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Preface

In this thesis I present several results concerning the Chow ring and the algebraic
equivalence ring of a Jacobian variety. The most important reason for studying
these objects is that they carry information that the (co)homology rings do not
carry. The algebraic equivalence ring contains a subring, the tautological ring, and
for different curves, these rings are really different. One reason for this is the ab-
sence of a Poincaré formula in the algebraic equivalence ring of a generic curve. This
absence is a corollary of Ceresa’s theorem. This in turn makes Ceresa’s theorem into
the cornerstone of this thesis. The proof that Ceresa gave is of an analytic nature,
and it took quite some time for me to grasp all of its ingredients. I have tried to
write down the proof as clearly as I could, in a somewhat more general context than
Ceresa did. A first advantage was that I could simplify a (small) step in the proof.
A second is that it made it easier to compare his proof to other proofs. We will see
that Harris’ theory of harmonic volumes doesn’t give a new proof (for part of the
theorem), by reasoning on the dimensions of the involved moduli spaces. This is
overcome by taking a closer look to the involved mappings (the normal functions):
Collino and Pirola consider the infinitesimal invariants to obtain a new proof of part
of Ceresa’s theorem.

A lot of the objects that I work with (Chow ring, algebraic equivalence ring,
Beauville decompostion, (primitive) intermediate Jacobians, Hodge theory) were
new or rather vague to me. Fortunately, there are many references for these sub-
jects, and I have tried to be as adequate as possible in providing them.

The thesis itself is organized as follows

In section 1 we introduce the Chow ring and the algebraic equivalence ring of
an abelian variety. We show that is possesses a second gradation besides the one
by (co)dimension. This gives the Beauville decomposition, which is exploited in
section 4.

In section 2 we recall the definition of a Jacobian variety. Our first approach is
of an algebraic nature, our second analytic. The latter comes from a more general
construction: the intermediate Jacobian. These in turn have primitive parts, and
they are of our interest in view of section 3. We are particularly interested in how
they vary in a family.

In section 8 we reap the fruits of our work in section 2. We can now state and
prove the theorem of Ceresa. Moreover, our rather general considerations in section
2 allow us to compare the proof by Ceresa to other proofs. That is, we discuss
the harmonic volumes by Harris and we’ll see why this doesn’t generalize to higher
genera. We also sketch a proof of part of Ceresa’s theorem given by Collino and
Pirola.

In section 4 we compare the homology ring of a Jacobian variety to its algebraic
equivalence ring. In particular, we compare their tautological subrings. In coho-
mology, this ring is rather dull: it has the same structure for every curve (of fixed
genus). This is due to the Poincaré formula, which is absent in the algebraic con-
text. This absence is due to Ceresa’s theorem, and it inspires to investigate the
tautological ring. We give generators for this ring and describe relations between
them.



1 THE CHOW RING

1 The Chow ring

In this chapter we introduce the Chow ring CH(X) of a non-singular algebraic vari-
ety X. It is a graded commutative ring that we can associate to such a variety. We
may think of it as a generalization of the divisor class group of a nonsingular variety.
Its elements are formal sums of subvarieties of X, divided out by an equivalence
relation. The ring structure is given by the intersection product, the graduation by
codimension.

The rest of the chapter is devoted to Chow rings of abelian varieties. We will see
that they carry a second product, the Pontryagin product. Furthermore, they carry
a second grading. This gives rise to the Beauville decomposition of CH(X).

We close the chapter by introducing the algebraic equivalence ring of a variety.
This is a quotient of the Chow ring. In particular, we will see that the algebraic
equivalence ring of an abelian variety inherits the two gradations of the Chow ring.

1.1 Algebraic cycles

We start with looking at divisors on a nonsingular variety X. A prime divisor on X
is a closed integral subscheme Y of codimension one. A Weil divisor is an element of
the free abelian group Div(X) generated by the prime divisors. A divisor is written

as a formal sum
D=3 nY,

where the n; are integers and only finitely many of them are different from zero.
Let Y be a prime divisor on X and let n be its generic point. The local ring &, y
is a discrete valuation ring with quotient field K (X), the function field of X. The
corresponding valuation is denoted with

vy : K(X)" — Z.

An element r € K(X) is said to have a zero along Y if vy (r) > 0 and a pole if
vy(r) < 0. The order of a zero or pole is |vy (r)|. For fixed r € K(X)*, all but
finitely many valuations vy are zero in 7.

This allows us to define the divisor of a function r € K(X)* by div(r) = > vy (r)-Y,
where the sum is taken over all prime divisors on X. Such a divisor is called a prin-
cipal divisor. Taking the principal divisor of a function gives an injective homomor-
phism of groups K(X)* — Div(X) since div(rs) = div(r) 4+ div(s) and div(1) = 0.
The cokernel of this map is called the divisor class group of X and is denoted by
Cl(X).

We will now generalize this idea. First of all, we want to define divisors and prin-
cipal divisors on a variety that is not necessarily nonsingular. But in that case
we do not have discrete valuations at our disposal, since the local rings need not
be regular. Second, we want to define formal sums of closed subvarieties of higher
codimension. We want to divide this group by an equivalence relation that extends
the linear equivalence relation of divisors.

Let X be a variety and let Y be a closed subvariety of codimension one. The
free abelian group generated by the closed subvarieties of X of codimension one is
denoted by Z°}(X). An element of 2°!(X) is called an algebraic cycle of codimen-
sion one and it is written as a formal sum

D=3 niYi

where the integers n; are zero, except for finitely many.
Let Y be a closed subvariety of X of codimension one. Let n € X be the generic
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point of Y and let &, y be the local ring of Y. For a function r € K(X)* we define
the order of vanishing of r along Y by

ordy (r) :=Lg, (O x/(r)),

where {g, (O x/(r)) is the length of 0, x/(r) as an &, x-module. For fixed
r € K(X)*, the value ordy (r) is zero except for finitely many closed subvarieties
Y of X. This allows us to define an algebraic cycle of codimension one for a given

r € K(X)* by
div(r) := Z ordy (r) - Y,

where the sum is taken over all the closed subvarieties Y of X of codimension one.
The notation is the same as above, which is justified by the fact that in case of a
nonsingular variety, the divisor of a function and the associated codimension 1-cycle
are the same. Furthermore, taking the corresponding algebraic cycle of a function
on X gives a homomorphism of groups

K(X)* — ZY(X),

since div(rs) = div(r) 4+ div(s) and div(1) = 0. The image div(K (X)) is denoted
by Z*(X);qt- The cokernel of this map is called the codimension-one Chow group,
denoted with CHl(X ). It is defined for any variety and if X is nonsingular, it co-
incides with Div(X). The proofs of these statements can be found in [11], App. A.

Next we generalize the notion of a divisor with respect to the dimension. Let
X be a variety of dimension n. The free abelian group of closed subvarieties of
codimension % is denoted by Z*(X). Its elements are called algebraic cycles of
codimension k and they are written as finite formal sums

Z nin’,
where the n; are integers and the Y; are closed subvarieties.

ExXAMPLE 1.1 A natural situation in which algebraic cycles appear is the following.
Let Z C X be a closed subscheme of finite type, all of whose irreducible components
are of dimension %k in X. The geometric multiplicity of a component Z; is defined
by m; = E@ijz(ﬁzjﬁz). Let Z; ycqa be the reduced scheme associated to Z;. Then
Zjreda can be viewed as a k-dimensional subvariety of X. To Z we associate an
algebraic k-cycle defined by )" m;Z; ;.q. By abuse of notation we denote this cycle
by Z.

Sometimes it is convenient to emphasize the dimension of an algebraic cycle, rather
than the codimension. In that case we write 2% (X). Thus the group of codimension
k-cycles 2°%(X) is the same as the group of (n — k)-cycles Z;,_1(X).

Next, we look at the functorial behavior of associating the group of cycles to a
variety. Let f : X — X’ be a proper morphism of varieties and Y a closed sub-
variety of dimension k of X. Then f(Y) = Y” is a closed subvariety of dimension
k' <kof X'. If k < k' we define the k-cycle f,Y to be the zero cycle in 2%(X). If
k' =k, then K(Y”) is a finite extension of K (Y") of some degree, say d. In this case
we define f.Y =d-Y' € 2%(X). We can extend this map Z-linearly to obtain a
group homomorphism

fo s Zu(X) — Zi(X").

Recall that a morphism f : X — X' of varieties is called flat if for every point z € X,
the stalk Oy, y is a flat &;-module via the natural map It Ofa)y = f«Or x. It
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follows from the definition that a flat morphism f : X — X' of relative dimension
n associates to a closed k-dimensional subvariety Y’ of X’ a (k + n)-cycle f~1(Y"),
denoted with f*(Y’). We extend this map Z-linearly to a homomorphism of groups

[ (X)) = Zegn(X).

