenever defined).

The products of Cp and Pp however are not compatible with each other in the sense that the
evaluation map ev induces a map of algebras on the direct sum over p. In fact, the product on
Pp is graded-commutative and associative (at the same time), while the products on Cp are

not. See also lemma 58

Remark 5. In contrast to the formulas in the standard reference [16], we have an additional
sign before a X ¢. This is due to the fact that [16] considers a constant sheaf in degree 0, while

we work with arbitrary complexes. Our formulas are consistent with the original ones in [3].

Exterior products and fundamental cycles

The exterior product with fundamental cycles is commutative for both Cp and Pp.

Lemma 51. If Z is an algebraic cycle on U and (a,b,c) € Cp(X', D', A), then for any o € R,
A(Z) R, (a,b,¢) = 7, ((a,b7 ¢) ®, cl(Z))

where 7 : X' x X — X x X' exchanges the coordinates. The same holds for the complex Pp.

Proof. The integration current over Z is of even degree and thus by the graded-commutativity

of the exterior product of currents,

cl(Z) K, (a,b,c) ),0) B, (a,b,c)

= (<

= ((Z)Ra,cl(Z)®b,cl(Z) K c)

=7 (aRcl(2),bRcl(Z),cRcl(Z))
=7.((a,b,¢) R, cl(2)).

Similarly for w® S € Pp(X', D', A):
AZ)R(weS)=we (l(Z2)RS) =wen(SKd(2)) =7 (weS)Kcl(Z)). O

The cycle maps into Cp and Pp are compatible with the exterior products:
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Lemma 52 (cl and x). The K, -product of fundamental cycles is independent of o and com-
patible with the exterior product of algebraic cycles, that is, clo x = K, o (cl x cl) for all .
Moreover, the fundamental cycle cl(pt) € CH(pt, A(0)) is an identity element for all X,,.

The same holds for the exterior product and the fundamental cycle in Pp.

Proof. Let Z € zP(U) and Z' € z9(U’) be two algebraic cycles. Note that for the exterior

product of currents of even degree, x and K, agree. First Cp:

(Z x Z') = 2ri)PTi([Z x Z'),|Z x Z'],0) = (2mi)P*([Z2] x [2'],[Z] x [2'],0)
— rip ()8 (2,128 (2),0) = (2ri)?*((2],2),0) B, ((21,121,0)
=cl(Z) K, cl(Z")

for all o € R.
For Pp:

A(Z x Z') = (2mi)PH[Z x Z') = (2mi)PH([Z) R [Z2)]) = cl(Z) K cl(Z)).

For the last statement, we tacitly identify currents on X x pt with currents on X. Under this
identification, T'X [pt] = T € D(X x pt) = D(X), that is, [pt] € D(pt) is an identity element
for the exterior product of currents.

Now note that if e is an identity element for X, then (e, e,0) is an identity for X,, for all a.

Indeed, the product of an arbitrary triple with e := cl(pt) in Cp is
(a,b,¢) Ky e = (a,b,c) B, (e,e,0) = (a®e,bRe,cHe) = (a,b,c).
The same holds for the product on Pp, since under the above mentioned identification,

(w®S)Rel(pt) =w® (SK [pt])) =w® S. O

Aside: Interpretation of Beilinson’s product

The quasi-isomorphism ev between Pp and Cp leads to a geometric interpretation of Beilinson’s
products on the latter.

Think of an element (a, b, ¢) in Cp as the startpoint a and endpoint b of a path with ¢ the line
segment connecting a and b (oriented from a — b). Given two such triples, one can form the

exterior product of the two paths, getting a square as drawn below

bX ¢ bXb
b _—
c AN cXa cXb
a &—e L TS
a c B alXa ae

Now there are two possible ways to extract a path from the new startpoint a X @ to the new
endpoint b X b out of this diagram. Each is as good as the other and one has the freedom to

combine them as one wishes using a parameter .
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For example, give the left upper path the weight o and the right lower path weight 1 —a. Then
the combined path is

a [cRatbRe+(1—a) [taRé+ XD

where we decorate each horizontal line segment with a sign + = (—1)". This in turn corresponds

to a triple which is exactly the X, product of (a,b,c) with (a, b, €).
Remark 6.

e With this geometric construction in mind, the associativity and graded-commutativity

properties of Beilinson’s products are verified easily (e.g. by looking at a cube).

e There is no satisfying geometric explanation for this sign (—1)". This sign occurs when
the endpoints a, b of the vertical path are passing ¢. Note that r = dega = degb is the

degree of these points.

3.8 Intersection products

Analogous to the exterior product, the intersection product of currents gives rise to intersection
products N, on Cp and N on Pp.

These products are defined in exactly the same way as the exterior products, with X replaced
by N. That is, the product N, on the 3-term complex, a € R, sends (a,b,¢) ® (a,b, &) (where
the first tuple has total degree ) to

(aﬁd,bﬁg,acﬁd-i- (-)"Q—a)ané+ (1 —a)enb+ (—l)rabﬂé)
whenever all intersections are defined. Similarly, the intersection product on Pp is the one with
weSNnmeT)=(-n"*lwrneEnT),
whenever the right hand side defines a valid element in Pp.
Theorem 53. The intersection induces partially defined maps of complezes
N: Pp(X, D, A(p)) ®a Pp(X, D, A(q)) --» Pp(X, D, A(p + q))

and

Na : CD(XvD,A(p)) ®A CD(XvDaA(Q)) -2 CD(X7DaA(p+ Q))

The intersection with fundamental cycles is commutative and cl(U) is an identity element. The

intersections are preserved by pushforward along biholomorphic maps of pairs.

Proof. Tf the underlying intersections exist, then both N and N, have the correct form (i.e.,
are additive in the (total) degree and the weight) and are A-bilinear. As for the exterior
product, one sees that both types of intersection are compatible with the differential whenever
all occurring intersections exist.

The commutativity of the intersection with fundamental cycles follows as in lemma 51 from
the special form of this intersection together with the fact that the intersection with algebraic

cycles is commutative.
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The proof that cl(U) is the identity element for N and N, is again a straight forward calculation,
based on the fact that the fundamental current cl(U) = [X] is an identity element for N. For
Pp for example, cl(U)N (wRT) =w@ ([X]NT)=wT.

Let ¢ : (X,D) — (X’,D’) be a biholomorphic map of pairs. The pushforward on Deligne-
Beilinson complexes is defined by applying the pushforward to all the currents involved (and
taking care of the twists). Since the intersection of log currents is compatible with biholomorphic
maps of pairs and because the intersection on Deligne-Beilinson complexes is built from the

intersection of log currents, the last statement follows. O

The evaluation map and N

Lemma 54. The evaluation ev : Pp(X, D, A(p)) — Cp(X, D, A(p)) is not an algebra homo-
morphism. For rational coefficients however, it induces an isomorphism of algebras on total

cohomology.

Proof. To see that the evaluation map is never a homomorphism of algebras, choose an integral
current T" and an arbitrary current S such that the intersection S N7 exists. For any integer
n > 0 then

ev(dzSN(1—x)"T) =ev((1—x)"dzSNT) = (0,0, n%rllS NnT).
If the evaluation were a homomorphism of algebras, this would be equal to

ev(de) Na ev((l — m)"T) = (070,5) Na (T,0,0)
=(0,0,a5NT),

which can not be true for arbitrary n > 0 (and a fixed «).

Now we show that ev is an isomorphism of algebras on rational cohomology that is, if Q C A.
In this case, ev induces an isomorphism on cohomology so that it suffices to show that this
isomorphism is compatible with the intersection products on both complexes. Since all products
1

Na give rise to the same products on HCp, we may assume that o = 3.

It is enough to show that the pushforward of the product on Pp to Cp is equal to N1, that is,

N1 =evono(sxs). Indeed, because of s o ev ~ idp, this implies that
soNi =soevoNo(sxs)~No(sxs).

In other words, s induces an algebra isomorphism on the cohomology. ev is the inverse of s and

hence the same holds for ev.

To finish the proof of the lemma, let A = (Sp, S1,5) and B = (T, T1,T) be two elements in

Cp whose intersection exists. Then
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evoNo(sxs)(AB)= ev(((l —x)So+ xS1 + dzS) N (1 — z)Tp + =Tt + de))

1
(50 N Ty, SN Tl,/ (1—2)dz(SNTy+ (-1)ASy N T)
0

1
+/0 zdz(SNTy + (-1l mT))

1
- (50 NTp. 1 N7 3 (SNTo+ (DS N T+ SN T+ (~)Als, mT))

ZAI’]%B.

Compatibility of N and cl

The intersection products on the Deligne complexes are compatible with the cycle maps, as

follows from the respective property for log currents.

Lemma 55. For two algebraic cycles Z € zP(U), Z' € z1(U) that intersect properly, one has
cd(Znz)y=cl(Z)ncl(Z")

in Pp(X,D,Z(p+ q)) and, for any o € R,
c(ZNZ")=cl(Z) Ny cl(Z)

in Cp(X,D,Z(p + q)).

Proof. For Pp:

c(ZznZ" = 2ri)PtZnZ" = 2ri)PTZIN[Z'] = (Z)Ncl(Z).
For Cp:
cd(ZznZ') = 2ri)!t(znZ',ZnZ',0) = 2mi)’T(Z, Z,0) N (Z',Z',0) = cl(Z) Ny cl(Z").

O

Any holomorphic map of pairs f : X — X’ induces a general pullback on the Deligne complexes
by means of the formula f*T := (pry )« ((CI(X\D) XT) ﬁcl(Ff)), where I'¢ denotes the graph
of f. The general pullback is partially defined and extends the pullback along a submersion.

Lemma 56 (cl and general pullback). Let f : X — X’ be a holomorphic map of compact
complex algebraic manifolds that restricts to a map fly : U — U’. Then the cycle map cl is

compatible with general pullback. That is, if f|;;Z exists, then f*cl(Z) also exists and equals
c(f[2)-

Note that this includes the case where f is a submersion.

Proof. The general pullback of algebraic cycles is defined by essentially the same formula. Use

that cl is compatible with pushforward, intersection of algebraic cycles and the exterior product,
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to conclude that

A(f152) = el((pro) (U x 2)(Tg,))
= (prx)*cl((U x Z)N Ff\U)
= (prx). (U x Z) Nel(T )

= (er)*((cl(U) K cl(Z)) N cl(rﬂu)).

Since cl(I'¢),,) = cl(T'y), the lemma follows. O

Compatibility of X and N

On the complex Pp, the two products X and N are compatible in the sense that for any
P,Q,P', Q" € Pp such that the intersections P N @Q and P’ N Q' exist, one has

(PNQR((P'NQ) = (—nPIRI(PRP)N(QRQ).

The analogous claim for the complex Cp and the products X, N,, is false in general — even for
a = 0. It is true however, if one restricts to intersections with geometric currents, that is, to

intersections with fundamental cycles.

Lemma 57. Let P € Cp(X, D, A(p)), P’ € Cp(X',D',A(p')) and Z € 29(U), Z' € 29 (U").
For any o € R such that P Ny cl(Z) and P’ N, cl(Z') exist (the cycle map relative to D resp.
D’) one has

(PR, P') N (cl(Z) Ry c(Z')) = (P Na cl(Z)) Ry (PN cl(Z7)).

Proof. Write P = (Ty, T1,T), P' = (T., T/, T").
The N,-product with cl(Z) K, cl(Z') = cl(Z x Z') has a very simple form:

(Ty RTY) Nel(Z x Z')
(PR, P') Mo (cl(2)Rel(Z) = | (MRT)Nel(Z x 2)
(PR, P3N cl(Z x Z7)

where (PR P')3 = TR (o) + (1 — a)T7) + (=1)Tol((1 — )Ty + oT) R T".
On the other hand,

(To N el(2)) B (T, N el(Z')
(P Mo cl(2)) By (P’ Na c(2)) = | (1) N el(2)) B (T] N cl(27))
(*)

where

(*) = (TNe(2)) R (aTygnel(Z') + (1 — )Ty Necl(Z"))
+ ()21 — )Ty N el(Z) + oIy Nel(Z)) B (T Nel(2))).

We now use the compatibility of X and N for currents from lemma 29. Then the upper two

components of the triples are obviously equal. One verifies that the lowest component in both
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cases are also equal. In fact, they are equal to

(*) =(TRTy) Necl(Z x Z')
+(1-a)(TRT))NC(Z x Z')
+ (=D)Pl1 — ) (TyRT)Nel(Z x Z)
+ (=D)IPlo(Ty BTy N el(Z x Z). O

ev, s and products with algebraic cycles

1
2
be deduced from the result for Pp using the evaluation and the splitting map. This follows

The proof of lemma 57 is by a brute force computation. The result for « = 5 can more elegantly

from the important fact that, although the evaluation map in general is not compatible with
the intersection or the exterior product, for the special case of cycles coming from geometry, it

is:

Lemma 58. The evaluation map is compatible with the (partially defined) intersection and
the exterior product with algebraic cycles. For example, for any P € Pp, any codimension p

algebraic cycle Z and o € R one has
ev(PNcl(Z)) = ev(P) Ny cl(Z)

whenever all intersections exist. Similarly, the splitting map is compatible with intersection and

exterior product with cycles:
s5((a,b,¢) By cl(Z)) = s(a,b,c) K cl(Z)
and the same with Ny, if all intersections exist.

Note the different meanings of the relative cycle class cl(Z).

Proof. We only show the statements that concern the intersection products, starting with the
one for the evaluation map. Let P = w ® T such that T'N[Z] =: S exists. Then

1
ev(PNcl(Z)) = ev((2mi)Pw @ (T N[Z])) = (2m)P (woS, wlS,/ wS).
0
On the other hand, the intersection with cl(Z) in Cp is, independent of a, given by
1
ev(P) No l(Z) = (27)P (wo T, wlT,/ wT) Na ([Z],[Z2],0)
0
1
= (2mi)? (woT N [Z],wn T N [Z],/ wT N [Z]).
0
For the statement about the splitting map, let T' = (T, T»,T5) be in Cp such that T' N, cl(Z)

exists. This intersection is (77 Ncl(Z), Te Ncl(Z),T5 N cl(Z)), independent of . Thus we can

conclude that

s(TNac(2)=10—2)T1Ncl(Z) + 2T Ncl(Z) + daTs N el(2)
=s(T)Ncl(2). O
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Reduction to the diagonal
Denote by A : X — X x X the diagonal mapping and cl(A) := cl(A(X)).

Lemma 59. Reduction to the diagonal holds, that is, SNT exists if and only if (SRT)Ncl(A)
exists. In this case, A (SNT)=(SKT)Ncl(A).

Note that although stated merely in the absolute situation (X, ), by the very definition of the

intersection of relative currents, reduction to the diagonal also holds in the relative case.

Proof. For Cp: Let A= (a,b,c) and A = (a,b,¢) consist of locally flat currents. Let 7 = |a| be
the total degree of A. If the N,-intersection of the two triples exist, then, with g =1 — «,

A (ANg A) = (A*(a na), Au(bNbd), A (e (aa+ Bb) + (—1)"(Ba + ab) N 5)) - (2mi)dim X

((a K a) N cl(A), (0K b) N cl(A),
(¢® (ad + Bb)) Nel(A) + (—1)"((Ba + ab) B E) N cl(A))
_ (a X a,bRb,cR (ad+ Fb) + (—1)"(Ba + ab) B a) Necl(A)
= (AR A) N, cl(A).
Conversely, if the last intersection exists, then it is supported on the diagonal and hence by the

flatness theorem lies in the image of A,.

For Pp the proof is again simpler:

_1)|w/IIT| (WwAW)® ((T XT)N CI(A))
—)EI (@AW @ (TRT)) nel(a)
= (wen R W eT))nd(A).