The maps f, and f* are called the push-forward and the pull-back by f. If f is
not proper, the push-forward is not defined, since the image of a closed subvariety
might not be closed. In contrast to this, we will see that we can define the pull-back
of cycles by maps that are not flat.

1.2 The Chow ring

We have seen that an element r € K(X)* of the function field of a variety of di-
mension n gives rise to the (n — 1)-cycle div(r), the divisor of r. The free group of
divisors on X that is generated by the divisors of elements r in K(X)* is denoted
with Z1(X),q; This is a subgroup of 2Z}(X) and we say that two divisors D
and D’ are rationally equivalent if their difference D — D’ is in 21 (X),q;. In this
subsection we generalize this equivalence relation to higher codimension.

Let X be an n-dimensional variety and Y a (k + 1)-dimensional closed subvari-
ety of X. An element r € K(Y)* gives rise to a divisor div(r) on Y. Since the
inclusion Y C X is proper, we can push this divisor forward to obtain a k-cycle
in Z,(X). By abuse of notation, this cycle is also written as div(r). An ele-
ment Z € Z3(X) is rationally equivalent to zero, written Z ~,.q; 0, if there are
finitely many (k + 1)-dimensional subvarieties Y; of X and r; € K(Y;)* such that
Z = Y div(r;). Note that —Z = 3" div(r; ). Tt follows that the set of k-cycles that
are rational equivalent to zero, denoted with 2% (X),q¢, is a subgroup of Z2%(X).
The quotient
CHL(X) = Z(X)/ Z(X)rar

is called the k-dimensional Chow group. Usually we want to emphasize the codi-
mension of the cycles. In this case we write CH" *(X) instead of CHy(X). The
class of a subvariety Y C X in the Chow group is denoted by [Y] € CHy(X)

The Chow groups behave nicely under push-forward by a proper- and pull-back by
a flat morphism, which is due to the following proposition.

PROPOSITION 1.2 Let f: X — X’ be a morphism of varieties.

a If f is proper then fi(Z%(X)rat) C Z%(X)rat-

b If f is flat of relative dimension n then f*(.2%(X")rat) C Zhtn(X)rat
PROOF. See e.g. Thm.1.4 and Thm.1.7 of [11] or Lemma 9.5 and 9.7 of [33]. |
Note that CH*(X) = 0 for k < 0 and k > n. The (total) Chow group of X is
defined by

CH(X) := » CHF(X).
k=1
The Chow group of a nonsingular variety is equipped with a product that makes it
a commutative ring. Before we define it, we look at a simple case first. Recall (e.g.
from [18] or [4]) that on a projective nonsingular surface X there exists a unique

pairing Div(X) x Div(X) — Z such that (1) for two curves C, D in X that intersect
properly!, the pairing C - D counts the number of points in the intersection C N D,

ITwo subvarieties C, D intersect properly if all the irreducible components have codimension
codim(C') + codim(D).
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(2) it is symmetric and additive and (3) it depends on the linear equivalence classes:
if C" ~pqp C then C-D = C’-D. The proof runs in two steps. First, it is shown that
for any two curves C, D, there is a curve C’ ~,,; C such that C’ and D intersect
properly. Second, it is shown that there exists a pairing for curves that intersect
properly and that it satisfies the above requirements. The pairing C' - D is then
defined by the pairing C” - D of properly intersecting curves, with C’ ~,..; C. The
proof is concluded by showing uniqueness of the pairing.

This is not an intersection product on the Chow ring, but it gives rise to one. We
expect the intersection of two curves to consist of the points of the intersection,
together with the right multiplicity. This pairing gives back only an integer: the
degree of the 0-cycle that consists of the points in the intersection. For an inter-
section product we want to get more information out of the pairing, i.e. we want
to know the rational equivalence classes of the points in the intersection, together
with the right multiplicities.

Instead of move one curve in its rational equivalence class and then count the points
in the intersection, we can calculate the pairing in another way: by its intersection
multiplicities. Let C, D be two curves without a common irreducible component.
Given a point x € C'N D we define i(C, D;z) by the length of the &, x-module
Oy x /(c,d), where c and d are the local equations of C and D at x. It can be shown
that for such curves, we have C'- D = 3 _~~pi(C,D;x). It remains to mention
a method to calculate the self-intersection of a curve C. This can be done by the
degree of the normal sheaf of C' in X.

We now define an intersection product on the Chow ring of a projective surface.
The class of the surface itself is the identity. The intersection of two points or a
point and a curve is always zero. The intersection of two curves without a common
irreducible component is defined by the 0-cycle

C-D= Y i(C,D;x)lxl.
zeCND
It remains to show which O-cycle is attached to C' - C. This is a technical matter
that we mention without motivation. Let i : C'— X be the inclusion and let A, x
the the normal sheaf on C. This is an invertible sheaf and its corresponding divi-
sor is denoted by c¢1(4¢/x). Pushing it forward to X gives an expression for the
self-intersection of C, namely C'- C = i.(c1(Ao/x))-

This intersection product can be successfully generalized to higher dimensions. It
gives the Chow ring the structure of a commutative ring. Furthermore, it has some
nice functorial properties that we will exploit later on. We formulate this in a
theorem.

THEOREM 1.3 Let € be the category of nonsingular quasi-projective varieties over
C. Then there is a unique intersection theory for the cycles modulo rational
equivalence. By an intersection theory we mean a pairing CH*(X) x CH™(X) —
CH""™(X) for each X in €, that is subject to the following axioms.

A1l The intersection pairing makes CH(X) into a commutative associative graded
ring, with identity, for every X in €. It is called the Chow ring of X.

A2 For any morphism f : X — Y of varieties in €, the map f* : CH(Y) — CH(X)
is a homomorphism of groups. If g : Y — Z is another morphism in €, we
have f* o g* = (f 0 g)".

A3 For any proper morphism f: X — Y of varieties in €, f, : CH(X) — CH(Y)
is a homomorphism of graded groups (which shifts degrees). If g : Y — Z is
another proper map of varieties in €, we have g, o f. = (go f)«.
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A4 (Projection formula). If f: X — Y is a proper morphism, x € CH(X) and
y € CH(Y), then

A5 (Reduction to the diagonal). If a, f € CH(X), and if A : X — X x X is the
diagonal morphism, then

a-f=Aaxp).

A6 (Local nature). If Y and Z are subvarieties of X which intersect properly
(which means that every irreducible component of V' N W has codimension
equal to codim(Y) + codim(Z)), we can write

Y] (2] = i(Y, Z; W)W,

where the sum runs over the irreducible components W; of Y N Z, and where
the integer i(Y, Z; W;) depends only on a generic point of W; on X. We call
i(Y, Z; W;) the local intersection multiplicity of Y and Z along W;.

AT (Normalization). If V is a subvariety of X, and D is an effective Cartier divisor
meeting V' properly, then V - D is the cycle VN D on V, which is defined by
restricting the local equation of D to V. (This implies in particular that
transversal intersections of non-singular subvarieties have multiplicity 1).

Here, the pull-back f* is defined for every map f: X — Y in € by
f (@) = px«(Ty - py' (o))

for an element o € CH*(Y). The variety I'; denotes the graph of f in X x Y and
px,py are projections from the product onto its factors.

PROOF. We briefly sketch two proofs. The first one is classical, and references for
it can be found in [18]. The second proof is described in the first eight chapters of
[11].

The classical proof consists of three parts. First one shows that the theory, if it
exists, is unique. Second is Chow’s moving lemma. Two subvarieties Y, Z of X
are said to intersect properly if all the irreducible components are of codimension
codim(Y) + codim(Z). The lemma states that for every pair of subvarieties Y, Z,
there is a subvariety Y’, rationally equivalent to Y, that has a proper intersection
with Z. Third, we need an intersection multiplicity. Let Y, Z be subvarieties of
X intersecting properly. Let W be an irreducible component, with local ring &.
The varieties Y and Z are, locally at W, given by ideals y and 3. The intersection
multiplicity that does the job is defined by

i(Y,Z;W) =Y _UTor{ (0)n,0/3)).

i>0

Fulton’s intersection theory is rather complicated and too involved to explain here.
The main difference is that it avoids Chow’s moving lemma. Instead, it assigns
to every pair of cycles Z and Z’ a cycle class in the Chow ring of the intersection
scheme of the supports of the cycles. This gives a class in CH(X) and it doesn’t
change if we vary Z or Z’/ in their rational equivalence classes. In the various chap-
ters of his book [11] Fulton develops this theory and shows that his product satisfies
the axioms A1-AT7. ]
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1.3 Beauville decomposition

As we mentioned before, we are interested in the Chow rings of the Jacobian variety
of curves. A first step in understanding this ring better, is to study the Chow ring
of an abelian variety, because the Jacobian of a nonsingular curve is an abelian
variety. Arnaud Beauville showed that the Chow ring of an abelian variety carries
a second gradation (besides gradation by codimension). We introduce it by giving
an interpretation of Mumford’s formula for divisor classes.

First we recall this formula. Let A be an abelian variety over C of dimension g.
An integer n € Z gives an isogeny [n] : A — A. The pull-back is a homomorphism
[n]* : Z1(A) — Z1(A) and Mumford’s formula gives an expression for [n]*(D) in
the Chow group CH'(A) by

7] D~ (”2;”) D+ (”22_n> [~1]*D.

If we extend scalars by CH@(A) = CH'(A) ®7 Q, we can write

for any divisor class [D] € CHg(A). So every divisor class can be written as the sum
of a symmetric and an anti-symmetric divisor class'. Let CHj(A) C CH}@(A) denote
the subgroup of symmetric divisor classes and CH}(A) C CH}@(A) the subgroup of
anti-symmetric divisor classes. Since a (non-trivial) symmetric divisor class is not
anti-symmetric in CH%D(A) and vice versa?, we have

CH{(A) = CHy(A) & CHi(A).

Mumford’s formula gives another interpretation of this decomposition: the group
CH(A) C CH@(A) is the group consisting of divisor classes [D] such that [n]*[D] =
n? - [D] and CH}(A) C CH@(A) is the subgroup consisting of divisor classes [D]
such that [n]*([D]) = n - [D].

We conclude that the endomorphisms [n]* on the codimension one Chow groups
have eigenvalues of the form n?~%, with s = 0, 1, and these two types of eigenvalues
give rise to a decomposition of the Chow group CH%@(A).

This result can be generalized to higher codimensions. Let CH@(A) denote the
Chow group with extended scalars CH" (A) ®7z Q. In this way we lose the torsion
of the Chow groups, which is crucial for the theorem.

THEOREM 1.4 (A. BEAUVILLE, 1986) For s € Z, let CH?(A) denote the subgroup

of CH@(A) consisting of classes « such that [n]* (a) n2k=s . o for every n € Z.
Then
k
k
CHp(A) = € cHY(
s=k—g

Before we can give the proof, we have to introduce two concepts: the Pontryagin
product and the Fourier transform.

The multiplication on A is denoted by 1 : Ax A — A, the identity by e : Spec(C) —
A. This structure on A gives rise to a second product in the Chow ring CH(A) called

LA divisor class [D] is called symmetric/anti-symmetric if [—1]*[D] = £[D]
2An element that is both symmetric as anti-symmetric is a torsion point. But there are none
since we tensored with Q
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the Pontryagin product. Let p; denote the projection Ax A — A onto its i-th factor.
Given two elements a € CH”(A) and § € CH™(A), we define

axf = p.(pi(a) - p3(8)) € CHM™79(A).

This is the Pontryagin product, and it is a commutative and associative product on
the Chow ring.

Let A? denote the dual abelian variety of A and let p € CH'(A x A') denote the
divisor class of the Poincaré bundle &2 on A x A*. We use the formal expression
exp(p) to denote the sum

1 1

Itptgeotgo e et .

Note that this is a finite sum, since the k-fold self-intersection of a divisor is zero if

k > dim(A). The Mukai-Fourier transform .# : CHg(A) — CHg(A") is defined by
F(or) = par(exp(p) - paa),

where py and py: are the projections of A x A’ onto their factors and CHg(A)
is the Chow ring with extended scalars. Shigeru Mukai introduced this transform
in a different context (as a functor) in [28]. Arnaud Beauville studied in [2] the
particular case that we consider here. From now on we shall refer to F simply as
the Fourier transform.

LEMMA 1.5 The Fourier transform F : CHg(A) — CHg(A") has the following
properties:

F1 Let F': CHg(A") — CHg(A) be the Fourier transform of A*, where we have
identified A" = A. Then F'o F = (—1)9[-1]*.

F2 Flaxp)=F(a) - F(B) and Fla-8) = (—1)9F(a) x F(B).
F3 Let f: A — A be an isogeny. Then Fo f* = floF and Fo f, = f* o F.

F4 Let a € CHg(A) and write F(a) = )5, A7, with 9 € CH{(A"). Then
[k]*(ﬁq) = k9—pta. ﬁq.

PRrOOF. This is Prop. 3 of [3]. O

REMARK 1.6 In classical analysis, the Fourier transform provides a isometry
LX(V) — L*(V7),

where V is a real vector space and V* its dual. The Fourier transform of the
convolution product of two functions equals the normal product of the transforms
of the functions. In view of F2, the map F is called the Fourier transform.

Before we give a proof of the Beauville decomposition we make some observations
for an element o € CHg(A).

(1) Application of A6 of theorem 1.3 on the map [k] : A — A and the cycles
1 € CHY(A) and o € CHE(A) yields

(K] [k]" () = [k]«(1) - 0 = &% - .
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The second equality follows from the definition of [k],. and the degree of [k] being
k29, Tt follows that [K].[k]* = k29 - idcp(a). If @ € CHE(A), then [K].[k]*(a) =
k?=s .k (a) = k%9 - o; we conclude

CH2(A) = {a € CHo(A) :  [k]«(a) = K*72PF5 ., for all k € Z}.

(2) If F(a) € CHY P7*(A"), then F(a) € CHY*5(A?). Indeed, application of F4,
with 8975 = F(a) yields [k]*(By_pys) = K292+ . go—pts,

(3) Furthermore, F(a) € CHg(A") if and only if @ € CHL(A). To see this, put
B = (-1)[-1]*F(a) and ¢ = g — p +s. Then § € CH{(A") and F*(f) = a €
CH%7Q+S(A). Our previous observation now implies that o € CH?(A). For the
converse, we have [k].[k]* = k29 -idop(a). So [k].(a) = k?972PT5 . o and by F3 we
find

(k)" F(a) = F([k]«(a)) = k7% - a.

By F4 we conclude that F(«) is of dimension p — s.

PROOF OF THEOREM 1.4. Let @ € CH{(A) and put § = (—1)9[-1]*F(a). The
latter decomposes as ), 7 with 87 € CH&(At). From the observations we just
made, it follows that 49 € CH{,,  (A") and thus F*(3?) € CH},,_,(A). We con-
clude that « = > . t(8%). We only need to show that the decomposition is unique.
But this follows from the fact that a non-trivial element in CH? (A) N CHZ(A) is a

torsion element, while CHg(A) doesn’t have torsion. O

According to the theorem, every Chow group decomposes into g summands. The
following proposition shows that several of these summands vanish.

ProproSITION 1.7 (1) If s <0 and p € {0,1,9 — 1, g} then CHZ(A) = 0. The same
space is also trivial if p < g—2and s <p— g+ 2.

Proor: This is Prop. 3 of [5]. O

So in the case of g = 5 and p = 2 we might have non-trivial CH?,(A). In general,
it remains an open question whether the spaces CHZ(A) with s < 0 are trivial.

1.4 Algebraic equivalence

On an abelian variety we can translate subvarieties using the group law. In partic-
ular on a Jacobian variety, where certain subvarieties carry information about the
curve. But a translation of such a subvariety will carry the same information. We
will make this more precise later, but for now this is the reason for looking at a
quotient of the Chow ring of an abelian variety: the algebraic equivalence ring.

Before we introduce the subgroup of cycles that are algebraically equivalent to zero,
we give a geometric definition of a cycle being rationally equivalent to zero. To this
end we consider a variety X and the product X x P! with px,pp: the projections
onto its factors. Let Z = 3" Z; be a (k + 1)-cycle on X x P! such that every for
all i, the map f; := ppi|z, : Z; — P! is dominant. The subscheme f~1(a) can be
viewed a cycle on Z; and thus on X. As a cycle on X it is denoted with Z;(a). In
this way, the cycle Z gives a family of cycles Z(a) = Y. Z;(a) on X with a € P
It can be shown (Prop. 1.6 of [11]) that a cycle on X of the form Z(0) — Z(c0) is
rationally equivalent to zero and conversely, any cycle in 2% (X)rat is of the form
Z(0) — Z(00), with Z a (k + 1)-cycle on X x P! satisfying the above condition.
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We use this description to define algebraic equivalence. The only difference is that
P! may be replaced by any nonsingular variety 7. To be precise:

DEFINITION 1.8 Let X and T be nonsingular varieties of dimensions g, m respec-
tively. Let Z =, Z; be a (k 4+ m)-cycle such that the varieties Z; satisfy the fol-
lowing condition: the map f; : Z; — T, which is the restriction of pr: X xT — T,
is dominant. For ¢ € T, we view the subscheme f; '(¢) of Z; as a k-cycle on X. A
cycle a of the form Z(tg) — Z(t1) is called algebraically equivalent to zero, written
as a ~qig 0. Two cycles Z and Z' are algebraically equivalent if their difference is
algebraically equivalent to zero.