By the reduction to the diagonal of usual currents, one side of the equation exists if and only
if the other also exists. O

Intersection on cohomology

By the moving lemma for currents 34, any two normal currents can be moved in their cohomol-
ogy class in such a way that their intersection exists. This is not true for cohomology classes of
the Deligne complexes Cp and Pp. They however can be brought in good position with respect

to fundamental cycles.

Lemma 60. Assume D = . Given a fundamental cycle cl(Z), then any cohomology class in
HCp has a representative whose intersection with cl(Z) exists. This representative can chosen
to be normal, that is, consist of normal currents only. For rational coefficients, the same is

true for cohomology classes in H Pp.

Proof. Given a class in HCp, we can choose a representative (Tp,T1,7T) whose components

are all normal currents (and Tp is integral). The moving lemma gives a representation Ty =
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To + dRy in such a way that Ty N [Z] exists. Moreover, there exists a smooth p-form w such
that T} = [w] + dR; for some R; € FPD(X). Then

(To, T1, T) = (To, [w], T — Ry + Ro) + d(Ro, R1,0).

Now choose a current T such that 7 N [Z] exists and T — Ry + Ry = T — dR. Consequently,
the class of
(To, T, T) = (To, (W], T) + d(Ro, Ry, R)

can as well be represented by (7Tp,[w],T) whose intersection with cl(Z) exists. Indeed, the

intersection with a smooth differential form always exists and so
(To, W], T) Necl(Z) = (To Nel(Z), w] N cl(Z), T Nel(2))

exists.
With rational coefficients, the evaluation induces a ring isomorphism on cohomology by lemma
54. This implies the statement for Pp. O

The intersection of two cohomology classes A, B in HCp or H Pp is said to exist, if there exist
two normal representatives A, B together with some normal current R such that (AXB+dR)N

cl(A) exists. Then the intersection class is the unique cohomology class such that
A (ANDB)=(AKB+dR)Ncl(A) + boundaries.

This definition is independent of the choice of the A, B, R: Whenever A, B are other represen-
tatives of A, B and R is such that (AX B + dR) N cl(A) exists, then the difference of these
expressions is equal to dR N cl(A) for some R. Tt is to show that this current arises as the
pushforward of a boundary along A. By the moving lemma 60, I:% = @ + boundary such that
Q N cl(A) exists and — by the flatness theorem — is equal to A,Q. Hence A,dQ = dA,Q =
d(QNecl(A)) =dQncl(A) = dRN cl(A) as required.

Note that lemma 60 assures that the intersection of any two cohomology classes always exists.

3.9 Requirements for the Deligne complexes

Denote by (X, D) a pair consisting of a smooth projective variety and a normal crossing divisor
D C X. Assume that to every such pair, every coefficient ring A C R and every integer p (the
weight) there is associated a complex of A-modules C%(X, D, A(p)). We summarize all the
properties of these complexes that are needed to apply the general construction of the regulator
in 4.1.

(Coefficients) C%,(X, D, A(p)) = Cp(X,D,Z(p)) @z A.

(Cycle map) There exist maps cl : 2P(X \ D) — C2(X, 0, Z(p)) such that d o cl = 0.

(Flat pullback) For any holomorphic submersion Y 7y X one has a morphism of complexes
f* 1 Cp(X, D, A(p)) — CH(Y, f'D, A(p)).

(Proper pushforward) For any holomorphic map of pairs (X, D) ER (X', D’) one has a
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morphism of complexes
fo: CB(X, D, A(p)) — Op (X', D', Alp — 9))
where ¢ = dim¢c X — dim¢ X’ is the relative dimension. In particular, df, = f.d.
(Exterior products) There exist external products
Cp (X, D, A(p)) ® Cp (X', D', Alg)) = Cp(X x X', DR D', A(p + q))

in the category of complexes. Here D X D' = X x D' + D x X’ denotes the exterior product
of the divisors.

The above structures should satisfy the compatibility conditions listed below:
e cl is compatible with flat pullback and proper pushforward, that is,
cloflx\p=f"ocl tesp. clo(flx\p)«= fiocl

whenever f|x\p is flat resp. proper.

For Z,Z' two algebraic cycles, cl(Z x Z') = cl(Z) K cl(Z).

e X is commutative if one factor is an algebraic cycle, i.e. cl(Z)XRT = 7.(T K cl(Z)) where

7 is the map that interchanges the two factors.

Pushforward preserves X.

If ¢ is a biholomorphic map of pairs, then ¢, = (¢ ~1)*.
e X is associative and cl(pt) is an identity element for X.
(Intersection products) There exists a partially defined (internal) product
Ch(X. D, A(p) ® Ch(X, D, Alg)) "> CH(X, D, Alp + 1))
such that

e If SNT and either dSNT or SN dT exist, then d(SNT) =dSNT + (-1)I¥1SNdT.

e Intersection with algebraic cycles is commutative, that is, T'Ncl(Z) = cl(Z) NT whenever

one of the intersections exist.

e The intersection product is compatible with the intersection product of algebraic cycles.
That is, whenever Z N Z’ exists, then so does cl(Z) Ncl(Z’) and is equal to cl(Z N Z7).
In particular, the cycle map is compatible with general pullback, partially defined for
FiX = X' by f*T = (pry). ((cl(X \D)RT)N cl(rf)).

e Reduction to the diagonal: If A : X — X x X denotes the diagonal embedding and Ay
the image of U, then
A(SNT)=(SKT)Ncl(Ay).

e cl(X \ D) is an identity element for N.
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e Compatibility of X and N for cycles coming from geometry (i.e., of type cl(Z) for an
algebraic cycle Z): If the intersections on the right-hand side exist, there is an equality

(51 X 52) N (Cl(Zl) X CI(ZQ)) = (Sl N Cl(Zl)) X (52 n CI(ZQ))

e N is preserved by pushforward along biholomorphic maps of pairs and the trivial maps
(X,D) = (X, D) for D C D', that is, p.(SNT) = p.S N, T.

Theorem 61. The 3-term complex Cp (with Xy, Ng or Xy, Ny ) and the path complex Pp (with

X, N) as defined in this section satisfy all of the azioms above.

Proof. This was done before: The cycle map is 3.6. Functoriality is subsection 3.5. The exterior

and the intersection products are considered in 3.7 and 3.8. O

3.10 Regulator-specific properties

For the study of the regulator maps, we will need more precise information about the intersection
theory of the class of Deligne-Beilinson chains formed by higher Chow cycles and some special
elements. Endow the Deligne complexes Cp and Pp with their associative products and consider

the special elements

R = (2mi[R_], [dlog 2], [log z]) € Cp(0,0,7(1))
R=(1-2)®2mi[R.]+ z ® [dlog 2] + dz ® [log 2| € P5(0,0,Z(1))

and their exterior products R" in the respective complexes. We are interested in the validity

of associativity and inverse mapping formulas.

An inverse mapping formula for Cp and Pp

The following lemma shows that the Deligne complexes (with any product) have no structural

obstruction to an inverse mapping formula.

Lemma 62 (Formal inverse mapping formula). Let f : X — X’ be a holomorphic map of pairs.
Let A, A be two chains in one of the Deligne complexes such that f*A and AN f*A exist. If the
inverse mapping formula holds for all involved currents, then it also holds for A and A, that is,
fLANA exists and f. (AN f*A) = f, AN A.

Proof. Assume that f*(a,b,¢) and (a,b,c) N f*(@,b,¢) both exist. Denote by § := dime X’ —
dimc X the relative codimension of f. If the inverse mapping formula holds for all occuring

currents, then, with 5 :=1— «,

fel(a,bye) Na f4(@,0,8)) = fu(an fra,bn f*b,en (af*a+ Bfrb) + (=) (Ba + ab) N f*¢)
= (feana, £bNDb, feen (ad+ Bb) + (—1)1(Bfra + afb) Né) - (2mi)°
= (fua, fub, fuc) Ny (@,b,¢) - (27i)°
= fu(a,b,c) N, (a, b, c)

also exists.

69



Similarly for Pp: Assume that for two current S on X and T on Y both f*T and SN f*T exist.
Then

(@SN weT) =F(neS)n(we fT))
= f((nAw)® (SN 7)) - (~1)IIS]
= (N Aw)® £ (SN FT)) - (=1)I151(277)°
=AW @ (f.SNT)) - (- 1)|wHS\(2m)
=@ £S5 N (wRT) - (2mi)°
=fmeSN(waT). 0

We are interested in the following application:

Lemma 63. Let f: U — V be an algebraic map that extends to a holomorphic map X —Y
and consider Z € zg(U,n) and Z' € zgr(V,n). For two disjoint tuples I,J C {0,1}" (i.e.,
their componentwise addition satisfies I + J < 1") write Rf = RA" K R2 K ... K R and
Zp = c(Z)N (cl(U) R RY), and similarly for Z'. If both f*Z' and f*Z' N Z exist and lie in
2r(U,n), then

(f x id)*((f x id)* 2}, N Z,) =70 (f xid). Z;

Proof. For clarity, we omit the notation of cl. By the formal inverse mapping formula above, it
suffices to show the statement for currents. After a permutation of the coordinates, it suffices
to show the equality for currents on U x 0", n = k+ 1+ r + s with Z; and Z’ replaced by
ZN(UKRRFK[w] ®OT) and 2’ N (U KO KR” X [w']) respectively, where w and w’ are
holomorphic log forms on O resp O° with poles along the real faces of the cube. Similar to
the proof of lemma 28 one shows that these two intersection currents exist and are equal to
the wedge products Z N (U X RF & OF") A pr*w and Z' N (U X OF KR” K 0°) A pr* o’
respectively. Note that the wedge product with these forms commutes with pushforward and
pullback along f x id. In particular, this reduces the statement to the case of real analytic
chains. Because f*Z'N Z intersects the real faces properly, (f xid)*(Z'N (U KO KR” KO%))
and ZN(UXRFROF+9) also intersect properly. Thus the projection formula for real analytic
chains applies and finishes the proof. O

Associativity statements

That a partially defined intersection product is associative does not imply that associativity

holds for any triple whose intersection exists. We exhibit associativity in some particular cases.

Lemma 64. Let Z, 7' be two properly intersecting algebraic cycles in zgr (U, n) such that ZNZ'

is again in zg(U,n). Then
((cl(U) X R™) N cl(Z)) Nel(Z') = ((U)R R*) N el(Z N Z)).
Moreover, if n =k + 1, then
A(ZN2Z') N (U)K RF1) = (cl(Z) N (cl(U) K R xa(ml))) N (cl(Z’) A (cl(U) R cl(TF) m)).

Proof. Show the first equality for the 3-term complex: The intersection with fundamental cycles

is nothing but componentwise intersection with the fundamental cycle in currents. This has the
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effect that the equality can be checked for currents, with R™ replaced by any possible exterior
product of R_, log(z) and dlog(z). Thus, after a permutation, the left hand side is an expression
of the form ((R¥X [w])Ncl(Z))Ncl(Z’) for k < n and a log form w with poles along the faces of
the cube. Assume that w is smooth and thus is irrelevant for the associativity question. That
Z,Z'" are properly intersecting higher Chow chains which (together with their intersection) are
in good position with respect to the real faces is exactly the condition that {pr* R¥, Z} {Z, 7'}
and {pr* R¥, Z Z'} intersect suitably and thus their intersection is associative. That this, the
expression is equal to (R* X [w]) N (cl(Z) Ncl(Z')), as was to be shown. If w is a log form that
is locally integrable on the given cycles (which again is ensured by the condition of good real
intersection), then the statement extends by approximating w by smooth forms.

Similarly the second equality can be handled. Considering the components of the triples trans-
lates the problem into currents, with each R’ replaced by the exterior product of a real face
and a log form. After approximating all log forms by smooth ones, the statement is again
reduced to an associativity property for algebraic cycles and real faces. This is implied by the
fact that (Z N (U x Fy x 0Y)) N (Z' N (U x OF x F,)) for any two real faces Fy, Fy is equal to
(ZNZ"YN(U x Fy x Fy).

To prove the statement for Pp, observe that the equalities there reduce to the same equalities

of currents as in the case of Cp. O
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3.11 Appendix: Total complexes

For a given morphism u : A* — B*® of complexes, the total complex of u is defined to be the

complex

Tot(A® % B*) := A* ® B[-1]°,

with the convention that the differential of the shifted complex is multiplied by —1. That is,

the total complex has differential

Al BY1 & ATt g Be
(a,b) — (da,u(a) — db).

The total complex has a homological pendant, the mapping cone, to whom it is related by the

formula
Cone(A % B)[—1] = Tot(A —% B).

The following lemma summarizes some properties of the total complex.
Lemma 65.

i) Any commutative diagram

A—"-> B

L]

A’ v B’
induces a morphism of complezes Tot(u') — Tot(u) (in the obvious way).

ii) The inclusion resp. projection B]—1] — Tot(u) — A are morphisms of complezes and

give rise to a long exact sequence of cohomology groups

...— H"'B — H"Tot(u) - H"A X H"B — ...

it1) The total complex Tot(u) is acyclic if and only if u is a quasi-isomorphism.

As a consequence of this lemma, replacing the map u by something "quasi-isomorphic" yields
isomorphic total complexes.

Indeed, any commutative diagram as described in point i) of the lemma gives rise to a morphism
between the long exact sequences from ii) for v’ and w. If the vertical maps A’ — A and B’ — B
are quasi-isomophisms, then the five-lemma implies that the induced map Tot(u') — Tot(u) is
also a quasi-isomorphism.

For another example, assume that A’ and B’ are subcomplexes. Then Tot(u') is a subcomplex
of Tot(u) and the corresponding quotient complex is just the total complex of the quotient
map Tot(A/A’ LN B/B’). If moreover v’ is a quasi-isomorphism (that is, Tot(u') is acyclic),
then the long exact sequence associated to the short exact sequence of the quotient shows that

Tot(u) — Tot(w) is a quasi-isomorphism.
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4 Regulator maps for higher Chow chains

We give a definition of a regulator map from higher Chow chains to any family of complexes
C'p that satisfies the conditions in 3.9. We first investigate the properties of such an abstract
regulator in some detail, before we become concrete and define regulators for the complexes Cp
and Pp introduced in 3. We compare the two regulator maps and close with a discussion on

the definition of the regulator map.

4.1 An abstract regulator

Assume that for each weight p there is given a functorial collection of complexes of abelian
groups Cp, (X, D, Z(p)) for each pair of a projective algebraic manifold X and a normal crossing
divisor D C X. Think of these complexes as "Deligne complexes", whose cohomology calculate
the Deligne-Beilinson cohomology of U := X \ D. This collection should be covariant functorial
for proper morphisms. Assume that there exist cycle maps cl, which to a codimension p algebraic
cycle in U associate an element in C3¥ (X, Z(p)) := C¥ (X, 0, Z(p)). We want to define higher

cycle maps, or regulator maps, from higher Chow chains to these Deligne complexes,
. P 2p—n
regp : 2P(U,n) --+ C5 (X, D, Z(p)).

These maps should have some good properties. First of all, for n = 0 they should recover
the relative cycle maps, that is, be equal to the composition of cl with the pushforward along
X — (X, D). The regulators for varying n should be compatible, i.e., they should give rise to
a morphism of complexes (suitably shifted). We are (in fact this was the starting point of this
construction) interested in the multiplicative behavior of this map. Therefore we assume that on
®,Cp(X, D, Z(p)) there exists an exterior product X which is additive in both the weight p and
the degree, and which furthermore is unitary and associative in the sense of exterior products.
Furthermore we assume that there exists a reasonable intersection product on these complexes.
All these structures should be compatible in a sense which is made precise in subsection 3.9.

To define the regulator map regp, one may proceed as follows. First, compactify the cube to
0 = P, with marked point {1} as boundary divisor. The cycle map gives for each higher chain

Z of codimension p an element
d(Z) e (X xT", Z(p)).

Then choose an element R € Ch(0,Z(1)) and form the exterior products R" € C5(0", Z(n)).
Note that R? € CX(pt,Z) is just the identity element for the external product. Finally define
the value of a higher Chow chain Z under the map regp to be

regp(Z) = Prx,p)« ((CI(U) X R")N Cl(Z))

whenever the intersection exists.
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Remark that the pushforward is always defined since the projection Pr(x p) : (X x ﬁn, 0) —
(X, D) has compact fibres, hence is proper. Thus the only obstruction for the regulator map
being defined is the non-existence of the intersection of cl(U) X R™ with cl(Z).

In order to check that the construction is well-defined on higher Chow chains, let Z = omit;Z be
a degenerate cycle, obtained as the pullback of an admissible chain along the map that forgets
the j-th cube. It is to show that the regulator reg(Z) is zero. By the compatibility of K and
intersection, (cl(U) W R™) Ncl(Z) is an exterior product with R in the j-th component. It is
therefore enough to show that (pr,).R vanishes. This pushforward however has real dimension
—1, hence must be zero. Consequently, the regulator map descends to a partially defined map
on higher Chow chains.

The "abstract regulator map" serves as the prototype of a regulator. It becomes concrete after
fixing a choice of the required data (the complexes Cp (X, D,Z(p)) together with products
and the element R). This is done in later sections. First, some compatibility conditions are
exhibited.

Remarks.

e By the moving lemma for higher Chow groups, the restriction induces a quasi-isomorphism
zP (X, e)
1. 2P~ 1(D,e)
5.9]). Thus our construction can be given completely in the ”framework of pairs”.

of complexes 2P (X, D, o) := — 2P(U, @), and similar with subscript R (see [39,

e Notice that the definition of the regulator map can be rewritten as

regp(Z) = Pr(x,p)« ( (PT%nXEn)* (R")N cl(Z)).

In this form, the regulator value of Z can be seen as the inverse image of the current R"

under the (analytic) correspondence given by cl(Z).

e The regulator is determined by R. Conversely, the image R € C},(0,1,Z(1)) of R can be

recovered from the regulator on U = [J as the value of the diagonal A € z'((J,1),

R =regp(A).

Domains of definition

In order to prove properties of the regulator map, we will need more specific properties of the
intersection product of algebraic cycles subject to the defining element R of the regulator.

A domain of definition for regy is a collection of subcomplexes z5,(U, o) C zP(U,e) for all p
such that

o If Z € 25,(U,n), then (cl(U) K R™) Ncl(Z) exists (that is, regp(Z) is defined).
e It is closed under the exterior product of higher Chow chains.

e Let f: X — Y be a holomorphic map of pairs, Z € zg(U,n) and Z’ € zgr(V,n). For two
disjoint tuples I, J C {0,1}" (i.e., their componentwise addition satisfies I + J < 1"),
write Rf = RA R R2 X ... K R and Z; := cl(Z) N (cl(U) X RY), and similarly for Z’. If
both f*Z’" and f*Z' N Z exist and lie in zr(U, n), then

(f x id)*((f x id)*Z' N Z,) =70 (f xid). 2.
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e For Z,Z' € zr(U,n) that intersect properly, the expression (cl(U) K R™) Ncl(Z) Ncl(Z')
is well defined (associative).

e For Z, 7' € zr(U,n + m) whose intersection exists and lies in the domain of definition,
c(ZnZ) N (cl(U) K R™™) = (cI(Z) Nnpr* R™) N (cl(Z') N pr* R™).

For a coefficient ring A, the A-modules z},(U,n)4 are defined by linearity. They give rise to
subcomplexes 2} (U, e) 4 C zP(U, ®) 4 and to a regulator map with values in Cp(X, D, A(p)).

For the following, we assume that a domain of definition has been fixed.

In the case of the particular examples in 4.2 and 4.3, zgp = zg is the group of higher Chow
chains which are in good position to the real faces. That these complexes form a valid domain

of definition (for the respective defining elements) is verified in 3.10.
Remark. The third condition of a domain of the regulator implies in particular that

(f x id)s ((cl(Z) X R™) N (f id)*cl(Z’)) = (f x id).(cl(Z) K R™) N cl(Z"),

(f x id)s ((f x id)* (cl(Z") ® R™) N cl(Z)) = (cl(Z) R R™) N (f x id).cl(2).

Compatibility with differential

Whether the regulator is compatible with the differential or not depends crucially on the defining

element R.

Lemma 66. If the boundary of the defining element dR = cl((2)) is the cycle associated to
the divisor (z) = 0 — 0o, then the abstract regulator transforms the Bloch differential on higher
Chow groups into the differential in Cp. That is, d o reg(Z) = rego O(Z) holds for any higher
Chow chain Z C U x O" in the domain of the regulator.

Proof. After plugging in the definition of the regulator and abbreviating pr = pr(x py for any
projection X x [ (X, D), we have to show that

dpr, ((cl(U) X R™) N cl(Z)) = pr, ((cl(U) X R )N d(@Z)).

Since the differential commutes with pushforward, and using the product rule for X and N
(together with dcl(Z) = 0), one gets

dpr, ((cl(U)RR")Ncl(Z)) = pr, ((cl(U) ®dR™) Ncl(Z))

:pr*z D (l(U)R R RARE R") Nel(2).
=1

Note that by assumption dR = cl((2)) is the difference of the cycles associated to the two points
0 and oco. Thus it can be interpreted as the pushforward of these points under the inclusion

into 0. Then using the projection formula one gets
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=pr. » (1) (D0 = Dio)s (AU)BR"1) Nl (Z)
= pr, Z(—l)i“(cl(U) KR N (8 — 05 o)l (2)

=pr, » (~D"HAU)RR" )Nl (070 — 0f o) Z)
=pr, ((cl(U)® R 1) Ncl(82))
by definition of the differential on Bloch’s complex. O

We remark that by additivity of the intersection product, the first equality in the preceding
calculation shows that changing R™ by a boundary changes the resulting regulator only by a

boundary.

Compatibility with intersection products

Next we show compatibility of the abstract regulator map with the product structures on higher
Chow chains and on the complexes Cp. It suffices to consider integral coefficients; The result

for arbitrary coefficients and alternating chains then follows from the linearity of the regulator.

Lemma 67. Let Z € 25,(U,n) and Z' € z},(U,m) be two properly intersecting higher Chow
chains such that Z N Z' also lies in the domain of the requlator. Then the intersection of their

regulator values exists and
regp(Z N Z") = regp(Z) N regp(Z').

Proof. Using reduction to the diagonal, the statement in question is transferred to the product
space (X x X, DX D), where DX D := D x X + X x D is the exterior self-product of the
divisor D on X. In fact, it is to show that the intersection of regy(Z) Mregy(Z’) with the
relative fundamental cycle clA x p) 1= Pr(xx,pup) cl(Av), Ay the diagonal in U x U, exists
and that

A(x,py<regp(Z N 7' = (regD(Z) X regD(Z')) NclAx,py.

Write A™ for the map U x 0" — U x 0" xU x O™ induced by the diagonal, and likewise
A'P™ for the map on the compactifications. Then the intersection product of the two higher
Chow chains is given by the pullback Z N2’ = (A™)*(Z x Z").

Plug this into the definition of the regulator map and abbreviate pr := pr(x x prp)- Applying
the compatibility of the cycle map with pullback and the projection formula then yields that

Ax,py1egp(Z N Z") = A(x, D)« PI(x, D)« ((CI(U) X R™™) nel(Z N Z’))
= pr, AL ((cl(U) X R"™™)cl(ZN Z’))
= pr, AT (@) B R 0 (AR™) [el(Z) x el(2)] )

— pr, (A’;(’*m(cl(U) X R"™™) N cl(Z x Z’)).

In order to rewrite this expression, denote by 7 the map that exchanges the two middle factors
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and by Ay the diagonal in U x U. Use that the fundamental cycle cl(U x U) is the identity ele-
ment for the intersection product, the compatibility of N, X, and that intersection is compatible

with biholomorphisms to obtain

(A%™), (l(U) B R™™) = 7, [cl Ay)K R"K Rm}

=.[(AW)Ra) & R ® R™) 0 (l(Ar) Bel(@*))]

()R R ®A@) B R™) (7, (cl(Ay) B e(@))

- (cl(U) X R"Kcl(U) K Rm) A (Pryy ) cl(Ap).

Apply this formula to the previous expression and use the commutativity and the associativity
of the intersection with fundamental cycles. Then use the projection formula, the compatibility

of x,cl, the distributivity of N, X and the compatibility of X with pushforward, to get

pr, (A’}(’*m(cl(U) X R"™) N cl(Z x Z’))
= pr, [(cl(U) KRR cl(U) K R™) N el(Z x Z') N (erXX)*cl(AU)}
= pr, [(cl(U) X R"®cl(U)RR™) N (cl(Z) R cl(Z' ))} Ncl(Ay)
= pr, [((cl(U) X R™) N cl(2)) ¥ ((cl(U) ® R™) N cl(z’))] Ncl(Ay)

= {TegD(Z) X reg’D(Z/):| N Pr(xxx, DRD)* cl(Ay). O

Another way to phrase the above compatibilities of the regulator map is by saying that the
regulator induces a morphism between (suitable re-graded), partially defined differential graded
algebras. Indeed, setting N (U, p) := 2P(U, 2p — r), the regulator becomes a (partially defined)

degree preserving map of complexes
regp : QN (U, p) --» @ CH(X, D, Z(p)).
P P

Compatibility with products implies that this is a map of partially defined dg algebras.

It restricts to an everywhere defined map on Nj(U, p) := 25,(U,2p — r), with the partial inter-
section product defined for those pairs of chains whose intersection exists and lies again in the

domain of the regulator.

Functoriality

Assume there is given a smooth morphism f : U — U’ of algebraic manifolds that is induced
by a smooth morphism of pairs f : (X, D) — (X', D’) of relative dimension 6. The map
fxid: X xO" — X’ xO" is proper, hence induces a pushforward on the Deligne complexes
(by functoriality). If moreover the restriction f|y is proper, then there is also a pushforward

on higher Chow chains and one may ask whether these two operations commute.
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Lemma 68. For f|y proper, the requlator map is compatible with these pushforwards, i.e.,

P (Uon) (flv)e 2-5(U )
I I
| regp | regp

\ \
CX (X, D, Lp)) —— > (X D! Lp — 6))

commutes, where § = dim X — dim X’.

Proof. Let Z € ¢?(U,n) such that regy(Z) is defined. Then

foregp(Z) = f. o pr(x py. ((@AU) R E") N el(2))
— prixr prye o(f X iden)s ((cl(U) X R™)N cl(Z)).

Noting that cl(U) X R™ = (f x idg»)*(cl(U’) ¥ R"), the projection formula yields

— Prixr o ((cl(U’) X R™) N (f idﬁn)*cl(Z))
= prxrpye (AT R N el((f10).2))

= regp((flv)«2)-

The last equality holds because cl is compatible with pushforward. O

The functoriality of the regulator can be used to get rid of the dependence of the good compact-
ification by taking the limit over all good compactifications of U. In fact, if regp x py denotes
the regulator map with respect to the compactification (X, D), then the regulator of U can be

defined as the inverse limit

regD,U(Z) = IHP fegD,(X,D)(Z)a
(X,D)

where the limit is taken over the inverse system formed by proper morphisms (X, D) — (X', D)
between good compactifications of U such that D — D’ and X \ D — X'\ D’. However, for
the remaining part of this work, the regulator will always be considered relative to a fixed

compactification.

Compatibility with GG,,-action

The construction so far gives a map defined on higher Chow chains with Z-coefficients and, by
linearity, for coefficients in arbitrary rings.

Since one usually is more interested in alternating chains, one may want to compute the regu-
lator of a chain that is given as the alternation of some chain Z. The following lemma gives an
answer to this problem, stating that the regulator regy(Alt(Z)) = regp(Z) does not change at
all (under some minor conditions that are satisfied e.g. for the regulator in Pp — but not Cp).

In particular, it says that the regulator value of such a chain has integral coefficients.
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Lemma 69. If the exterior product on Cp is graded-commutative and if R is mapped to —R

under z — 1/z, then the diagram below commutes.

Proof. The automorphism group G,, of the n-cube acts on X x 0" and, by functorial pullback,
also on the complexes Cp(X x 0", A(g)). The cycle map is compatible with the action of
G, on higher Chow chains and the Deligne-Beilinson complex. Because G,, is generated by
permutations and inversions of the coordinates, the assumptions guarantee that R™ is (—1)58"-

equivariant under G,,, and so
g*(cl(U) K R") = (—1)%29) . cl(U) ¥ R™

for all g € G,,. As a consequence, for any g € G, and any Z € 2P (U, n) that lies in the domain

of the regulator,

= pr, (A(U)RER" N cl(Z)) - (~1)Sien(®)
= rogp(2) - (~1)%0),

where the second-last equality is due to the fact that (pry).og* = (pry og~!). = (pry ). This

implies regp o Alt = regp and thus proves the lemma. O

As another consequence of the above lemma, the regulator is (under the conditions stated in the
lemma) also compatible with the product on the alternating complexes. That is, the restriction
of the regulator map to alternating chains gives a partially defined map of (partially defined)

graded-commutative algebras
@N.(Ua p)alt -2 @ Cé(Xa Da Q(p))
p P

The same of course is also true for alternating chains in the domain of the regulator: That is, for
alternating chains in N (U, p)g where the product is the usual one on alternating higher Chow

chains (restricted to those pairs whose intersection lies again in the domain of the regulator).
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Compatibility with exterior products

Lemma 70. For any two quasi-projective manifolds U, U’ with good compactifications (X, D)

and (X', D’), the following diagram commutes

D UKz U )~ -2 = @ C"kX,D,Zr) 0z CE~YX', D', Zs))
[ T
X X
PUXU n)——————— P > CP (X x X',DRD,Z(p)).

In other words, rego o x =X o reg, that is, the regulator is compatible with external products.

Proof. Let Z € z"(U,k) and Z' € z°(U’,1) higher Chow chains that lie in the domain of the
regulator map. In order to simplify the notation, write X = cl(U), X' = cl(U"),0 = cl(0J) etc.
The cycle class of the exterior product of the higher Chow chains is 7,.(ZX Z’), where 7 denotes
the obvious map X x T xX' xT = X x X’ x O, The definition of the regulator map,
the compatibility of the intersection with bihomolorphic maps and the commutativity of the
exterior product with algebraic cycles shows that

regp(Z x Z') = pr(x o pmps (X B X RR) N7 (28 2)))
— DI/ DED)s ((X KRR X' KRN (ZK Z’))

= pr(xexrpmpns ([(X B RS N Z] B [(X' R )N Z)

=regp(Z) X regD(Z/)a

where in the last equality it is used that pr x x/ prp/)« = PI(x, D)% X PT(x7,D/)x- O

Compatibility with higher correspondences

Let X,Y be two smooth projective varieties. A higher Chow chain C € 2P(X x Y1) is called
a higher correspondence, if one is not as much interested in the chain itself, but on its action
on other higher Chow chains. For example, the pullback along the higher correspondence C' is
defined by

C* : 29(Y,n) —-» 2PHa=dimCO (x4 p)

XxyxOb xO" XxYxOb x O™y XxY xOb x O™y %
Z (erxDH" )* ((erXYXDZ ) C N (pryyLom ) Z).

In the case of Chow chains (n = 0), this is the usual pullback along a correspondence (see
Fulton [21, Chapter 16]). The pullback along C' can be extended to a pullback of alternating

chains by composing C* with the alternating projection.

Lemma 71. The abstract regulator map is compatible with pullback along higher correspon-
dences. That is, if C € zP(X x Y,l) and Z € z1(Y,n) lie in the domain of the regulator and if
the pullback C*Z exists, then

regp(C*Z) = regp(C) regp(Z).
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The expression on the right-hand side is pullback along the analytic correspondence regn(C)

(defined in the obvious sense).