If two cycles V and W are algebraically equivalent to zero, then so is their sum
V +W. Furthermore, the algebraic equivalence relation is maintained under proper
push-forward and flat pull-back. A closer look to the definition reveals that the pa-
rameter space T in the definition may be replaced by a nonsingular projective curve.
Finally, two positive k-cycles V, W are algebraically equivalent on X, i.e. V ~gq W,
if and only if there is a nonsingular, projective curve T', a positive cycle U on X
and a positive cycle Z together with points ¢y and ¢; such that V + U = Z(tp) and
W+U = Z(t1). In other words, two positive cycles that are algebraically equivalent
cannot necessarily be deformed into one another via some algebraic curve: we might
need to add a positive cycle to it first. For proofs of these statements we refer to
Chap. 10 of [11].

The group of k cycles that are rationally equivalent to zero is denoted with 2% (A4)a4
or Z°97%(A)a if we want to stress the codimension. We have an inclusion of groups

ZFA) D ZM(A)arg D ZF(A)rar.
The quotient 2% (A)/ Z*(A)a, is denoted with A¥(A). The direct sum

A(A) = P A'(4)
=0

is the same as the quotient of CH(A) and @(Z*(A)aig/ Z"*(A)rar). The latter is an
ideal of the Chow ring and it follows that A(A) is a ring. It is called the algebraic
equivalence ring of A. Just as before, we denote A@(A) and Ag(A) for the group
and the ring with extended scalars.

The ideal @(Z*(A)uiy/Z*(A)rat) C Ag(A) is also homogeneous with respect to
the Beauville decomposition. Indeed, consider

O = Q(k—g) + A(k—g+1) +F Q(k) € gk(A)alg/yk(A)rat

and the elements [n].a for n = 1,...,9 + 1. These elements are also algebraically
equivalent to zero and the linear space that they generate lies in the span of
{ak—g)s--- )} A base change is given by a nonsingular integral matrix', so

each o) is algebraically equivalent to zero. This shows in particular that Ag(A)
inherits both gradations.

REMARK 1.9 We close this section by noting that in view of the gradations on
Ag(A), the intersection and Pontryagin products are homogeneous of some degree.
More precise, for elements o € A?(A) and § € A](A) we have

a-BeATI(A) and axpBe ATITI(A).

IThe n-th column is of the form nP~9 - (1,n,n?,...,n9). So the matrix is a Vandermonde
matrix whose n-th column is multiplied by nP~9.



2 JACOBIAN VARIETIES

2 Jacobian Varieties

In the previous section we defined the algebraic equivalence ring for a variety and
we have seen that for an abelian variety, it carries two gradations. In this section
we turn our attention to Jacobian varieties and their algebraic equivalence rings.
First we recall some facts about the Jacobian variety. Then we look at the classes
of certain cycles in the Chow ring of a Jacobian variety, the Ceresa cycles. In the
last two subsections we make preperations for section 3. In particular, we recall
some facts about intermediate Jacobians and normal functions.

In this section, a curve is a complete, nonsingular connected curve over C of some
genus g # 0. This holds for this section only.

2.1 Jacobian varieties

Let C be a curve and let D = > n;P; be a divisor on C, where P; € C' and n; an
integer. The associated invertible sheaf is denoted with &'(D). Recall that the map
D — 0(D) is a 1-1 correspondence between Div(C') and the invertible sheaves on C
and that &(D; — D) = 0(D;)® 0(D3)~!. Furthermore, two divisors are rationally
equivalent if and only if their associated invertible sheaves are isomorphic. The
quotient Div(C)/ ~q; is denoted with Cl(C) and is called the divisor class group.
We could also have written CH*(C') for this group, but this is not customary.

The homomorphism Cl(C) — Pic(C) is an isomorphism of groups. This allows us
to define the degree of the class of an invertible sheaf: it is just the degree of the
associated divisor. This is well defined, because if two divisors both represent the
same class of invertible sheaves, then they differ by a rational divisor, which is of
degree zero. Let Pic’(C) denote the group of classes of invertible sheaves of degree
zero. Loosely speaking, the Jacobian variety is an abelian variety over C whose
closed points are isomorphic to the group PicO(C).

We will now define it rigorously, as the variety that represents the functor of a
moduli problem. Let T be a connected scheme over C and let .Z be an invertible
sheaf on C' x T'. The projections of C' x T onto its factors are denoted by pc and
pr. For any point ¢ € T we can consider the restriction .Z|¢y as an invertible
sheaf on C. We denote it by .%; and it can be shown that its degree is independent
of t. If ./ is any invertible sheaf on T then p7}. is an invertible sheaf on C' x T all
of whose restrictions (pi.# ), are trivial. In particular, they are of degree zero. To
a scheme T over C we can associate the group

PA(T) = {&L € Pic(C x T)|deg(Z;) = 0 for all t}/piPic(T).

This association is a functor from the category of schemes over C to the category
of abelian groups.

THEOREM 2.1 There is an abelian variety J(C') over C and a morphism of functors
¢ P — J such that «(T) : P2(T) — J(C)(T) is an isomorphism whenever C(T)
is non-empty.

PROOF. See e.g. section 4 of [27]. O

In our case there is always a rational point, since we work over the complex numbers.
So we can view the curve C as a pointed variety: a variety with a specified rational
point. Likewise, (J(C),0) is a pointed variety, where o € J(C)(C) is the identity.
This leads to the following definition. For two pointed varieties (X, z) and (Y, y),
a divisorial correspondence between them is an invertible sheaf .Z on X x Y such
that the restriction to both X x {y} and {z} x Y are trivial.

10



2 JACOBIAN VARIETIES 2.1 Jacobian varieties

THEOREM 2.2 Let P be a C-rational point on C. Then there is a divisorial corre-
spondence .#F between (C, P) and (J(C), 0) with the following universal property:
for any pointed variety (7,t) and any divisorial correspondence £ between (C, P)
and (T,t) there is a unique morphism ¢ : T' — J(C) such that (1 x ¢)*.#F = &

PROOF. See e.g. Thm. 1.2 of [27]. O

This has an interesting consequence. Consider the divisorial correspondence be-
tween (C,P) and itself via the sheaf ¥ = O(A — {P} x C — C X {P}) on
C x C, where A is the diagonal. It has the property that £ lex o 1l - Q).
By theorem 2.2 there is a unique map ¢ : C — J(C) with ¢f( = o0 and
(1 x fEy. P = £P. If we identify J(C)(C) with C1°(C), the lelbOI"b on C of
degree zero, then ¢P can be regarded as the map sending @ to [@ — P]. This map is
in fact a closed immersion. For injectivity, look at the fibers of ¢*: these are P'’s
or PU’s. If P! occurs as a fiber, then C' = P!, contradicting with the genus g > 1.
The rest of the proof can be found in [27].

The subvarieties W,. The image of ¢* is denoted by W; and it is the subvariety
that paramatrizes divisor classes of degree zero that can be represented by @ — P,
for Q € C. Note that the image of ¢* is a translation of W; by the point [P—P].
All the translates of W; carry the same information: they paramatrize the divisor
classes that can be represented by an effective divisor of degree one.

We generalize this to higher dimensions. Let » > 1 be an integer. The closed points
of C" = C x C x -+ x C represent effective divisors on C' of degree r. Let X, be
the symmetric group on r letters and consider its action on C” via

o:(Q1,...,Qr) = (Qo1)s -+ Qo)

The quotient of C" by this action is denoted by C'(") and it is called the r-th
symmetric power of C.

PROPOSITION 2.3 The symmetric power C(") is a nonsingular variety. It has the
following universal property: every symmetric morphism! C™ — T factors through
70" — C"),

PROOF. See e.g. §3 of [27]. O

Consider the morphism ¢f : C" — J(C) : (Q1,...,Qr) — >, ¢7(Q;). It is clearly
symmetric so it factors through the symmetric product. We get a proper morphism

Gy 1 CT = T(C): Qut -+ Qe > 07 (Q)).