Proof. In order to simplify the notation, we abbreviate L = T and N = T" and use the
"Fulton-way" of writing a pullback/pushforward. For the same reason, we write C' instead of
cl(C) and Z instead of cl(Z).

First, write down the definition of C* and the regulator and use that the cycle class is compatible
with pullback, pushforward and intersection. Then apply the projection formula to obtain
elements living on X X Y X L x N and regroup the intersections (which is possible for cycles

coming from geometry), to get that

regp(C*Z) = pry, (cl(C’*Z) NpryEe RH'")
. (peVFRY (VY € 0o 2) i )
= . (oY 0P 2) e R

= pry, ((prﬁgéN* O A prXY LN~ Rl) A <pr¥%LN* Z O prYLNs Rn))_
Now use that intersection is compatible with pullback along projections (that is, with exterior

products) and apply the projection formula several times to conclude
= pry, (prXVEY (€ o B R oY (2 e )
= pry, ((o A priYLs Rl) A priY LN o XY LN (z A prie R”))
= ey, (Y (Cp 2 B 0p pry Y (20 ek R))
= pry. (regp(C) Npr¥* regp(2))

= regp(C) regp(Z). 0

More conceptually, define the pullback along the correspondence induced from a Deligne-
Beilinson chain E € Ck (X x Y,Z(p)) to be the partially defined map

E*: CL(Y,Z(q)) ~——» CHT**™(X, Z(p + ¢ — m)),
m = dimc¢ X, that is given by the usual formula
E*T = (pry), (E N (cl(X) X T)).
The order of the integration in chosen in such a way that the Leibniz rule holds. Indeed, a

simple calculation shows that for C, Z, E, T as above,

d(E*T) = (dE)*T + (-1)*E*dT,
o(C*Z) = (0C)*Z + (-1)'C*oZ.
In particular, if C' is 9-closed (and so is a higher Chow cycle), then the pullbacks along C' and

E = reg(C) are compatible with respect to regulator map. That is, the commutative diagram

deduced from lemma 71 is actually a commuting diagram of complexes,
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29(Y,8)— — — — — — ¢ s 2PHemm(X ]+ o)
I I
| regp | regp
Y regp (C)* Y
CH (V. Z(q)) — — == = = = CEPH72m (X, Z(p + ¢ — m).

The abstract regulator on cohomology

In order to extend regp to the whole cohomology, the following condition on R is crucial.
M: The inclusion 24, (U, e)4 C zP(U, ®) 4 is a quasi-isomorphism.

For the two instances of the regulator map we are going to consider, z5,(U,n) = 2 (U, n) is the
group of higher Chow chains which are in good position with respect to the real faces. In this
case, the moving lemma of Levine (adapted to the real analytic setting by Kerr/Lewis) states
that M holds for A D Q.

Lemma 72. If dR = cl((2)) and M holds, then regp extends to an everywhere defined map on

cohomology classes.

Proof. Because the inclusion considered in M is quasi-surjective, any class Z € CH?(U,n) is

represented by some Z € 2%,(U,n) and we define

regp(Z) = regp(Z).

This definition does not depend on the choice of Z. Indeed, if Z is another representative,
then Z — Z is the boundary of an element which, by M (quasi-injectivity), can chosen to be in
Zp(U,n + 1). By the assumption on the defining element R, the regulator regy is compatible
with differentials, so that regy(Z) — regp(Z) = regp(Z — Z) is a boundary. O

Recall that the intersection product of two higher cycle classes Z, Z' with representing higher
Chow cycles Z, Z' is defined to be the unique cohomology class

ZNZ = (A" (Z x Z'+0B) mod boundaries,

whenever there is a higher Chow chain B such that the pullback on the right hand side exists.
We need a condition to ensure that B can be chosen in such a way that the representative on
the right hand side lies in the domain of definition of the regulator. Therefore consider, for any
finite set S of closed subsets of U,

25 r(U,n) == {Z € 2% (U,n) | Z intersects S x F properly VS € S and all faces F' C ﬁn}.

The associated complex zg r(U,e) is a subcomplex of z7,(U,e) and gives rise to a partially
defined algebra GBPZZ’ (U, ®), where the intersection of two higher Chow chains is said to exist
if and only if the intersection exists as higher Chow chains and lies again in @,)zg r(U, o). This
definition extends linearly to arbitrary coefficient rings A.

Consider the following strengthened form of condition M.

M™: The inclusion zg (U, e)a C 2P(U, )4 is a quasi-isomorphism for any finite set S.
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If M holds, every cycle in 2%,(U,n)4 can be changed by a boundary in zP(U,n)4 such that
the general pullback along a fixed map exists.

In the case of the regulators considered later, this condition will be satisfied for A D Q.

Lemma 73. If dR = cl((z)) and M holds, then regp is compatible with the intersection on

cohomology classes, that is,
reg(ZNZ'") = reg(Z) Nreg(Z').

Proof. Choose representatives Z € zr(U,n), Z' € zr(U,m) of the given higher cycle classes
and an admissible chain B such that (Z x Z’) + 0B can be pulled back along Aj;™. Choose
B’ such that A}y (Z x Z' + B) + B’ lies in the domain of the regulator. After replacing B
by B+ A" B’, we can assume that B’ = 0 and that the pullback of Z x Z' + 9B along A™
lies in the domain of the regulator.

We again identify Z, Z’ with the fundamental cycles they represent in Cp and write X instead
of cl(U). Then, similar to lemma 67,

A,regp (A;y’“*(z x 7'+ aB))
= PT(xx x,pRD)x DX ((X X R NAM(ZRZ') + 33))
= PI'(X x X,DED)x (A?(*m(X MR™™)N(ZKZ) + 83)).
After writing the generalized diagonal as an intersection and noting the associativity of the
intersection with algebraic cycles, this becomes

—n+m

— Pr(x xX.DED)- (T* AX) BT N (XRR"RXER™) N ((ZR Z) + aB))

and, using the projection formula, the compatibility of N with projection to (X, D) and the

definition,

= pr(xwx,pmpy (AX) N prgxm. (XBR"RXRR™) N (ZRZ')+0B))
— A(X, D) N Pr(xx x.0ED)s ((X RNR"RXER™)N(ZRZ)+ aB))

= A(X,D)Nregp(Z R Z' + OB).

Since Z, Z' (hence Z x Z') are in the domain of the regulator, it follows from the compatibility

of regp with products and differentials that
=A(X,D)N (regD(Z) Kregp(Z') + boundary )

This implies that indeed regy,(ZNZ') is the cohomological intersection of regy, (Z) and regp (Z').
O
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4.2 Regulator into the 3-term complex

We now apply the previous construction to the 3-term complex of currents from section 3. For
U a quasi-projective manifold with smooth compactification X and normal crossing boundary

divisor D, this is the complex
Cp(X, D, A(p)) = Tot (I(X, D, A(p)) ® FPD(X, log D) = D(X, log D)) .

These complexes inherit the required functoriality properties from the functoriality of the un-
derlying currents (componentwise applied). The pushforward along a morphism f : X — YV
of relative dimension p = dim¢Y — dim¢ X has an additional twist, so that f.(a,b,c) =

(27Ti)p(f*a’7 f*bv f*c)

For an algebraic cycle Z of codimension p its associated Deligne-Beilinson fundamental cycle in
the 3-term complex is given by the tuple cl(Z) = (2mi)P([Z], [Z],0), with [Z] being the integral

(p, p)-current of integration over the non-singular part Zes.

The exterior and the intersection product on the 3-term complex, X, and N,, has to be one of
the associative ones (to make the construction well-defined), that is, only « = 0 and o = 1 are

possible. We choose the parameter o = 0 and so the product is given by Beilinson’s formula

(a,b,¢) Koy (a,b,¢) = (aXa, b@g,cﬁg—i—(—l)raﬁé).

The intersection product is (partially) defined by the same formula with X replaced by N (and
exists if and only if the right hand side exists).

In order to apply the construction from the preceding section, we need to define a "base" element
in C},(0,Z(1)). For that, we copy from [39, 5.3]. Choose the logarithm on P; branched over
R_ = [—00,0], with R_ oriented in such a way that its boundary OR. = 0 — oo = (z) is the

divisor of the coordinate function. Then define
R := (2mi[R_], [dlog 2], [log #]) .

From the formula of currents d[log z] = [dlog z] — 2mi[R_], as proved for example in [39], one
obtains that the above element has differential dR = 2wi-((z), (), 0), that is, the cycle associated

to the divisor of the coordinate z.

The n-th exterior power of R is an element in the Deligne-Beilinson complex C"™(0", Z(n)). Its
components R™ = (T, Q"™, L™) can be computed to be (with signs coming from the comparison

of the "homological" (x) and the "cohomological" (X)) exterior product)

7" = (-1)(3) (2ri)" [(R)*"]
Q" =Q(z1,...,2n) = [dlogz1 A ... Adlog z,)
L" = L(z1,...,2n) = [log z21] ®Q(29,...2,) — 2mi[R] X L(22,...,2,)

7
L

(—27i)F[R_)¥* K [log 24 1] X [dlog 212 A ... A dlog z,]

k=0
n—1 X
=S (1)) (—2mi)F[R. x ... x R [log 2541 dlog zgr2 A . . . A dlog zp].
~———
k=0 k times
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For example, the first exterior powers of R are

R? = ( — (2mi)?[R_ x R_], [dlog 21 A dlog 23], [log 21 dlog 2] — 2mi[R_] ® [log zz])
R? = ( — (27i)*[R_ x R_ x R_], [dlog 21 A dlog z A dlog 23],

og z1 dlog 29 A dlog z3| — 2mi|R_ og zo dlog z3| — (27 xR og z3] |.
1 dl dl 2mi|[R_) X |1 dl 27mi)%[R. x R X1

Let Z € zP(U,n) be a higher Chow chain that lies in the domain of the regulator map. Be-
cause No-multiplication with ([Z],[Z],0) is just componentwise intersection with the current
represented by Z,cg, the regulator of Z is

rego(Z) = (2mi)P™" - (17,902, Lz)
where

Ty = (2mi)" prx py. ((XIRT) N1 [2]),
Qz =Prix pjs (([X] XQ")N [Z]),

Lz =vr(x oy ((X]R L") 0[2]).

The resulting map agrees (up to 2mi-factors and signs) with the map given in [39].
Note the the above expressions are well-defined for all Z that intersect the real faces (and thus
the R_ components) properly. Thus the restriction to chains in 25 (U, n) is everywhere defined

and, with /\/Ep_"(U, p) := 2P(U, n), gives rise to a map of partially defined dg algebras

regs : @NR(U,]?) - @C’D(X,D,Z(p)).

p p

Because the product (), is graded-commutative only up to homotopy, this regulator map how-
ever does not restrict to alternating chains (and thus is not a map of graded-commutative dg

algebras).

Remark 7. e More correctly one should replace the Z in the above formula by Z.e,. We
make the convention that, before actually performing any integration, 1) the domain of
undefinedness of the integrand should be removed from the integration domain, 2) the

integration domain should be replaced by its manifold points.

e One could similarly proceed with an arbitrary parameter «, but since in this case the
exterior product need not be associative, one has to choose explicitly how to evaluate the
iterated products. Different choices give rise to different (though homological equivalent)
regulators.

For o = 1, one obtains "reversed formulas", as follows from ¢t N, t' = (fl)wtl't’ Ni_q t.

Regulator into the 2-term-complex

The weight p Deligne-Beilinson cohomology can alternatively be computed by a slightly smaller
(quotient) complex of currents. Indeed, dividing the 3-term complex by the total complex over

ideD.(XVD) one obtains the 2-term complex

Cp(X,D, A(p)) := Tot (I’(X, D, A(p)) = 0,D°(X, D)) .
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with quotient complex o, D* = D*/FPD*. The regulator map can now be defined by the same

formula as in the previous section, with defining element
R := (2mi[R_], [log 2]).

But there exist no new interesting products on the 2-term complex (it is a total complex of
the same form as the 3-term complex), so that one won’t get anything interesting/new. All

formulas are obtained from the ones in the 3-term complex by passing to the quotient.

4.3 The regulator into Pp

In order to get a regulator map between (partially defined) graded-commutative differential
graded algebras, we will now apply the construction of 4.1 to the complexes Pp(X, D, A(p)).
Recall that for (X, D) a good compactification of U, they have been defined as

Pp(X, D, A(p)) := {w ®T € A () 94 D(X, log D) such that “ 0L € X D, A®)), } .

w(1)T € FPD(X,log D)

These complexes inherit all the functorial properties from the complex of currents by letting a
morphism act trivially on As(x). To get the correct coefficients, the pushforward is twisted in
exactly the same way as the pushforward for Cp. A codimension p cycle Z in X is represented
by the constant path cl(Z) = (27i)P[Z].

They are equipped with an A-linear exterior product coming from the wedge product on A4 (z)
and the exterior product of currents. Explicitly, (W@ T)R (n® S) := (-=1)¥IMuAn@ (SKT).
Similarly, the intersection product is defined by replacing the exterior product in the above
formula with the N product. It is defined whenever the intersection of the underlying currents
is defined and has the correct type (lies in Pp). The two products are both graded-commutative

in their sense.

For the underlying element of the regulator we choose the element in P2 (0, Z(1)) defined as
R := (1 — z)(2mi)[R_] 4+ x[dlog 2] + dz[log z].

Its relation to the element that defines the regulator for the 3-term complex is described in 4.4.

Exterior multiplication yields R™ = RX...X R, which for small values of n is (with 2mi-factors

before R_ omitted) given by the currents on o™

R? =(1 — z)?R_ K R_ + 2% dlog M dlog +(1 — x)[R_ K dlog + dlog KR _]
+ zdz[log K dlog — dlogXlog] + (1 — z)dz[log KR_ — R_ X log]

RP*=(1-2)R. KR KR_+ (1 —z)?2[R.KMR_Kdlog+R_ X dlog KR_ + dlog KR_ X R_]
+ (1 — z)2%[R_ X dlog X dlog + dlog KR_ X dlog 4 dlog X dlog KIR_] 4 2% dlog X dlog X dlog
+ 22dz[log X dlog ¥ dlog — dlog K log X dlog + dlog X dlog K log]
+ (1 — z)zdz[log KR_ X dlog —R_ X log X dlog +R_ X dlog X log]
+ (1 — 2)adz[log K dlog KR_ — dlog K log KR_ + dlog XR_ X log]
+ (1 — z)%dz[logR. X R_ — R_Xlog KR_ + R. K R_ X log].
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In general, R" = R{j + R} where R} consists of those summands of R"™ whose dz-degree is i.

They satisfy

Ryt = (1 - 2)2miRy KR_ + zRj K dlog

Ry = (=1)"dzR} Rlog +(1 — )2mi R} M R_ + xR} X dlog .
Thus Ry consists of 2™ summands: all possible combinations built from dlog and R_. The
degree one part R} grows faster: It consists of n2"~! summands, 2"~! for each position where
the log term can be placed.

The intersection with R™ is well-defined for all higher Chow chains that properly intersect the
real faces and so the regulator is the map 25 (U, n) — P%U_"(X7 D, Z(p)), defined by

regp(Z) = (2mi)” pr(x p)s ((XI®R™) N [Z]).

Again using d[log z] = [dlog z] — 2mi[R_], one verifies that dR = 27i - [0 — oo] = cl((z)). This
guaranties that regp induces a map of complexes. The inversion map 7 : z — % is an automor-
phism of OJ that preserves the chosen branch OJ\R_ of the logarithm and reverses the orientation
of R_. One finds that 7*[log z] = —[R_] and 7*[dlog z] = —[dlog z], so that 7*R = —R. As a
consequence, the sequence of lemmata in 4.1 implies that this indeed gives rise to a morphism

of partially defined graded-commutative differential graded algebras

regp : P NE(U,p)5" — P P (X, D, Q(p)).
p p

4.4 Comparison

We now compare the two regulator maps with values in Pp resp. Cp. Recall from 3.3 that

these two complexes are related by the evaluation homomorphism

ev: Pp(X, D, A(p)) — Cp(X, D, A(p))

wT +— <w(0)T,w(1)T,/[O 1]w-T>.

which turned out to be a quasi-isomorphism whenever Q C A, a quasi-inverse being

(4.1)

s: Op(X, D, A(p)) = Pp(X, D, A(p))
(a,b,0)» (1—z)Ra+zRb+dxRc.