The image is a subvariety of J(C) that paramatrizes the divisor classes that can
be represented by an effective divisor of degree r. On the closed points this map is
> ; Qi— > [Qi — P]. The fiber of d)ﬁ) over a point ) [Q; — P] is the linear system
| > Q;|. The variety W, paramatrizes the divisor classes that can be represented
by a positive divisor of degree r. This is independent of the embedding of C' in
J(C). Any other choice of P € C would give a translate of the W,., but it still
paramatrizes the same kinds of linear systems. In other words:

The varieties W,. carry geometric information: they paramatrize linear systems on
the curve of the form |D|, with D positive of degree r. This information is indepen-
dent of the choice of embedding ¢* : C — J(C).

LA morphism ¢ : C" — T is called symmetric if ¢ 0 o = ¢, for every o € ..

11



2.1 Jacobian varieties 2 JACOBIAN VARIETIES

If r > g then W, = J(C). Indeed, let [D] be a divisor class of degree zero. Then
[D+r - P]is of degree r > g. It follows from the Riemann-Roch theorem that
|D + r - P| is a linear system of dimension > 1. So there is an effective divisor D’
of degree r with D' ~,.q; D + r- P. Hence ¢5)(D’) = [D], which shows that <Z)ﬁ) is
surjective.

REMARK 2.4 The classes of W, in CHg(J(C)) are related by the Pontryagin prod-
uct by [W1]*" = [W,]-rl for 1 <r < g. Indeed, in view of the following commutative
diagram

¢ x4
C x ) —— 1 J(C) x J(C)

(r:l)l J{M
$(r)

o J(C)

we have that [Wi] x [W,_1] = r - [W,]. Induction on r yields the result.

The case of r = g — 1 is of special interest: the subvariety W,_; is a divisor and
it has some remarkable properties. First of all, it gives a principal polarization on
J(C). Second, there is a translation of W,_; that is a symmetric divisor.

THEOREM 2.5 Let k € J(C) be the image of the canonical divisor K under the
map ¢4, 5. Let W, ; be the pull-back of W, 1 by [~1]. Then

W(;—l =t Wy_1,
where t,, : J(C) — J(C) is translating over k.

PROOF. See e.g. p.338 of [12] or Thm. A.8.2.1 of [20]. O

The map [2] : J(C) — J(C) is an isogeny of degree 229. In particular, we can
find an element A € J(C) such that 2\ = k. Such an element is called a theta
characteristic and it yields an identity

W = W,
This divisor is symmetric. Indeed, we have t}[—1]* = [—1]*¢_x, so
[~ tAWy—1 = ti)\W;—l =0 Wy1.

The fact that the variety W,_; is a principal polarization is proven in e.g. Cor.
8.2.3 of [20].

We close this paragraph with an example that uses proposition 2.3, and that we
need in section 3.

EXAMPLE 2.6 (THE DIFFERENCE MAP) Let F' be a curve of genus 2. The map
§:F? — J(F): (P,Q) — [P— Q)] is the difference map. It is independent of the
choice of a point in F'. Since F' is hyperelliptic, we have the hyperelliptic involution
t: F— F and this gives rise the map (id,¢) : F x F — F x F. Composing with §
gives the map

FxF—JF):(PQ)— [P—1Q)]

12
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But [P —1(Q)] = [Q — ¢(P)], so the map is symmetric. Hence it factors through the
symmetric product and we obtain a commutative diagram

FxF 2 J(F) < J(F)

A
<z‘d7L>T ! /
I

FxXF——=F®

The Ceresa cycles The Ceresa r-cycle is defined by W, — W,~. The cycle W; —
W1 is sometimes called the basic cycle and some denote it with C—C'~. These cycles
depend on a chosen point of P, but as we have seen, their geometric information
does not depend on this choice. This is the reason for considering the classes of
the Ceresa cycles in Ag(J(C)), because these are independent of the choice of
embedding of C' in J(C). The class of the r-cycle W, in Ag(J(C)) is denoted with
w,., or w9~ " if we want to stress codimension. There are a few occasions in which
the class of a Ceresa cycle vanishes. We mention two of them.

First, for any nonsingular complete curve C' of genus g, the image of the Ceresa
(g — 1)-cycle in Ag(J) is zero. Indeed, we may represent the class wy_1 by a
symmetric divisor, showing that W,_; and W~ have the same image in Ag(J(C)).
Second, if C' is hyperelliptic. Then there is a Weierstrass point P € C| i.e. a point
P such that the linear system |2P| is a base-point free pencil. Furthermore, there is
the hyperelliptic involution ¢ : C' — C which has the property that for every point
Q, the divisor @ + +(Q) is in |2P|. In other words,

L(Q) - P ~rat P — Q

It follows that W, = (¢¥ 01)(C). But ¢ : C — C is an isomorphism, so W7 = W, .
So in this case, the image of the Ceresa 1-cycle in Ag(J(C)) is trivial.

In section 3 we will see that the vanishing of the Ceresa cycles in Ag(J(C)) is
rather an exception than a rule. Before we can state and prove the various theo-
rems there, we need some preliminary results.

2.2 Intermediate Jacobians

To a projective complex manifold X of dimension g we can associate the k-th
intermediate Jacobian, for k = 1,...,¢g. This is a complex torus that is constructed
as follows. The manifold X has a polarization w € H(X)N H?(X,Z) which is the
Chern class of an ample bundle on X. This form gives rise to the Hodge filtration'

H*X,C)=F°H* > F'H* > ... > FFE* 5 FFHEY =0
of the cohomology group H*(X,C). In particular, for 2k — 1 we have
H*» (X,R)® C= H**'(X,C) = F*H**"(X,C) ® FFH?**~1(X,C)
and this decomposition defines a complex structure on H*~1(X,R). We find an

isomorphism H2?*~!(X,R) & FFH2k=1(X C). For the manifolds of our interest,
the cohomology groups H?*~!(X,7Z) are without torsion. The k-th intermediate

LFor the groups involved in the Hodge decomposition and filtration we use the (standard)
notation of [12].

13



2.2 Intermediate Jacobians 2 JACOBIAN VARIETIES

Jacobian is defined as the cokernel of the horizontal arrow below.

H21(X,7) FFH2-1(X,C)

\/

HQk—l ()(7 R)

It is denoted with J*(X) and for k = 1 and k = g, we get the Picard variety and
the Albanese variety of X. For a curve C these varieties coincide, and moreover,
JY(C) is isomorphic as a complex manifold, with J(C)(C). This is the content of
the famous theorems by Abel and Jacobi, which can be found in [12]. From now
on, we will write J(C) for these varieties.

Using Poincaré duality we find an alternative description:

(Fg*k+1H2gf2k+1 (X, (C))*
Hyg2+1(X, Z)

J2k71(X) _

and this description is suited to define the Abel-Jacobi map. This map is associates
to certain algebraic cycles an element in J*(X). We use this image to study the
cycle in question. More precise, consider the cycle class map

c: Z,(X) — H*7*(X,7)

that associates to a variety its fundamental class. If the variety is singular, we use a
desingularization to define a fundamental class. The kernel of this map is the group
of algebraic cycles that are homologous to zero, denoted with 27%(X)uom. The
various subgroups of 2°%(X) we have defined so far are subgroups of each other:

ZHX) D L5 X hom D ZH(Xatg D ZHX) v

The Abel-Jacobi map associates to a cycle Z € Z* (X)hom the element fr —, which
is integrating over a singular (2g — 2k + 1)-chain I" whose boundary is Z. This gives
a homomorphism

O+ Z5(X)hom — JPFH(X)

which is called the Abel-Jacobi map.

The intermediate Jacobian J*(X) contains an abelian variety® J*(X)a,, which
is the largest subtorus whose tangent space is contained in H*~1*(X), or Poincaré
dual, in H9~F*+1L9=F(X)*. The Abel-Jacobi map, when restricted to 27%(X)a,,
factors through this abelian variety, i.e. the diagram

ok

ffk(X)alg J%il(X)

~

J2k*1 (X)alg

commutes. This is a crucial observation, which is exploited in proofs of the next
section. We give a motivation for this fact. For a Z € 2%(X)a, we can find a
curve S, a cycle E € Z%(X x S) and two points s,t € S such that E(s)— E(t) = Z.

IWe use the form (£,7) — i2F—1 (1)1 fJ(C) EATTAWA - Aw. It is Hermitian form on

H?k=1(J(C),C) that is positive definite on the summand H*~1.%(J(C)). Its imaginary part takes
integer values on the lattice H2*~1(J(C),Z), so we may invoke the Appell-Humbert theorem [24]
to conclude that the subtorus is an abelian variety.

14
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Since Z is homologous to zero, there is a (29 — 2k + 1)-cycle whose boundary is Z.
We can choose this chain be the push-forward of a chain I' lying on E. The image
Z in J*(X) is independent of this choise so we find that ®% (Z) is integrating forms
of type

(9g—k+1,9-k)+(9g—k+2,9—k—1)+---

over a chain on a (g — k 4+ 1)-dimensional variety. This gives zero, except possibly
for forms of type (¢ —k+ 1,9 — k).