Note that the underlying elements of the two regulators (R} and Rlc, say) can be obtained
from each other by applying the map ev resp. its splitting.

Recall moreover that although ev is just a map of vector spaces (not of algebras), transporting
the intersection product from Pp to Cp using the splitting gives the product [, /2 Thus on
homology classes the product on Pp is equal to (), /2 and hence to (), since the two products
are homotopic. This showed that ev induces an isomorphism of algebras on homology.

For the construction of the two regulators, this means that the elements R, R in the definition
of the two regulators differ only by a boundary. That is, ev(R}) equals RZ up to boundaries,
and s(R%) equals R% up to boundaries. Using this, we can show that the two regulator maps

are isomorphic on cohomology:
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Lemma 74. For Q C A, the non-commutative diagram of complexes

Tego

Zﬂg(U, O)A C%p_.(X,D,A(p))

Tegp
qlso

Pr*(X, D, A(p))

commutes after passage to (co-)homology.

Proof. ev is compatible with pushforward and, by lemma 58, ev is also compatible with the

intersection/exterior product with cycle classes. For example, ev(W Nel(Z)) = ev(W) N, cl(2)

for all W € Pp, o € R and all higher Chow chains Z. Note that the first cl(Z) denotes the

fundamental cycle in Pp whereas the second denotes the fundamental cycle in Cp. Using this,
ev o pr, ((cl(U) X R%) N cl(Z)) = pr, (ev(cl(U) X R%) Mo cl(Z))

pr, ((CI(U) Xo ev(R%)) No cl(Z))

pr, ((CI(U) Xy (R¢ + boundary)) Ng cl(Z))

= pr, ((cl(U) Ko R2) Mo cl(Z)) + boundary.

Thus one obtains ev(regp(Z)) = reg~(Z) on cohomology. O

The above proof can be refined to give a result for chains instead of mere cycle classes. The

key observation is the following.

Lemma 75.

ev(Rp) = Alt, (RE).
Proof. Note that each generator of (Z/2)" C G,, acts on Ry by a minus sign and thus Alt, Ry, =
alt, R, where alt denotes the alternation with respect to the action of the symmetric group

Sy. Hence it suffices to show that ev(R}) = alt.(Rg). In order to do this, compare the first

two and the last component of the two triples separately:

e Evaluating = 0 in R} makes all summands to zero except (27)"[R_]®", which is just
the first component of R. Since this is symmetric, it is also equal to the first component

of alt, R¢. Similar for the second component.

e Both alt.(R%)s and the dz-degree-1-part of R% are spanned by monomials of the form
g« M where g € S,, and (we omit the (27i)* factor)

M = (R)® R log K dlog®™*~1

In the former case the coefficients are rational numbers and in the latter case the coef-
ficients are 1-forms wy;. We have to compare the coefficients before g.M that occur in
(the 3rd components of) ev(R}%) and alt, (RE).

On the one hand, the coefficient in ev(R%)s is fol wg, M, that is,

kl(n—k—1)!
n!

1
/ (1 — )z ke =
0

as follows from induction — or using properties of the beta function.
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On the other hand, the coefficient before g, M in alt.(Rg)s is just the coefficient before
g«M in alt.g.M for type reasons. This is equal to the coeflicient of M in alt.M, which is

|stabilizer of M|  k!(n —k —1)!

O
[Shl n!

Lemma 76. If Q C A, one has
ev o regp = regq o Alt.
Moreover, for any A, the first two components of ev orp and r¢ are equal, that is,

evoregp(Z) = (rege(Z)o, rege(Z)1, rest)
for any Z € 25(U,n)a.

Proof. The second statement follows immediately, as indicated in the proof of lemma 75, from
the definitions and is omitted. Using lemma 75, the first statement can be proven as follows.

Starting similar to the proof of lemma 74, compute

evorp(Z) = pr, (ev(cl(U) X R™) Mo cl(Z))
= pr, ((el(U) Ko ev(Rp)) Mo cl(2))
= pr, ((cl(U) Ko Alt, (R)) No cl(Z))

= pr, Alt, ((cl(U) Ko R%) No Alt*(cl(Z))).
Observing that pro Alt = pr and Alt,cl(Z) = cl(AltZ) finishes the proof. O

Remark 8. Lemma 75 can be sharpened such that ev(R}%) = (id, id, alt) . (R%) even with integral
coefficients. Similarly, lemma 76 has a refined version for integral coefficients saying that
evoregp(Z) = (2mi)P pr, ((id, id, alt), (c1(U) ¥ RE) Mg cl(Z)).

4.5 On the defining element of the regulator

A fundamental ingredient in the definition of the regulator map is — when the complexes Cp
and products on them are already chosen — the choice of the defining element R € C3, (0, Z(1)).
This choice of course is not unique. If R is another element such that dR = cl((z)), then
R' — R' is d-closed. Because Hh(0,Z(1)) = H°(P;,0*) = C*, there is a whole C*-family of
such elements. Since it can be seen from the construction of the regulator that any cohomological
equivalent choice leads to a cohomological equivalent regulator map, this is essentially all the
ambiguity that can happen.

We want to motivate the choice of R made in 4.2 and for that consider R as a triple in the
relative complex Ch(0,1,%Z(1)). Having found a description of the latter, any two lifts to
C%(0,7(1)) will differ only by an element "on-1" and which — under the assumption that we
are working with more geometric (that is, normal) currents — will arise as the pushforward of
an element in Cp(1,Z). Because R consists of currents of dimension > 1, this pushforward has

to be zero and thus the lift is unique.
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Recall that R € C4(0,1,Z(1)) can be recovered from the regulator map on complexes, and
even from it’s restriction to z4(0,1) — CH(T,1,Z(1)) as the image of the diagonal A C 0%
As the diagonal is just the graph over the identity map on [, giving the defining element, and

thus the regulator, is the same as giving a map

from the set of those holomorphic functions on [J whose graphs in [J? intersect the real faces
properly.

In order to define such a map, start with the exponential sequence on [,
0—=2Z(1) -0 =2 0 51,

This sequence can be seen as a quasi-isomorphism (Z(1) — O) — O*[—1] from the sheaf-
theoretic Deligne complex on (I to the sheaf of non-vanishing holomorphic functions (shifted

by —1). The left-hand side can be resolved by currents, by means of the quasi-isomorphisms
Z(1) & Tnza) and O = Tot (Flpg = DD) 1]

where the first quasi-isomorphism is induced by the inclusion of locally constant functions into
locally integral currents, and the second one by the map f — (df, f). Together, they induce a

quasi-isomorphism of sheaves on [,
(Z(1) = 0) = Cp o2y,

between the sheaf-theoretic Deligne complex and the sheafified 3-term complex.
The passage to sheaves on [ is accomplished by pushing these complexes forward along the
inclusion j : 0 — O = OU{1}. This results in the diagram

3« (Z(1) = O)

/ : \

3xO5[=1] 5 exp(n) L (n,f) b mldflM € J«Cpoza)

]

D,(0,1),2(1)

where the right lower map is the restriction map from the sheafified Deligne-Beilinson complex
on ({J,1) to the pushforward of the sheafified Deligne complex on [J.

After passing to degree 1 and global sections, this gives a relation between elements in O*(0)
and elements in Ch (0, 1,Z(1)). In order to make this into a map from invertible holomorphic
functions on O to Ch(O, 1,7Z(1)), one has to make a choice of a logarithm, that is, one has to
specify a branch locus (here R_) and a branch (here log(1) = 0). Then the logarithm function is
well-defined for any function f whose image set does not meet the branch locus (i.e., f ~'R_ = 0)),
and in this case f corresponds to the triple (0, [dlog f], [log f]).

Since we are working with currents, the expression [log f] even makes sense for holomorphic
functions that meet the branch locus properly, that is, f~'R_ has the correct (real) codimension

(or, no top-dimensional piece is mapped into R_). These are just the functions in Og(0). Since
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for such an f the resulting triple need no longer be d-closed, one has — in order to get a
homomorphism of complexes — to correct it by the residue current in the first component. This
yields the map

Ox(D) = CHO,LZ(Y),  f > (If 7 (R.), [dlog f], log f]).

The image of the identity id € Or(0d) under this map gives exactly the formula for the element
R e CHO,7Z(1)) used in 4.2.

As a final remark, we come back to the ambiguities mentioned in the first two paragraphs
of this section. The C*-action on cohomology occurring there comes from the C*-action on
O* so that, tracing the previous diagram, A € C* acts on the 3-term complex by (v,w, f) —
(v,w, f +1og(A)). In particular, essentially all the other choices for R (for a fixed choice of

logarithm) are
(1), [diog 2], [log(2) + log(M)])

where \ € C*.
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5 Examples

In this section, we compute some explicit formulas for the regulator map regp. First, we consider
the (important) special case where U is a point. Then we give formulas for the regulator values
of higher Chow chains in small cubical degree n < 3. One such chain is Totaro’s cycle in (13,
which we consider in more detail. After that, we consider the regulator values of graph cycles

and give simple computable formulas for them.

5.1 Regulator of a point

Consider the special case of U = X = Spec C being a point and coefficients A = Z. Recall from
section 3.4 that the space of currents over Spec C identifies with the field of complex numbers
C, and that under this identification the complex Pp(pt,Z(p)) becomes the subset of complex
valued polynomial forms A¢(z) = Clz, dz],

Po(pt, Z(p)) = {w € Cla, da]

w(0) € Z(p) and }
wl)=0ifp>0 J°

The regulator into Pp is given by maps zi(pt,n) — Clz, dz]*~" for n,p > 0. In particular,
there are only two non-trivial cases to consider: n = 2p and n = 2p — 1. In each other case, the
regulator value of a higher Chow chain Z is zero, because the intersection of [Z] with R™ will
have a degree which is too high or low to survive the integration step underlying the pushforward
to the point. The two cases n = 2p and n = 2p — 1 correspond to the two summands in the

decomposition R" = R{ + R7: the regulator
regp(Z) = (2ri)” pr, (R" 0 [2))

in the first case is computed by the summand Ry of R"™ and in the second case by R}. In both
cases the intersection is seen to be zero dimensional, i.e., a sum of points (in the second case
tensored with dx). Thus the pushforward is just the sum of the coefficients of these points,
multiplied with the relative dimension (27i)~™.

In the first case only two kinds of currents occur. One can use shuffles to sort them and write
REnZ]=Y 3 (-)FlEmi)i(1 - a)ia" o, (R_&’ X dlog@"—i) n[2).
i oeSh(i,n—i)

Note that the summation index starts at ¢ = p since otherwise the resulting current lies in the
n — i + p > n-th part of the Hodge filtration and thus is zero.
In the second case, an additional log term shows up. Thinking of this log term as belonging

to the set of dlogs, we can again use shuffles to sort the terms in R}. In fact, R} can be

written as the sum over all currents of the form o, (R_ X..XR_ KdlogK...log...K dlog)

j
(with suitable coefficients), with o shuffling the forms and the R_ together. Becoming explicit,
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R} N [Z] is the current

3 S (-1l Er) (1) dao, (Rﬁm K dlog™ ~* Klog K dlog@"*jfl) niZ].

=0...n—1, oeSh(i,n—1)
=%...n—1

i
j=i..

Recall — again from section 3.4 — that the Deligne cohomology of Spec C can be computed by

a very simple complex concentrated in a single degree. Indeed, the projection to resp. quotient

by Z(p) give quasi-isomorphisms

Cp(pt, Z(p)) = (Z(p) ® F'C — C)

qlso Z p =0,
—
C/Z(p)[-1] p>0.

Denote by ev the composition of the evaluation map with the above quasi-isomorphism. Then

the regulator map into this complex is the composition

e I/ p=0,

N2 (pt,p) = 2B (pt, 2p — o) —25 PP (pt, Z(p)) <>
C/Z(p)[-1] p>o0.

This is the unique map that for p = ¢ = 0 sends an element & - [pt] to k& € Z, and for p > 0
sends a cycle Z € 2P(pt,2p — 1) to fol regp(Z). In each other case, the map is zero. After
passing to cohomology groups and taking into account that Ng computes motivic cohomology,

one obtains that the induced regulator

Z p=0,1=0,
regp : Hiy (pt, Z(p)) — { C/Z(p) p>0,1=1,
0 else.
is given by
k-pt — k p=0,1=0,

7 folregP(Z) p>0,0l=1.

For n = p = 1 one obtains (see the formula in the next subsection) the logarithm map
regp = log : Hy,(pt, Z(1)) = C* — C/2miZ.

Formulas for p > 0 can be obtained by evaluating (integrating over the formal variable x) the

formula for R} N [Z] and pushing the result down to a point.

5.2 Formulas for n <3

We now calculate some low-dimensional examples of the regulator map regp and their images in
the 3-term-complex under the evaluation map ev. They are easily read off from the computation

of R™ in section 4.3.

e First of all, consider the case where n = 0. Here regp is just the (relative) cycle map from
the usual Chow chains on U to the Deligne-Beilinson complex Pp on (X, D). Composition

with ev gives the cycle map into Cp.
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e For n =1 the regulator regp(Z) is the push-forward to (X, D) of
(1 —2)(2m)PTHU x RN [Z] + 2(27i)P[dlog 2] N [Z] + dx(27i)P[log 2] N [Z].

After writing the pushforward as a fiber integral over X twisted by (27i)~!, this becomes

(with z the coordinate in [J)

(1 2)(2mi)? /

+x(2m’)p—1/ dlogz+dm(27ri)p_1/ log z.
(X xR_)NZ z z

In all these formulas one has to exclude the poles of the integrand from the integration
domain, that is, the two last integrals are over Z, \ (Ux{0,00}) and Zez \ (UxR.)

respectively.

In particular, the regulator into Pp contains for n = 1 no new information compared to

the regulator in the 3-term complex, which is given by the triple of log currents on X
(2mi)P~! 27ri/ ,/ dlog z,/ logz | .
(XxR)NZ JZz z

e For n = 2 the regulator value of Z € 2£ (U, 2) in the complex Pp is:

— (2mi)P(1 — x)2/

ZN(X xR_xR_)

+ (2mi)Pr2(1 — x) / _ dlog zs — / B dlog z
ZN(X xR_x0O) ZN(X xO xR_)

+ (2m)P 2 xda </ log z1 dlog z3 — / log 23 dlog zl)
z z

+ (2mi)P (1 — x)da / log z; —/ logzs | .
ZN(XxO xR_) ZN(X xR_x0)

In the 3-term complex, its first two components are the currents

f(2m‘)p/ , (27m')p*2/ dlog z; A dlog 2o
(X XR_xXR_)NZ Z

and its third component is

(2mi)P—2 . .
- log 21 dlog z5 — log 25 dlog 21 + 274 log z1 — 2mi log 2o | .
Z ZN{z2€R_} ZN{z1€R_}

+(27i)P 222 / dlog z; A dlog 22
z

2

This is a symmetrization of (a C version of) a formula found by Beilinson in [1].