In a similar fashion as above, we can define the primitive intermediate Jacobians.
Let X be a g-dimensional projective complex manifold, with polarization w as above.
For k=1,...,g, the primitive cohomology group PZ’“(X ) with values in Z is defined
by the kernel of the Lefschetz operator

L:H¥X,Z) - HY9 (X, Z) : €~ EANWN--- Aw.

Extending scalars to C yields P(é“. This group equals the kernel of the (complxi-
fied) Lefschets operator L : H*¥(X,C) — H?9~%(X,C), and since L respects the
bidegree, we see that PE(X) admits a Hodge decomposition. It is compatible with
the Hodge decomposition of H*(X,C) and it gives a filtration on PE. The k-th
primitive intermediate Jacobian, where k = 1,...,g, is defined by the cokernel of
the integration map

N H2g72/€+1 (X, Z) — (Fg_k+1P2g_2k+1(X,(C))*

and is denoted by J*(X)pmim. This is a complex torus, and the largest subtorus
whose tangent space is contained in (PZ~*""97¥(X))* is called the algebraic prim-
itive intermediate Jacobian, denoted by J*¥(X )prim,alg- This is again an abelian
variety. The inclusion

PR7RHL(X) c H2972L (X, Q)

induces the surjective map H?~2*+1(X C)* — P2~ **1(X)* and thus a pro-
jection ¢ : J¥(X) — J*¥(X)prim. The primitive Abel-Jacobi map is defined by
sending an algebraic cycle Z € 2°%(X )0, to integration of primitive (2g — 2k +1)-
forms over a chain whose boundary is Z, modulo periods. This map is denoted by
Uk o Z8(X) hom — J¥(X)prim and it equals g o ®% . Finally, the restriction of Wk
to &k (X)aig factors through Jk(X)pMmﬂlg, i.e. the following diagram commutes.

k
\I’X

fk(X)alg Jk(X)PTim

\/

J9 (X)prim,alg

We will use the (primitive) intermediate Jacobian to study the Ceresa 1-cycles. The
advantage of this Jacobian is that the image
—1 _

\I/Z(C)(Wl -Wr)
does not depend on the embedding ¢ : C — J(C). A proof of this fact can be
found in [8] or [15].
To show that the Ceresa 1-cycle is not algebraically equivalent to zero, it suffices
to show that there is a closed (primitive) (3, 0)-form on J(C') such that the pairing
of the (primitive) Abel-Jacobi image and this form is not equal to zero. This

shows that the (primitive) Abel-Jacobi image lies outside the (primitive) algebraic
intermediate Jacobian, so C' — C~ & Z27(J(C))alg-
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REMARK 2.7 Consider a curve of the form C' = E + X, where E is an elliptic
curve, X a nonsingular curve of genus g — 1 and where £ and X have one point P
in common. This is a curve of compact type and we describe its Jacobian variety
(informally). For background of this construction we refer to the book [17] of Joe
Harris and Ian Morrison.

For the holomorphic 1-forms we have H°(C,Q¢) = H(E, Q) x H°(X,Qx). The
first homology group doesn’t change if we leave out P, i.e.

H(X,Z)=H(X — {P},Z).

But X — {P} is the disjoint union of E — {P} and X — {P}. It follows that
H,(C,Z) = H,(E,Z) x H1(X,Z). We find that

0 *
J(C) = }m — J(E) x J(F).

2.3 Families

In the next subsection we will look at the variation of the Abel-Jacobi map in a
family. To this end we have to fix some notations and collect some results concerning
deformations of varieties, variation of Hodge structures and the sheaves J#*.

Deformations. A deformation of a compact complex manifold is family! X — B
such that X occurs as the fiber over a specified point 0 € B. The other fibers
p~1(b) = X, are called deformations of X = X,. Two deformations of X are
called equivalent if they are isomorphic as families on open neighborhoods of the
specified points. This shows that an equivalence class of a deformation of X can be
represented by a family over an arbitrary small polydisc, such that X is the fiber
over 0. To a deformation X — B we can associate a short exact sequence

0— Ix = Txlx > ToB® Ox — 0

of sheaves on X. The the first connecting homomorphism in the associated long
exact sequence in cohomology is denoted with

po: ToB — H (X, Ix)

and is called the Kodaira-Spencer map. The elements in H'(X, Jx) are called
infinitesimal deformations. The Kodaira-Spencer map measures in a way, how far
the family is off from being trivial. If the family trivial, then we can lift a vector
field on the base without obstruction to one on X. If the family is not trivial then
there is obstruction in glueing the local liftings of the vector field. This obstruction
lies in H'(X, Zx). If the Kodaira-Spencer map is injective, the deformation is said
to be effective. For a trivial family, the map pg is the zero map?.

A deformation X — B is complete at 0 € B if every other deformation of X is
equivalent to the pull-back of X — B by a morphism B’ — B. Such a pull-back is
defined by the fibered square

X —X

|

B'— B.

1By a family we mean a holomorphic proper submersion of connected complex manifolds.

2The converse of this statement is not true in general. A counter example is given by a
deformation of Hopf manifolds, see e.g. 4.2(d) of [23]. Note that the family in this example is not
flat.
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A deformation is complete if it is complete at every point in B. Two important
questions in deformation theory are (1) how can we decide whether a deformation
is complete and (2) does such a complete deformation exist for a given manifold?
These questions have been answered in the late fifties and early sixties by K. Ko-
daira, D.C. Spencer and M. Kuranishi.

THEOREM 2.8 (KODAIRA-SPENCER) If the Kodaira-Spencer map of a deformation
X — B is surjective for the point 0 € B over which X occurs, then the deformation
is complete at 0 € B.

PROOF. See the Theorem of Completeness in ([23]). O
The existence of a complete deformation was proved by Kuranishi.

THEOREM 2.9 (KURANIsHI) For any compact complex manifold X there exist a
complete analytic family X — B such that X occurs as a fiber. This family is
called the Kuranishi family of X.

PROOF. See the Theorem of Existence in ([23]). O

The inconvenience of the last theorem is that it is a theorem in the category of ana-
lytic spaces. This means that the base space need not be a complex manifold. The
possible obstruction for being a manifold lies in the cohomology group H?(X, Ix).
For the cases in which we are interested there appears to be no obstruction. In the
case of curves this cohomology group is zero. In the case of complex tori we can
calculate what happens. Indeed, consider X = C9/A,;, where M is a matrix such
that the imaginary part is positive definite and A,; is the lattice spanned by the
columns of (I, M). The space of matrices with this property is a complex manifold
and if we take B a small neighborhood of M in this space, we can construct a de-
formation of X over B. Indeed, the manifold that arises as the quotient of C9 x B
by the Z29-action

Z2 5N :(z,M') — (z+ (I, M')N, M)

is a deformation of X with fibers C9/Ajs . This is a complete and effective defor-
mation of X. Note that for such a complete and effective deformation, the tangent
space Ty B can be identified with H'(X, Zx) using the Kodaira-Spencer map.

REMARK 2.10 Another way of showing that a complex torus X of dimension g
has a Kuranishi family X — B with nonsingular base space B is the following.
The cotangent bundle of X is trivial, which makes it a Calabi-Yau manifold. This
is a compact Kéhler manifold with trivial canonical bundle, i.e. J#x = Q% =
O'x. We can now invoke the Tian-Todorov lemma, to show that every infinitesimal
deformation is integrable. For a brief discussion and references, see e.g. [21].

Not every complex torus is an abelian variety. The Riemann relations imply that
X = C9/Ay; is an abelian variety if M is in addition symmetric. Indeed, to be
an abelian variety, X needs an ample line bundle. We can construct one if M is
symmetric with positive imaginary part, using the Appell-Humbert theorem (see
e.g. [24]). Suppose that X = C9/A,; is an abelian variety. Let B be as above,
and let B’ C B be the closed subvariety consisting of the symmetric matrices.
This gives a deformation of X such that all the fibers are abelian varieties. This
deformation is complete as a deformation of abelian varieties. Moreover, B’ can be
viewed of an open neighborhood of the class of X is de moduli space of polarized
abelian varieties. The image of the Kodaira-Spencer map consists of the symmetric
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endomorphisms of C9. We formalize this as follows.

A polarized abelian variety is a pair (X,w), where X is an abelian variety and
where w € HV1(X) N H?(X,Z) is the first Chern class of an ample line bundle on
X. A deformation of a (X,w) is a deformation X — B of X with a polarization
Q) € H?(X,Z) that restricts to w on X. We are interested in the image of the
Kodaira-Spencer map of this deformation.