On the other hand, the regulator value reg. ~ (Z) of Z in the 3-term complex is
(27i)P~2 (7(2m')2 / , / dlog z1 Adlog 22,/ log 21 dlog 2272m'/ log 22).
Zﬁ{zl,ZQE]R_} Z Z Zﬂ{ZIER_}

e Examining the case n = 3, we consider only the evaluation of the regulator value in the
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3-term complex. The resulting triple has as first components
—(2mi)P / , (27i)P~3 / dlog z1 A dlog 22 A dlog z3,
ZN(X X (R_)3) z
and the third component [regp(C(1)) is given by

3 /Z log 21 dlog 22 dlog 23 — log 22 dlog z; dlog 25 + log 23 dlog 21 dlog 22

+% log z3 dlog zo — log 25 dlog 23
ZN{z1€R_}

Jr% log z1 dlog z3 — log 23 dlog 21
ZN{z2€R_}

+% log 25 dlog z; — log 21 dlog 22
ZN{z3€R_}

2
_(27;) {/ log(23) —/ log(ZQ)—l—/ log(zl)].
Zﬂ{zl,zzeR_} Zﬂ{ZthER_} Zﬁ{ZQ,ZgER_}

To make this more concrete, we apply this formula to the cycle C(1) considered by Burt

Totaro in [62, §2], which by definition is the algebraic cycle in 0% parametrized by
pt)=t1-11-1t), teP;\{0,1,00}.

The first and the last row vanishes, and each other term becomes 72 /6, so that

2

[ regelc) = % = Lis)
is a special value of the dilogarithm function.

Remark. The importance of C'(1) lies in the fact that its regulator value %2 is an element of order
24 in C/Z(2) = C /477 and hence C(1) is an element of order at least 24 in CH?*(Q, 3). On the
other hand, it has been shown by Bloch-Lichtenbaum [10, Thm 7.2] that CH?(Q, 3) is isomorphic
to the indecomposable part of the K3-group, that is, to the quotient Ki"4(Q) := K3(Q)/K(Q)
of the Quillen-K3 by the (image of) Milnor-K5. This group has been computed by [51] to be
7,/24, so that CH*(Q,3) = Ki"(Q) = Z/24Z. In particular, the order of C(1) is at most 24
and consequently must be a generator of CH?(Q, 3).

5.3 The general Totaro cycle in [

We continue the above example of the Totaro cycle and consider, following [39], more general

for a parameter a € P1(C) \ (R<g UR>;) the parametrized subvarietiy
Cla) = {(Z,l—%,l—z):zéPl(C)}ﬁD3.

It has Bloch boundary dC(a) = —(a,1 — a) and thus is a higher Chow cycle if and only if
a € {0,1}. Nevertheless, for a as above, C(a) intersects the real boundaries properly and we
can calculate the regulator for such a. Using the formula from above (for n = 3) and noting

that the first (by dimensionality) and the last (by the choice of a) row vanish, the computation
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of the regulator boils down to the computation of the integrals

0

0
A= / log(1 — z)dlog(1l —a/z) — / log(1 — a/z) dlog(1 — 2)

— 00

a
B= / log zdlog(1 — z) — / log(1 — 2z) dlog 2
0 0

1 1

log(1l —a/2) dlong/ log z dlog(1 — a/z).

o0 oo

C

Integration by parts reduces each of the above pairs of integrals to a single integral and a limit.

Evaluation with mathematica gives

0
A= 2/ log(1 — z) dlog(1 — %) — h}n log(1 — #)log(1 — h) —log(1 — ah)log(1 — %)}
= 2Lis(a) + 2log(a) log(1 — a).
Similarly for B, C:
B= 72/0 log(1 — z) dlog z + %1}111 [log(ah) log(1 — ah))] - h{n [log(h) log(1 — h)]

= 2Lis(a) + log(a)log(1l — a)

1
C= 2/ log(1 —a/z)dlog z — hli/n;o [log( - 2-)log(l — ) —log(1— %) log(h)]

[e%S) h

=2 LIQ((Z)

Thus the regulator in this case is

regp(C(a)) = (2mi)*73 - (2mi)(1 — x)zdx(A+ B+ O)
= (1 — z)xdz (6 Liz(a) + 3log(a)log(l — a)).

In the 3-term complex, this becomes (0,0, Liz(a) + 3 log(a)log(1 — a)). For a — 1 this reduces
to the value already computed. The KLM regulator on the other hand can easily computed to
be

rego n, (C(a)) = (0,0,Liz(a) + log(a)log(1 — a)).

In particular, the two regulators are not equal.

Remark. Following KLM [39], one can also consider the curve D(b) := {(1—2,1—b/z,2)} N°.
Then C(a) — D(1 — a) is a higher Chow cycle. Since D(b) is obtained from C(b) by exchanging
the first two components, the resulting regulator is regp(D(b)) = —regp(C(b)). Using this
together with the transformation rules for the dilogarithm [50, (3.3)], shows that

regp(C(a) — D(1 — a)) = regp(C(a)) + regp(C(1 — a))
= 62(1 — x)dx Lia(1),

independent of a. The same happens with the regulator into the 3-term complex and in fact,
one finds that ev oregp(C(a) — D(1 — a)) = rego -, (C(a) — D(1 — a)).
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5.4 Regulator formulas for graph cycles

In this subsection, we consider higher Chow chains that arise as the graphs of rational functions

and give formulas for their regulator values. Denote by reg either the regulator in 4.2, or 4.3.

In the following, we fix a good compactification (X, D) of U.

Graph cycles over U Consider a non-zero rational function f = (f1,...f,) : U - 0" on U
that intersects the real faces properly (i.e., the inverse image of any real face under f exists and

has the correct codimension). Then the graph I'; is a real higher Chow chain on U.

Lemma 77. The regulator of the graph T'y € z5 (U, n) is
reg(l'y) = PY(X,D)*(f*Rn)~

Proof. Recall that a rational function f : U — V induces a general pullback of currents on
good compactifications by f*T" = pry,(pry T Ncl(T'y)). The lemma now follows immediately

from the definitions:

reg(Ty) = pr(x py- (U)W R™) Nel(T)))
= PI'(X,D)« (pr%n R"N Cl(Ff)>

= PT(X,D)*(f*Rn)~ O

If f is defined on a closed subvariety V' C U of codimension p, then the graph of f gives a
higher Chow chain on U by pushforward along the inclusion ¢ : V' — U. The regulator of such a
graph is reg(i,I's) = i,reg(I's), with ¢ considered as a map (V,DNV) — (X, D). In particular,
one gets a similar fomula as above. Indeed, if prE/X7 D) denotes the composition of the inclusion
1 with the projection, then

reg(i.l'y) = erX,D)*(f*Rn)'

Note that from a computational point of view the only difference to the previous formula is
an additional restriction to V;eg and the multiplication with the factor (27é)? coming from the

pushforward along i.

More general: Let V C U be a codimension p algebraic subvariety and f : V x 0" — O™ a

Dn—i—m

non-zero rational function such that its graph I'y C U x intersects all the real faces of

O"*™ properly. Then the graph can be considered as an element in z§+m(U, n +m), and the
notation I'y /U will be used in order to emphasize that point.
Lemma 78. For such functions f and pr&fg); the composition of the inclusion to X X o

with the projection, one has
reg(Ly/U) = priy D), (([X] X R™) N f*Rm).

Proof. The compatibility with pushforward allows to consider the case V' = U only. Write [X]

instead of cl(X) and [0)] instead of cI(0J) (think of reg = regp). Now use the definition of reg,

compatibility of X and N for geometric cycles, the associativity of N, the projection formula
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and the definition of the general pullback, to obtain

reg(T's /U) = pr(x py. ((X]BR™™) Nel(T)))
= prex,o. (X1 R B O™ 0 (X]R O] B R™)) Nel(T)))
= prox, o ((XTR R RO 0 ((X)R D" B R™) Nel(T))))
= prcx pye ((X]8 R 0 (ry, 1.0 (K] R O & R™) Al(r))))
= prcx oy ((XIR R O FR™) =
Examples:
a) If f: 0" — O™ is a rational function with components f = (fi,..., fm), we obtain a

very simple formula for the regulator:
reg(I'y/0O") = PrE" g (R” NffRN...N f;R)
Consider now reg = regp and recall that for a rational function f with values in [
[*R = (1—2)Ty + z[dlog f] + dz[log f],

where Ty = 2mi[f~1R_].

b) Important cycles in 2?(U, 1) are the cycles represented by graphs I', where f is a non-zero
rational function defined on a codimension p — 1 algebraic subvariety i : V. C U. The

regulator of such an element is

reg(I'y /U) = i,reg(I'y/V)
= (2mi)P~! (2772'(1 — ) /flR_ +x/vdlogf + dx/vlog f) .

¢) For a pair of rational functions (f, g) : U — 0%, the regulator is
reg(L'(f.9)) =PI (x,p)x (f*RNg*R)
=(1-2)*Ty N T, + 2*[dlog f A dlog g]
+z(l —z) (Tf Adlog g — Ty A dlog f)
+ (1= @)da (T, Aog f — Ty Alogyg)
+ mdw([logf dlog g] — [log g dlog f])
d) Using lemma 78, one easily recovers the formula for the regulator of the Totaro cycle
C(1). It can also be used to determine the regulator values of the higher dimensional

"polylog cycles" C,(1),n > 1, that will be introduced in 5.6 and that generalize C'(1) to

higher dimensions. A tedious calculation (carried out in the appendix) shows that
regp(Ca(1)) = (1 — 2)32? Liz(1) + 30(1 — 2)?x2dr Liz(1) — (1 — )?2?d227i Lig(1).

In particular, its evaluation in Cp is = (0,0, Liz(1) — 22 Lis(1)).
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5.5 The relative Totaro cycle

We now consider the general Totaro cycle Cy(a) not for a fixed value of a, but let a vary in the
real analytic variety U :=P;(C) \ (R<o UR>1), the space of parameters where C(a) intersects

the real faces properly. Formally, we consider the parametrized cycle
a 3
C, = [a,z,l—z,l—li] cUxO
—z

as a higher Chow chain over U. Note that C is the nothing but the relative graph cycle
['(f,9)/U with respect to the pair of functions

(f.g): U xO— 7, (a7z)'—>(1—z71—1a ).

—Z

Although U is not a valid (complex) algebraic variety, we nevertheless are going to compute
the regulator map. Choose as a compactification of U the pair (X, D) = (P1,R<gUR>¢). That
is, even though we only considered complex subvarieties D in section 3, we here work with real

analytic divisors. In other words, we consider currents on Py up to currents on D.

To compute the regulator of C, observe that

f*R=2mi(1 — z)P; W [00, 1] + 2 dlog(1 — z) + dx log(1 — )

g R=2mi(l —z)P; X (1 —a-[0,1]) + zdlog(1 — i) + dxlog(l — . iz

);

thereby using that (% € [00,1]) =Py X (1 —a-[0,1]).

Now substitute these expressions in the formula of lemma 78. Since currents supported on
(R<o UR>q) % O are pushed down to on-D currents, they are treated as zero. Then the

regulator becomes
regp(C1) = pi(e, oy [(PBLR) N (£,0)" R?]
a
= DI'(p, D)s {(Pl XR)N (x2 dlog(1 — z) A dlog(1 — E)
+ 2mi(1 — x)x[Py; X [o0, 1] dlog(1 — %) —P; X (1—-a-]0,1])dlog(l — z)]
—z

—

+27mi(1 — 2)dx[P; K (1 — a - [0,1]) log(1 — 2) — Py K [00, 1] log(1 — 1

+ zdzx[log(1 — z) dlog(1 — %) —log(1 — liiz) dlog(1 — z)])}

Now substitute R in this formula and expand. Again some terms vanish for degree reasons
or because "dz? = 0". The intersection (P; X [—00,0]) N (% € [00,1]) = —[00, 1] K [1 — @, 0]

11—z
vanishes as a log current after projection to the first component, and thus

regp(C1) = Pr(p, py« (27m'(1 — 2)2?P; K [—o0,0] dlog(1 — 2) A dlog(1 — %)

— 27i(1 — x)wdzPy K [—o00, 0] log(1 — 2) dlog(1 — IL)

+ 27i(1 — x)zdzPy K [—o0, 0] log(1 — &) dlog(1 — z)
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+2mi(1 — 2)22P; K [00, 1] dlog(1 — 1%“2) A dlog(z)
+ 27i(1 — 2)zdzPy K (1 — a - [0,1]) log(1 — 2) dlog(z)
—27i(1 — x)zdzPy K [oo, 1] log(1l — &) dlog(2)

+ z?dxlog(l — z) dlog(1 — &) A dlog(z)

+ 2%dxlog(z) dlog(1 — z) A dlog(1 — liiz)

+ 27i(1 — x)zdzPy K [00, 1] log(z) dlog(1 — i)

—27i(1 — x)zdzPy K (1 — a0, 1]) log(z) dlog(1 — z))

Finally, note that dlog(1— %) = zflﬂa + (Zflfgf(lfz

in the pushforward to obtain

) and that there is a Tate twist included

0 1
regp(Ch) =(1 — 2)a? [/ m dlog(1 — z)da — / tha dlog(z)dal

— 00 o0

0

+(1- :U);de/

—00

[log(1 — &) dlog(1 — z) — log(1 — z) dlog(1 — 1 ¢ )]

+(1- x)mdx/l h [log(1 — z) dlog(z) — log(z) dlog(1 — z)]

1
-(1- x)xdm/ [log(1 — %) dlog(z) — log(z) dlog(1 — IL)}
oo —z —z
The integrals in the last three rows have already been computed (do a substitution z — 1 — z
first) during the investigation of the Totaro cycle Cy(a). The integrals in the first row evaluate

to logarithm functions so that

regp(C1) = (1 — x)2*[log(a) dlog(1 — a) — log(1 — a) dlog(a)]
+ (1 — )zdz[6 Liz(a) + 3log(1 — a)log(a)].

As a test, one may compute the differential of regp(C1) (as it is an element in the Deligne-
Beilinson complex on U) and compare it with the regulator value of 9C; = [a,1 — a,a]. We

anticipate the result, which will be

dregp(Cy) = zdx [log(l — a)dlog(a) — log(a) dlog(1 — a)}

= regp(0C).

5.6 Higher Totaro cycles

The general Totaro cycle in [1* (5.3) has been extended by Bloch [7], [8] to higher dimensions.
We will state them in a relative form, and for that make the convention that — in a parametrized
notation — the variables in the base are separated from the variables in the fibres by a semicolon.
For example, the general Totaro cycle over U will be written as C; = [b;a,1 —b/a,1 — a].

D2n+1

The following definition of the higher Totaro cycle in is a slightly permutated (but

equivalent as an alternating chain) representation of the cycle given by Bloch:

— . a zZ zZ
C’n = |:a7znal_7"7zn—1a1_ ”1,2771_2,...,251,1—ﬁ,1—21:| .

Zn—
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This indeed is an admissible higher Chow chain over U.
Using lemma 78 and the graded-commutativity of N, the regulator of the general higher Totaro
cycle can simply be written as

regp(C) = Pr(e, ) (Rzl NN Ry MR NRy_ Ry Rl_zl),

#n—1

with the notation Ry := f*R = d[xlog(f)] + T for a rational function f : 0" — P;. This is a

Deligne-Beilinson chain over (P1, D), for D as in 5.5.

A recursion for reg(C),)

We make the observation that the higher Totaro cycles C),, can also be obtained as iterated

pullbacks along the higher correspondence C' := [u, \; A, 1 — £], that is,
Cpi1 =C*C,.

Indeed, starting with Cy = [a;1 — a] and writing * to denote a free parameter, we obtain
recursively
Cy, =pr, ([b,a;a, 1—0b/a,*]N[ba;*%1— a})

=[b;a,1 —b/a,1—d]

Cy =pry ([c,b;b,l —¢/b,*, %, %] N [e, by *,%,a,1 —b/a,1 — a])

=[¢;b,1 —¢/b,a,1—b/a,1 —q]

Cs5 = pr, ([d,c;c,l —d/c,x, %, %% %] N [d,c;*,%,b,1 —¢/b,a,a — b/a, 1 fa})

=[d;e,1—d/e,b,1 —c/b,a,1—b/a,1—a]
etc.

It is easy to verify that the recursion indeed gives the cycles C), stated above.

This observation, together with the compatibility of the regulator map into Pp with pullback
along higher correspondences, gives an alternative way to compute the regulator value of the
Cph,n > 0.

Negligible summands

In order to compute the regulator values of the higher Totaro chains, we have to compute

RN fr, ROfL . RN...Of%L RNf5 R (5.1)

nsZn—1 22,21

where f,5(z) =1— % as a map " --» O (defined outside the loci h = oo and g = 0). For

such functions,
Ty, , = 2mi[g(2) € R>1 - h(2)],

gdh — hdg
dlog(fg,h) = m
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The expression (5.1) expands into various summands, some of whom may be zero for some
reasons and thus are negligible. For example, consider for a given summand the number of
occurrences (i.e., the exponents) of (1—z), x and dz (or, equivalently, the number of occurences
of R_, dlog and log in the summand). These numbers are denoted by k,I,m. Obviously,
m € {0,1}. Since the Totaro cycle has complex dimension n, the wedge product of more than n
dlogs is zero, so that we may assume [ < n. Together with k +1+m = 2n + 1, these conditions

are summarized in the table below

factor‘ R.  log dlog‘ by
# ‘Zn <1 Sn‘Qn—i—l

Claim 1. We may also assume that k < 2n, because the intersection of the Totaro cycle with

at least 2n copies of [R_] is empty.

Proof. Fix a summand and note that each factor R_ in it corresponds to one of the following

conditions on the coordinates.

(1) 2z € [-00,0],i=1,...,n

(II) z441 € 2 - [l,00],i=1,...,n—1
(ITI) z, € [0,q]
(IV) 21 € [1,00]

We can visualize the situation as a graph with 743 nodes: For each of the n variables 21, ..., 2z,
of the n-cube introduce a node with label "z;". Also, add 3 nodes labelled with "in [—o0, 0]", "in
[1,00]" and "in [0, a]". Connect two nodes, if there is a factor that gives the respective condition.
That is, (I) corresponds to the edge between "z;" and "in [—o0, 0]", (II) corresponds to the edge

between "z;11" and "z;" etc. The following graphic shows all the possible edges.

in [1,00] @ @ @ ............ @7‘

It is clear that the summand is negligible, if the resulting graph contains a path connecting two
of the outer nodes. Obviously, one needs to remove at least two edges to get a non-negligible

summand. O

Remark 9. The proof above indicates how to identify the summands in (5.1) with (sub-)graphs:
For a given summand, connect two nodes by a black edge, if there is a "R_", with a red edge,
if there is a "dlog", and with a yellow edge, if there is a "log" on the respective position in the
summand. Conversely, any such colored graph uniquely determines a summand. The summand
is negligible, if in the corresponding graph two of the outer nodes can be connected by a sequence
of only black edges or a sequence of only red edges. The second condition relies on the fact
that dlog(f) A dlog(g) =0, if f and g depend on the same (single) variable.
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This gives a way to list all the non-negligible summands (the list may contain some negligible
summands also).

In pseudo-code:

L=A{1.
For all subgraphs G’ of G do

Color all edges of G’ red.
Color all edges of G \ G’ black.

If two different outer nodes are connected by a sequence of black edges,

break.

If two outer nodes are connected by a sequence of red edges,

break.
Add a new summand to L.

For any edge e in G’:
Color e yellow.
If no two outer nodes are connected by a sequence of red edges,
add a new summand to L.

Color e red.

5.7 Appendix: Blochs generalized Totaro cycle of dimension

two

This appendix is devoted to the calculation of the regulator value of the two-dimensional Totaro
cycle Cy(1). This boils down to the computation of the expression (5.1) in the case where n = 2
and a = 1. Thus it is to compute R*N ff_ RN fZ _ RN fi |R.

21,22 z
For this, note that

1 1
f,R=0-2)T;_1 +xdlog(l — —)+ dzrlog(l — —)
? z2 Z9 29

fr . R=(1-2)T_= +zdlog(l — ?) +drlog(1— 24
22 2

22,21 22

fiiR=(1—-2)T1_,, +xdlog(l — 21) + dxlog(l — z1)

21,

and
R*=(1—2)*T,, X T., + (1 — 2)x[T., Adlog 2o — Ts, Adlog 2] + x?[dlog z; A dlog 2»]
+ (1 — z)dz[T,, Alogz, — T, Alog za] + xdz[log z1 dlog zo — log 22 dlog 2z1].

Using the preceding discussion, many of the terms in (5.1) vanish, and what remains after

pushforward is
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regp(Co(1)) = (1 — z)?x?pr, A+ (1 — z)3zdxpr, B + (1 — z)?2%dzpr, C,

where A, B, C are the currents on [J? given by

1
A=T, NT,, Ndlog(l — —)NT;_z Ndlog(l — #),
29 #1

1
B=T, NT,,Ndlog(1 — —)NT,_z2 Nlog(l — z)
zZ9 Z1

1
+ T, NT,, Nlog( YNT,_z Ndlog(1 — z),

1— —
2o

and
1
C =log(z1) NT,, Ndlog(1 — Z—) N dlog(1 — ?) NTi_,
2 1

1
YNT,_z Ndlog(l — z)

+log(z1) NT,, Ndlog(1 — =
2

+log(z1) Ndlog(z2) N Tl_% N dlog(1 — z—j) NTi_.,
+log(z1) Ndlog(z2) N Tl_% N Tlfj—? Ndlog(1 — z1)
—T,, Nlog(z2) Ndlog(1 — 2—12) N Tkz% Ndlog(1 — 21)
—T,, Nlog(z2) N Tl_% N dlog(1 — i—j) Ndlog(1 — 21)

1
— dlog(z1) Nlog(z2) Ndlog(1 — Z—) NTy_z= NTy_,,
2 =1

—dlog(z1) Nlog(z2) NT;_ 1 Ndlog(l — @) NTi_.,
E)

21
1
+T., NT,, Nndlog(1 — Z—) N dlog(1 — ?) Nlog(l — z)
2 1
+T., Ndlog(z2) NT,_ 1 Ndlog(1 — zi) Nlog(l — 1)
> L

1
YNT;_z Nlog(l — 2;)
z1

+ dlog(z1) N T, Ndlog(1l — P
2

+ dlog(z1) Ndlog(z2) NT,_ 1L NT;_z Nlog(l — 21)
ED) z]
—dlog(z1) Ndlog(z2) NTy_ 1 Nlog(l — @) NTy—.,
zZo 21
—T,, Ndlog(z2) NT;_ 21 Nlog(1 — 2—2) Ndlog(1 — 21)
z2 1

1
— 1., N1, Ndlog(1 — —) Nlog(1 — ?) N dlog(1 — 2)
2 1

1
— dlog(z1) N T, Ndlog(1 — Z—) Nlog(l — 2—2) NTy_,
2 1

1
+ dlog(z1) N dlog(z2) N log( YNTy_= NTy_,,
z1

1— —
Z2

1
+ T, Ndlog(z2) Nlog(l — —)NT,_z Ndlog(l — z)
Z1

2
1
+ dlog(z1) N T, Nlog(1 — —) N dlog(L - ji) NTi_.,
2 1
1
+T., NT,, Nlog(1l — Z—) N dlog(1 — ?) Ndlog(l — z).
2 1
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One finds that (prj,)«A = —%2, and that (pr,).B = 0 for dimension reasons.

In order to use the computer, we write the integrand explicitly, using that

z9 22d2’1 — ZleQ 1 dZQ le
dlog(l— =)= ————=, dlogl— —)=—"——, dlog(l—21)=
g( Zl) 21(21 — 22) g( ZQ) 22(22 — ].) g( 1) zZ1 — 1
and obtain for C' the representation
dx A\ dy
-T,NnTy_,log(zx)———m————
v e loel) -1
dx A dy
+T,NT_vlog(x) —————F+——
v Ty loa(®) e, =y
dy A dx
Ti_.NTy_11 _—
+13 1 ?1/ Og('%‘)x(ziy)
dy N\ dz
—Tl—% mT17% log(l')m
dx A\ dy
T, NT_ylog(y) ————————
>N T-ylos) =, =)
dx A\ dy
+T,NTy_1log(y) ——————
- s T -
dx N\ dy
4+T_. NTy_slog(y) ——
' -y leaw) oo =y
dx N dy
~Ti_.NT;_11 —_—
1 1 111 Og(y)x(y_x)
dx A\ dy
T, NT,log(l —x)———F———
vl =) - )
dy A dzx
-T,NT, log(l — ) ——
z -1 Og( x)x(x—y)
dx N dy
—T,NT)_zlog(l —x)———
dx Nd
—Tl_ﬂ mT]_,llOg(].—x) v Y
@ y
dx Nd
+T1—p ﬂTkllOg(l_y) w
Y T Ty
Yy, dy N\ dx
T.NT,_1log(l — %)—F——
+ 1 i Og( .Z')y($—1)
Y dx A\ dy
+T,NT,log(l — &) ——M——
vieall = )~y - 1)
y, dx Ady
+T, NTy_zlog(l — =) ————
Y ( x)xy(y—l)
1. dzNd
—T1_;NTy vlog(l—-) v N ay
v Yy ry
1, dyNdx
T, NTi_vlog(l — —)——
x 1 > Og( y)y(:n—l)
1, dxNdy
T, NTy_,log(l — —)——=
v Ti-elog(l =) on 0
1 dx N dy

T, NT,log(l— ;)m
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Now we plug in that

T,NT, =[-o0

] X [7005 O] = 7[700’ O] X [700, O]
T, ATy = o0, 1] B [-o0,0] =

[00,1] X [—00,0]

TyNTi_y = =[0,y] W [—00,0] = [0,y] x [~00, 0]
TwNTi_1 = —[o00,1] x [0,1]
T s NToy =051 R (0,1 = —[0,5] x 0,1

T NTy_» = —[-00,0] x [~00, 2]
Ti-zNTy s = —[00, 1] X [00, 2],

and use this to write C' as a sum of iterated integrals.

Pushing the resulting currents down to the point yield the following integrals (in the left column)

whose sum is the regulator value of C(1). These integrals can be evaluated using Mathematica

and the result is shown in the right column.

/. / okt ’x@: D
/ / tog(= —dxfg— )
-/, / SR
JACr="
/ / tog(y xdﬁx )
/ / toe(y d‘”i“ 7)
//lg dydxl)
//log dydx)

0 X

I /
I
-1,

og( 1730

x(x—y)
dm dy

zy(y —1)

dz d
/logl—az ey

1
log(1
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[
s

log(l — =)

Yy, dydx

x’ xy
y dy dx
z y(x —1)
dy dx

/ / o5l - ) =D

LS

e

[ [~
[
e

y dy dx
-1

1_1 dydm

1 dyd:t

g(1— =)
yyx—U
1_1 dydm
—x)

dy dx

1—
-y —x)

We sum up all these numbers and obtain in the end that the regulator is

regp(Co(1)) = (1 - 2)*2%¢(2) + (1 - )22%dw (30((3) - 5" ).
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6 The Abel-Jacobi map

This section shows how the regulators reg- and regp give rise to Abel-Jacobi maps from higher
Chow cycles homologous to zero to an intermediate Jacobian. This is done by reducing to the
construction of the Abel-Jacobi map in [39] for the regulator reg.

In this section we assume that U = X is a smooth projective complex manifold, that is, D = 0.
For simplicity, we omit D from the notation and write Pp(X,Z(p)) for Pp(X, D,Z(p)) etc.

6.1 The Abel-Jacobi map for (higher) Chow groups

The classical Abel-Jacobi map As a tool to distinguish algebraic cycles on X, one has the
cycle class map that assigns to each p-codimensional algebraic cycle its integral fundamental
cycle in H*(X,Z(p)). Because cycles algebraic equivalent to zero are mapped to zero in

cohomology [66, Lemma 9.18], this descends to a cycle class map
CHP(X) — H?*(X,Z(p)).

This map is in general' not injective, with examples given by each Griffith and Harris [29].
Its kernel, the set of equivalence classes of algebraic cycles which are homological equivalent to
zero, is denoted by CHY

hom

(X). The Abel-Jacobi map can be thought of as a refined invariant
that tries to distinguish such cycles. If m = dim X, it is the map

m— 2m—2p+1
AJ : CHp P g (0"
H2r= (X, Z(p))

hom

(X) =

that sends a cycle Z to the functional given by integration over -y, where v C X is any singular
chain with boundary 9y = Z. The restriction to test forms in F™~P*! is necessary to make
the integration well defined on cohomology classes (and not only forms), and the quotient by
H?P~1(X,Z(p)) is needed to be independent of the choice of ~.

The right-hand side is isomorphic to the p-th intermediate Jacobian J?(X) via Poincaré duality

and the Abel-Jacobi map becomes a map

H¥»-1(X,C)

AJ : CHP = .
7C FPEP1(X,C) - H2-1(X, 2(p))

hom

(X) = JP(X)
It is in this form that the map allows a generalization to higher Chow groups

The Abel-Jacobi map for higher Chow groups Kerr/Lewis/Miiller-Stach [39] extended the
definition of the Abel-Jacobi map to higher Chow groups. Starting with the higher cycle class
map (the regulator) to Deligne cohomology,

CHP(X,n) — HZX (X, Z(p))

IFor a survey on "algebraic vs. homological equivalence", see Murre’s lectures on algebraic cycles and Chow
groups [53, 9.4].

109



they use the long exact sequence for Deligne cohomology to define the notion of being homol-
ogous to zero for higher Chow cycles and also a map from those cycles to an intermediate
Jacobian JP"(X).

In short, their Abel-Jacobi map fits into a commutative diagram with exact rows

0—— CH} (X, n) — CHP(X,n) coker 0

iAJ |

proj

0 JP(X) ——= Hy ™" (X, Z(p)) == H*""(X, Z(p)) N FP —=0
such that reg(Z) = 10 AJ(Z) for Z € CH} (X, n).

In other words, the Abel-Jacobi map contains at least as much information as the regulator
map. Actually, both maps contain the same information, but JP™ is easier to understand than
Hp in the sense that is has less relations: is a generalized complex torus.

For n = 0, this is just the classical Abel-Jacobi map on CH?(X,0)hom = CHf_  (X) and the

above diagram can already be found in Fouad el Zein/Steven Zucker’s text [15, Proposition 1].

6.2 Higher Chow chains homologous to zero

Chains homologous to zero  Following [39], a higher Chow chain Z € 2§ (X, n) is called homol-
ogous to zero, if proj o reg(Z) is a boundary in Z??~"(X, Z(p)) & FPD?**~"(X,C), where proj
denotes the projection from the 3-term complex Cp onto it’s first two components. Equivalently,
(by lemma 76) the composition projo ev oregp(Z) is a boundary.

Written as a diagram, the chains homologous to zero are exactly those chains that become

boundaries in the rightmost term of the diagram below

PP™M(X,Z(p))

regp
ev

(X, n) 5 CHTNX, Lp)) 2= I (X, Lp)) © FPDPN (X, C).
The set of all higher Chow chains homologous to zero form a subgroup of the higher Chow
chains, denoted by
Zﬂg,hom (Xﬂ Tl)

If Z is a boundary for Bloch’s differential, then Z is automatically homologous to zero. Hence

P

this notion makes sense on cohomology classes and we define CH; |

(X, n) to be the cohomology

classes represented by cycles homologous to zero. This is the kernel of the composition
CHP(X,n) — HZ (X, Z(p)) — H* (X, Z(p)) @ FPH*~"(X,C)

that is induced by the regulator into the 3-term complex followed by the projection onto the

first two components.