Such a polarization gives an isogeny ¢,, : X — Xt of X with its dual abelian variety
Xt. Tts differential dip,,(0) : T,X — T,X*" at the identity o € X is an isomorphism
and using the identifications T, X! = H'(X, Ox) and T,X = H°(X, Jx), we get a

commutative diagram

ToX =—— HO(X, Tx)
dp. (o)l \LEJ
T, Xt =—— H'(X, O),

where the right vertical map is cupping with w. The tangent sheaf Jx is free, i.e.
we have Ix = T,X ® Ox. It follows that H*(X, 7x) = H'(X, Ox) ® T, X, which
in turn is isomorphic to HY(X, Ox) @ HY(X, Ox) via the map id ® @. This must
hold for every fiber in the family, and this imposes a symmetric condition on the
image of pg. This is reflected in the fact that py maps onto the symmetric part of
HY(X, Jx). The symmetric part can be identified with the kernel of the natural
projection

2
H'(X,0x)® H'(X,0x) — \ H'(X, 0x).

Using the identification H?(X, 0x) = HY(X,0x) \ H*(X, Ox), we get the com-
mutative square

HY(X, ) H*(X,0x)

HY(X,0x)® H'(X, Ox) — \? H'(X, 0x).
The kernel of the upper horizontal map (cupping with w) is denoted with
HY(X, Ix)e.

It consists of the infinitesimal deformations that might occur in the image of the
Kodaira-Spencer map of a complete effective deformation of the polarized abelian
variety (X,w). The fact that they actually do occur, follows from the fact that
there is a complete and effective deformations of the pair (X,w). It follows that
the base space is an open neighborhood of the class [X] of X in 2, the moduli
space of g-dimensional polarized abelian varieties over C. The tangent space of 2,
at [X] is identified with H(X, Zx). Rigorous proofs of the above statements about
deformations of abelian varieties can be found in [34].

The period map. The complex structure on a manifold is closely related to the
Hodge structure. The way in which this structure varies in a family is described with
the period map. For a deformation X — B of a compact complex manifold X with
B small enough, we see that the cohomology groups H*(X,, C) are all isomorphic.
With these isomorphisms we can map the Hodge filtrations of the cohomology of
a fiber, to the flag manifold of the filtrations of the cohomology H*(X,C) of the
central fiber X. This map is the holomorphic period map

P* . B — Flag(d®k pkk=1 %0 H¥(X,C)).

18
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This flag manifold appears as a submanifold of the product of the Grassmann vari-
eties, i.e.
k
Flag(bPF, pFF=1 80 H*(X, €)) € [ Grass(vi?, H*(X, C)).
p=0

The period map factors through this product, and projecting onto its factors gives
the maps
PP B — Grass(b*?, H*(X,C)), k=0,...,k.

These are also holomorphic and the differentials at b € B are linear maps
dP*?(b) : TyB — Home(FPH"(X,,C), H*(X,,C)/FPH*(X,, C)).

Investigation of these period maps shows that the the differential dP*?(b) factors,
i.e. the following diagram commutes.

Homg (FP/FPT EP~/EP™2) (2.1)

k
Ty,B p Homc (F}, H* /F})

In view of the identifications H??(X,) = HI(X, Q’)’(b), we arrive at the commutative
diagram

TyB ——— Homc(FPH*(X,,C), H*(X,,C)/FFH*(X,,C))

lpb

Hl(Xb, yxb) E— Hom@(Hk_p(Xb, Qz))(b), (]{k_p—i_l()(b7 Qg{bl)))

The upper horizontal arrow is dP*?(b), the lower sends an element 6 to “cupping
with 6”.

In the case of the Kuranishi family X — B of a complex torus of dimension g,
we may consider the period map P99. Since FYHY(X,C) = H(X,Q%) is of di-
mension one, this is a map

P99 B — P(HY(X,C)).

This map is an immersion and we say that “the periods give local moduli”. The
proof can be found in 10.3.2 of [32]. This results in an isomorphism

HY(X, Ix) — Home(H(X,Q%), H(X, Q% 1)),
or equivalently, an isomorphism
p: HY(X, Ix) @ HO(X, Q%) — HY(X, 0% ),

where p is induced by the cup product.
Our main interest however, lies at abelian varieties and their deformations. The
infinitesimal deformations of a polarized abelian variety (X,w) of dimension g are
paramatrized by H'(X, Zx ). To see how u acts on H'(X, Ix), ® HO(X, Q%) we
first consider the commutative diagram

HY(X, 7x) @ HO(X, Q%) —=2 o g2(X, 0x) ® HO(X, Q%)

| |

HY(X, 0% H*(X,Q%).
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The map @ is cupping with w and L is the Lefschetz operator. The right vertical
map is an isomorphism. It follows that p’, the restriction of p to HY (X, Ix), ®
HOY(X,Q%), takes values in the primitive part H'(X, Qg{l)o. Moreover, we see that

p s HY (X, Tx)e © HO(X, Q%) — HY(X,9% o
is surjective. This is an important observation.

All the primitive forms of type (g — 1,1) can be obtained by taking a (g,0)-form
and cup it with some infinitesimal deformation of (X,w).

The sheaves #*. Let m : X — B be a deformation of the polarized abelian
variety (X,w). Instead of looking at the period maps, we can also study the variation
of the Hodge structures via the sheaves

H* = RFr,C® Op.

The sheaf 7% is locally free, so we may view it as the sheaf of sections of a vector
bundle. The fiber of this bundle over b € B is isomorphic to the cohomology
group H*(Xj, C). Furthermore, /% has a filtration that corresponds to the Hodge
filtration on the fibers, i.e. there are locally free subsheaves

0=FFtlpk c Fropk ¢ ... c F'o#* c FOrk = *

and the inclusion FP#% C 2" corresponds to FPH*(X,C) C H*(X},C) on the
fibers.
The sheaf J#* carries a flat connection

V:#F - #2005
called the Gauss-Manin connection. It satisfies Griffiths transversality
V:FP* — FP ik @ Qp.

An important aspect of this construction is the following. Given a deformation
7m:X — Bof X and a class & in FPH*(X,C), we can view this class as a varying
class, i.e. the value of a local section & of FPs#%. TIts values are denoted with
& € FPH*(X,,C). Using the isomorphisms H*(X;,C) = H*(X,C), this gives a
map z : B — H*(X,C) that depends holomorphically on b. We want to know its
derivative in the direction of v, a vector field on B. This can be calculated with the
formula:

v(@)(b) = Vo(©)ls = dP™7(b)(v(b)) (&),

where V,(§) is the evaluation of V€ on v. The right hand side is an element of
FP=YHk(X), C) which gives a class in the quotient HP~1Lk=P+1( X, C). With the
identifications of HP(X;) = HI(Xy, Q% ), this corresponds to

py(v(b)) - & € HFPH(X,, Q5 ).

The Gauss-Manin connection is also compatible with Poincaré duality. More pre-
cisely, if v is a section of #** and 7 is a section of J#*, then v corresponds to a
section v/ of #9~% and the pairing v(n) = (v/,n) is a section of 5. For a vector
field v on B we can calculate the directional derivative

v(v(n) = (Vo' m) + (', V). (2.2)
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2.4 Variation of the Abel-Jacobi map

For a polarized complex manifold X we have defined the various intermediate Jaco-
bians, and they behave nicely in a family. More precise, for a deformation 7 : X — B
of X we have the sheaf 5#2¢—1 with subsheaf F*.2#%~1. The exact sequence

O_)Fk:%Zk—l _)%2]{:—1 _)gle(fk) =0

defines the sheaf Zie(_#*) on B. If we denote the locally constant sheaf R*m.Z
with %2k717 we get the defining sequence

Oﬁgﬁiﬂzzkilﬁgie(fk)—)fk—’(),

which we stipulate to be exact. The sheaf ¢ k may be thought of as the sheaf of
sections of the family of k-th intermediate Jacobians of the fibers over B.

Let’s denote this family with {J¥(X})}, for a moment. The manifold X is also
polarized and hence projective. Let Z € 2°%(X) be a cycle that is flat over B. If
we intersect with the fibers X3, we see that Z may be considered as a family of
algebraic cycles {Z;}, where

Zy=Xp-Z € Q‘”k(Xb).

If in addition, each Z, is homologous to zero, we can associate to every point b € B
the Abel-Jacobi image of Z;. In this way we get a map

B— {J"(Xp)}hy 1 b @k ().