Alternative definitions of '""homologous to zero" The notion of being "homologous to zero"
depends on the regulator map. Even more, it depends only on the regulator into Cp. One
may wonder if the definition can be refined by working with the regulator to the complex Pp

instead of passing to Cp. For this, notice that the regulator regp(Z) of a higher Chow chain
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Z € z5(X,n) can be written in the form

regp(Z) = Z o' (1—2)" ' @T; + Z r'(1—2)" " ldr @ R,
i=0...n i=0...n—1

where by construction Ty € Z?~"(X, Z(p)), T; € FPT~"D(X) and R; € FPT~"D(X) (same
filtration, but different degree). Then Z is homologous to zero if and only if Ty and T, are
boundaries. (Note the special case n = 0). One may also think of the seemingly stronger
condition that all T; have to be boundaries (in the respective spaces they live in).
The following lemma shows that (for d-closed cycles) this is equivalent to the definition of
homologous to zero defined above. Even more, it says that being homologous to zero is already

determined by Tp alone (and so can be defined without mentioning the regulator map at all).

Lemma 79. Let Z € zk(X,n) be a higher Chow cycle. Then the following statements are all

equivalent:

1. Z is homologous to zero.

2. Ty is a boundary in Z?’~"(X,Z(p)).

3. (Ty, Ty) is a boundary in I?°~™(X,Z(p)) ® FPD?*P~"(X).

4. (Ty,Ty,...,Ty,) is a boundary in T~ (X, Z(p)) © @ Frtk—rD2P—n(X).

k=1

Proof. We first consider the case n = 0. In this case, Ty = cl(Z) and the theorem is equivalent
to the statement that, whenever Tj; = 0 in integral cohomology, then 7y vanishes also in
FPH?P(X,C). Assuming the former, then T}, represents the zero class in C-valued cohomology.
Since Ty is of (p, p)-type and by the injectivity of the map FPH?*?(X,C) — H?**(X,C) (this is
the d’d"-lemma [23, 1.2.1] for currents!) it is also zero in FPH??(X,C).
For n > 0:
1. <= 3. holds by definition, since proj o reg~ = proj o ev o regp.
Furthermore, the implications 4. = 3. = 2. are obvious. We use the assumption that Z is
O-closed to show the converse implications. By this condition, the differential dregp(Z) and
hence all of its components vanish. This implies that all the T; are d-closed and, looking at the

components "with dz":

0= Zd (z'1—2)" ") ®T; — le(l —2)" " ldr ® dR;
= Z i1 —2)" de @ T; — Z(n —i)r'(1—2)" " lde @ T; — le(l —2)""""ldx @ dR;.

Comparing the coefficients of 2*(1 — x)"~*~!dx gives that for alli =0...n — 1,
0=(i+1)Ti41 — (n—149)T; — dR;. (6.1)
In C-valued cohomology, the above equations become
(i+1D)Tip1 = (n—9)T; in H*»~"(X,C).

If Ty is a boundary in Z(p)-valued cohomology, then also with C coefficients. It follows that
all T; are boundaries and vanish in cohomology with C coeflicients. But the T;, ¢ > 0, lie in
the image of FPT~"H(X,C) — H(X,C) and by injectivity (the d'd’-lemma again) they also
vanish in FPHi—nH2r="(X C). O

111



Denote by ev) the unique mapping from Pp to currents that sends p(1—z)" I tol,ifj =k,
and to zero, if j # k. Then, by the above lemma, the higher Chow cycles cohomologous to
zero can be defined as those higher Chow cycles that become zero in one (then all) of the three

groups of the right-hand side in the diagram below

H2~" P (X, Z(p)) — = HP~"(X, Z(p)) & @ H?"(X) & FPH?~"(X)

@ev(k) =1
%

CHP(X7 TL) ev projection

M

H?*~"Cp (X, Z(p)) H?~"(X, Z(p)) & FPH*P~"(X)

\ projection
Drojec“On

H*P=™(X, Z(p)).

projection

Remark 10.

e Although the triangle on the left does not commute, the maps from the first to the third

column do commute.

e It is possible to get explicit formulas for the higher evaluation maps ev() on P3(X,p).

In fact, they can be constructed recursively as ev()(w(z) ® T') = w(0)T" and

1 /d\F
€U(k)(f) = %l (dx)

These intermediate evaluations are chosen in such a way that the k-th evaluation map

k—1
. <f($) - Zfﬂi(l - $)”iev(i)(f)> :

=0

of an element Y . jx'(1 — z)"~* ® T; is just Ty. In particular, they extend the usual
evaluation maps in the sense that ev(g) = evg and ev(,) = ev1. They are compatible with

the differential, but not with the multiplicative structure.

6.3 Construction of the Abel-Jacobi map

The Abel-Jacobi map on cohomology Every total complex gives rise to a long exact sequence
on cohomology. In particular, there is a long exact sequence associated to the total complex

Cp(X,Z(p)). From this long exact sequence one can extract the exact sequence
0 — J7"(X) = H¥"CH(X, Z(p)) 2% H*~"(X, Z(p)) & FPH*~"(X,C),

where

TP (X) = _ H*~""1(X,C) _

H2r—n=1(X Z(p)) + FPH?>-"~1(X,C)
and the map from this Jacobian into the 3-term complex is induced by T+ (0,0,T). For any
cycle homologous to zero, the regulator values reg(Z) and evoregp(Z) both lie in the kernel of
the projection, hence come from an element in J?™(X). This uniquely defines the Abel-Jacobi
maps with respect to the regulators regp and reg.. The construction is summarized by the

diagram
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CH?

hom

(X,n) &—— CH?(X,n)

&\

Adc || Adp rege H2p_nP'D(XaZ(p))
JPM(X) = H**""Cp (X, Z(p))

Note that although their projections onto the first two components proj o reg~(Z) = proj o
regp(Z) are equal, the values of reg(Z) and ev oregp(Z) in general are different, hence give

rise to different Abel-Jacobi maps.

Explicit formulas The Abel-Jacobi maps can be made explicit by observing that the image of
JP"(X) in Hp is spanned by those triples where at most the third component is # 0.

Thus the general procedure to construct formulas for the Abel-Jacobi map from a regulator value
in the 3-term complex is to: First use that Z is homologous to zero to move all information into
the third component by adding a boundary. Then project to the third component and finally

pass to a quotient in order to be independent of the choices made for the boundary.

In case of the regulator reg., write the regulator value of a higher Chow chain Z as
reg(Z) = (To, Th,rego(Z)s).

If Z is homologous to zero, Ty = dSp and T7 = dS; for some Sy € I?’~"~1(X,Z(p)) and
S, € FPD?P~=1(X). Now the regulator value is equivalent to

rego(Z) = (To, Ty, rc(Z)3) — d(So, S1,0)
= (07 O,TQgC(Z)g - Sl + SO)

and the resulting Abel-Jacobi map is given by
Ajc(Z) = regC(Z)g + S — 5;.
Similarly, write

1
cvoregp(Z) = (To T, | rogp(2).
0

Note that by lemma 76, Ty, T are exactly the equally named currents as above. Thus we can
choose the same boundaries Sy, S1 as before and obtain that the Abel-Jacobi map with respect

to the regulator regp can be described by the formula
1
AJP(Z):/ regp(Z)—i—So—Sl. (62)
0

Note that by lemma 76, one has

AJp(Z) = reg(AltZ)3 + Sy — Sh,
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which could somewhat sloppy be reformulated by writing
AJP = AJC o Alt

with the observation that the equality holds integrally as maps

H2p7n71 (X, (C)

HP
¢ T HnN(X,Z(p) § PP L(X,C)

hom

(X,n)

and not modulo Q(p) valued cohomology, as the alternation suggests.

Remark 11. For n > p one has FPD??~"~}(X) = 0 for (bi-)degree reasons. Hence the Abel-
H2p7n71(X7C)

TE==Tx () computed by the formula (6.2) with S,, set to zero.

Jacobi map lands in

Remark 12. The Abel-Jacobi maps can also be defined on quasi-projective varieties U, with the
(absolute) cohomology of X replaced by the relative cohomology of (X, D). Note that lemma
79 does not hold in this case due to the failure of the d’d”-lemma, and that the statement in

section 6.6 also breaks down.

6.4 Examples

e For n = 0 the regulator is just the cycle map and the cycles homologous to zero are

CHY

hom

(X,0)={Z € CH’(X) : cl(Z) = 0 in H**(X,Z(p))} .

The Abel-Jacobi map is AJ(Z) = Sp — S1, where Sy, Sp are currents bounding cl(Z) such
that Sy is integral with coefficients in Z(p) and S; lies in FPD?P~1(X).

m—p+1 2m—2p+1 2
Note that Poincaré duality induces an isomorphism J p70(X ) = E H;nfgpﬂ( ): Z(;§§§) and

that the image of AJ(Z) under this isomorphism is given by Sy only (On the left-hand
side of the isomorphism, S; was necessary to make AJ(Z) d-closed. On the test forms on
the right-hand side S; acts trivial). Finally, writing Sy = [7] as the current of integration

over a singular chain 7, one reobtains the classical Abel-Jacobi map of Griffiths.

e For n =1 and any Z € z5(X, 1) homologous to zero, its Abel-Jacobi value is the current
on X
AJ(Z) = (2m‘)p*1(/ log(z) 4+ 2miSy — S1).
z

The currents S; satisfy dSp = [Z N X xR_] and dS; = [Z] A dlog(z).

e In particular, if Z =Y T, is the sum of graphs of meromorphic functions f, : V,, — Py,
this recovers a version of Levine’s formula ([44, p. 458] and [39, 4.5]): By remark 11, S
acts trivially in this case and thus, for v any cycle with boundary Z N (X xR_),

AJ(Z) = @2riy ' (> /V

log fo + 27ri/).
o \fa 1R

~

e Totaro’s cycle C(1) is homologous to zero: Ty, T} are actually zero (not only boundaries)

so that one can choose Sy = S1 = 0. It’s Abel-Jacobi image is thus

ATp(C(1) = [ regp(2) = Lia(0).
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6.5 The Abel-Jacobi map and the exterior product

Let Z,Z' be two higher Chow cycles (on different spaces). Assume that Z is homologous to
zero. Then lemma 70 assures that the exterior product Z x Z’ is again homologous to zero.
The lemma below gives a formula for the Abel-Jacobi value associated to this product. The
result holds for both AJp and AJc so that we omit the subscript and write just AJ.

Lemma 80. Let Z and Z' be higher Chow cycles on X and X' respectively such that Z is
homologous to zero. Then
AJ(Z x 7" =AJ(Z)R Ty,

where K denotes the exterior product of currents and T denotes the second component of
rege(Z').

Proof. After eventually replacing reg by evoreg, we may assume that the regulator takes values
in the 3-term complex. Write reg~(Z') = (T4, 11,T"), regc(Z) = (To, T1,T) and t = |Tp|. Since
Z is homologous to zero, T; = dS;, i =0, 1.

From the compatibility of the regulator with exterior products, one finds that the first two
components of reg~(Z x Z') are T; XT! = d(S; XT!), i = 0,1, and that the third component is

reg(Z x 23 =TRT] + (-1)' T, KT .
By definition of the Abel-Jacobi map,
AJ(Z) =T+ So — 54
and for the product,

AJ(Z x Z") =reg(Z x Z")3 + So R T — 51 KT}
=TRT +(-)'TyRT' + Sy ¥T, — S KT}
=AJ(Z)RT] — SoR®T| + (-)'"To R T + Sy KT,
=AJ(Z)RT] — SoRdT" + (-1)' Ty ®T",

using that d7" = T — T} in the last equality. By the Leibniz rule, this is
=AJ(Z)RT] + (-1)'d(So ®T"),
and so, modulo boundaries, the result follows. O

Remark 13.

e As a consequence of the lemma, the Abel-Jacobi image of Z x Z’ vanishes if both Z and

Z' are homologous to zero.

e Using d1”" = T{ —T} and dAJ(Z) = 0, the lemma can equivalently stated as AJ(Zx Z') =
AJ(Z) KT}, that is, with the second component replaced by the first component. The

same is achieved by working with the product X; on the 3-term complex instead of X.

e If 7’ is homologous to zero and T denotes the first component of the regulator reg.(2),
then an analogous reasoning shows that AJ(Z x Z') = (—1)TITy R AJ(Z").
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6.6 The Abel-Jacobi map and higher correspondences

In this last section, we examine in which sense the Abel-Jacobi mappings AJc and AJp are
compatible with higher correspondences.? Since AJp = AJg o Alt, it suffices to consider

reg = reg~ and the corresponding Abel-Jacobi map AJ = AJc.

Recall from subsection 4.1 that the pullback along a d-closed higher correspondence C' € 25 (X x

Y, 1) gives rise to a commutative diagram

c*

CHY(Y,n) CHPTI™™(X 1+ n)

lrcg ircg

“n reg(C)* —o9m—l—n
HE(Y, Z(g) ——2 D g2t gy 4 g — m)).

We will see that the pullback along reg(C') restricts to a map between intermediate Jacobians.
Indeed, note that the Jacobian can be identified with the set of those cohomology classes that are
represented by triples of the form (0,0, A). The pullback of such a triple along (Ey, E1, F) is (we
use the Ny product on the Deligne complexes) just (Eo, E1, E)*(0,0, A) = (0,0, (—1)/PlEx A).
This shows that reg(C)* restricts to a map

reg(C)"

JO(Y) Jra—mltn(x)

and suggests that, for reg(C) = (Ey, E1, E), we should have AJ(C*Z) = tE;AJ(Z). We
confirm this by calculating AJ(C*Z) using the explicit definition of the Abel-Jacobi map.

Theorem 81. Let C € 25 (X x Y,1) be a d-closed higher correspondence and denote by Ey the
first component of reg(C) and by e = |Ey| its degree. If then Z is any higher Chow chain
homologous to zero such that C*Z exists and intersects the real boundaries properly, then C*Z

is homologous to zero and
AJ(C*Z) = (-1)°E;AJ(2).

Proof. Write reg(Z) = (Ty, T1,T) and reg(C) = (Ey, E1, E). Then, using the compatibility of

the regulator map with pullback along higher correspondences,

reg(C*Z) = reg(C)*reg(Z)
=PIy, ((Eo, Ey, E) N pry " (1o, T, T))

_ (EgTO, EiTy, E*Ty + (fl)eEa‘T).

For Z homologous to zero, we find Ty = dSp and T; = dS;. Since dreg(C) = 0, this shows
(=1)ed(E*S;) = EXT; for i = 0,1, so that C*Z is homologous to zero. Moreover,

AJ(C*Z) = E*Ty + (—1)°E{T + (=1)°E§So — (—=1)°Ef Sy.

Now, using that AJ(Z) =T + So — S1, and that dE = E; — Ey (because reg(C) is d-closed),

2As usual, m = dim¢ X.
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we obtain

AJ(C*Z) = E*Ty + (—1)°E; AJ(Z) + (—1)°E;S; — (—1)°E; Sy
=FE*Ty + (-1)°E;AJ(Z) — (—1)*(dE)* S,
= (—1)°EzAJ(Z)

by the Leibniz rule. O
Remarks.

e The formula in the theorem could equivalently be stated as AJ(C*Z) = (=1)°E}AJ(Z).
Indeed, this follows either from dE = Ey — Ey (use that reg.(C) is d-closed) together
with the Leibniz rule, or from the above proof with Ny instead of Ng.

o The statement of the theorem is also true with AJ = AJp. When stated in terms of the
regulator regp, it reads AJp(C*Z) = (—1)°regp(C)§AJp(Z), where regp(C)o denotes
the evaluation at 0 and e the degree thereof.

e If C is a usual correspondence of (higher) Chow groups, then e = 2p is even and the
formula reads AJ(C*Z) = cl(C)*AJ(Z).

e Theorem 81 may be useful for the construction of non-trivial elements in the kernel of the
higher Abel-Jacobi map. Indeed, if C is also homologous to zero, then the Abel-Jacobi
image AJ(C*Z) is a boundary and so represents the zero class. Thus one only needs a
criteria for the pullback C*Z to be non-trivial. In the case of usual Chow groups such a

procedure was carried out in [26].
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