This map turns out to be holomorphic, which was first proven by Griffiths. So it is
a section of the sheaf /k, and as such, it is denoted with v.
Suppose that B is a projective variety. Then the section vy possesses yet another
property: it is normal. This means that it is a section of the subsheaf of nor-
mal functions, which is defined as follows. The Gauss-Manin connection induces a
morphism

AV /k N %2k—1/Fk—1%2k—1 ® QB

and the sheaf of normal functions is the kernel of this morphism.
One consequence of vz being normal is the following. Locally, we can lift v to a
section v of %=1 and application of V yields

Ve FFlh=1 g 0b. (2.3)
In fact, this holds for every lift of v;. Condition (2.3) is equivalent to
(Voo,m) =0, forall pe Frkt2 p2n=2k+l

and all vector fields v on B. In view of (2.2), this shows that any local lift 7 of the
normal function v satisfies

v((Z,m) = v(Von) (2.4)

for every vector field v on B and every section n of Fn—k+22n=2k+1  Another
consequence of vz being normal, is that we can consider its infinitesimal invariant.
We discuss this in subsection 3.3.

Finally, we note the existence of the families

{‘]k(Xb)alg}b; {Jk(Xb)prim}b and {Jk(Xb)prim,alg}b
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whose sheaves of sections we denote with respectively
faklga /pkrim and /pkrim,azg-
The projection J*(X) — J*¥(X),im and the inclusions of the abelian subvarieties
T (X)ag € JHX) and T X)primatg © (X)) prim
are reflected by the sheaf morphism ¢: #* — /pk”m and the inclusions
/aklg C /k and /pkrim,alg C jpkrim'

The section vz, or rather the cycle Z, gives rise to a section vy z of /pk”m. It
corresponds to the holomorphic map

B — {Jk(Xb>prim}b (b — \I/Iﬁgb(Zb).

If the cycles Z; are in ffk(Xb)alg, then vz and vy 7z can be seen as sections of the
sheaves faklg and /pkrim,al , respectively.

REMARK 2.11 We close this section with a different kind of variation of the Abel-
Jacobi map. Let X be a complex projective variety of dimension g and let S be
a nonsingular connected curve. Consider an algebraic cycle Z € 2%(X x S) all of
whose components map onto S. Fix a base point sg € S and define

vy S — JFTHX) s @K (Z(s) — Z(s0)).

Griffiths has shown that this map is holomorphic. See e.g. Thm. 12.4 of [32].
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3 THEOREM OF CERESA

3 Theorem of Ceresa

In the previous section we have defined the Ceresa cycles W, — W~ on a Jacobian
variety of a curve of genus g. We have seen the vanishing of the class of the Ceresa
r-cycle in two cases. First for the Ceresa (g — 1)-cycle, since it has a symmetric
translate. Second for the cycle C'—C™ in case C is hyperelliptic. In the next section
we will show that all the Ceresa r-cycles vanish in the algebraic equivalent ring if
C' is hyperelliptic. But as we mentioned before, these cases are exceptions.

THEOREM 3.1 (CERESA,1983) On a generic Jacobian variety J(C) of dimension
g > 3, the algebraic cycles

W,-W_ -, 1<r<g-2
are not algebraically equivalent to zero.

The proof that was given by Ceresa in [6] takes three steps. In step 1 he shows that
if the theorem is not true for ¢ = 3,7 = 1, then the normal function vy with respect
to the Ceresa cycle and values in the 27¢ p rimitive intermediate Jacobian, is the
zero function. In step 2 he produces a counterexample for this statement. In step
3 he generalizes to the case g > 3 and 1 < r < g — 2 using an induction argument.

In the same year that Ceresa’s result was published, Bruno Harris produced an
article [15] in which he analyses the normal function we described above. He finds
a way to express the value of this normal function with iterated integrals, using the
concept of a “harmonic volume”. Furthermore, he shows that the differential of v
is not equal to zero. This is another counterexample of step 1 of Ceresa’s proof.
In his article [16] he uses his formulae to calculate explicitly the value of vy at the
Fermat curve of genus 3, paired with a non-trivial (3,0)-form. This turns out to
be nonzero, which shows that for this curve the Ceresa 1-cycle is not algebraically
equivalent to zero. This is another counter example to the conclusion of step 1.

The techniques of Harris cannot be used prove to Ceresa’s theorem for g > 3,7 = 1.
The normal function vy need not be zero if C' — C~ ~g 0, for g > 4. So the non-
vanishing of the differential of v is not a counterexample for curves of higher genera.

This problem is solved in the paper [8] by Collino and Pirola. They note that
the normal function vy can be viewed as a section of the family of algebraic primi-
tive intermediate Jacobians if Ceresa’s theorem is not true for g > 3,7 = 1. In this
case, the infinitesimal invariant (which we will discuss later) §(1g) of vy can be seen
as a trivial functional on some vector space K’. However, they show that for every
non-hyperelliptic curve, the functional 6(vg) acts nontrivially on K’. This proves
Ceresa’s theorem for g > 3,r = 1.

3.1 Ceresa’s proof

Before we start the proof, we take a closer to the statement of the theorem. This
way of looking at the theorem was pointed out to me by Frans Oort and it clarifies
what happens if the theorem is not true in the case of g = 3,r = 1.

An observation involving a Chow variety. Let 913 be the moduli space of
nonsingular curves over C of genus 3. We want to apply techniques of section 2, so
we need a universal family of curves. This doesn’t exist over 93, so we consider
the fine moduli space M3 y of curves of genus 3 with some level N-structure!. This

LN > 3 suffices
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gives a finite covering
931371\; — mg

and over M3 n there is a universal family 7w : C — M3 . For this family, there is a
family of Jacobian varieties J — 93 y, and this is a projective family. By this we
mean that both J and 93 y are projective.

The fibers of these families over a point [C] give the curve C and its Jacobian variety
J(C). Suppose that the Ceresa 1-cycle is algebraically equivalent to zero for this
curve. Then there is a curve S, a positive 2-cycle Ex € Z5(J(C)), a positive
1-cycle D¢ on J(C) and two points s¢,tc in S such that

Ec(SC) = Wl(C) + D¢e  and Ec(tc) = Wl_(C’) + D¢ (31)

The cycle Ec can be seen as a 2-cycle in some fixed projective space, the curve
S can be embedded as a curve in P3, and the cycle D¢ is a 1-cycle on the fiber
of a family of projective varieties. These objects can be paramatrized by a Chow
variety Choto, and it obviously consists of many components. We can now look
for a point (E,S,D¢) in €how if there are s,¢ in S such that (3.1) holds. This
is a locally closed condition on the points of €hoto, i.e. the points for which this
holds form a locally closed set V' of €hotwv. The image V' of V of the projection
morphism Chotw — M3 is constructable. This follows from the observation that a
locally closed set is constructible and a theorem by Chevalley, which says that the
image of a constructible set is constructible. For proofs and references, see e.g. [18],
Exercise I1.3.19. We distinguish two cases for the dimension of V’.

Case 1 We have dimV’ = dim913. In this case, there is a Zariski open set 4 C 93
contained in V'’ and families

{Ec}ic;, {Sc}iey and {Dc}e

over 4l of positive 2-cycles F¢ on J(C) x S¢, curves S¢ and 1-cycles D¢ on
J(C) that vary algebraically with [C] and for which we can find points s¢, te
such that (3.1) holds.

Case 2 We have dim V'’ < dim 93, in which case there are countably many subvari-
eties of M3 such that for points outside their union, the Ceresa 1-cycle is not
algebraically equivalent to zero.

The theorem of Ceresa says that if g = 3,7 = 1, we are in Case 2. If we assume
that Ceresa’s theorem is not true then Case 1 applies.

PrROOF OF CERESA’S THEOREM. As we mentioned before, we proceed in three
steps. The adjective ‘open’ means analytically open.

Step 1. Suppose that the theorem is not true for ¢ = 3,7 = 1, i.e. we are in
Case 1. The pre-image of the Zariski open set 4 C M3 in M3 x is denoted with
Y. The family of curves {Sc}(c is denoted with & — . The family J — M3 n
gives rise the families of (primitive) 2"¢ intermediate Jacobians of the fibers of 7.
The sheaves of sections are denoted with #2, and _#2. The family C — M3 y
has local sections and these are used to embed the curves in their Jacobians. More
precise, a local section P : U — C on U C M3 n gives a map ¢* : Cy — Jy. The
image is a flat cycle {W1(C)}(¢c) in Ju over U. Using the inverse on each fiber, we
can construct the flat cycle

{W1(C) = Wi (O) ey
over U. This gives local sections v and vy of #2 and #2. . Since the Abel-

Jacobi image \P?,(C)(Wl(C) — W ((©)) is independent of the choice of embedding
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C — J(C), we see that the local sections vy glue to a global section over M3 . This
section is holomorphic and moreover, it is the zero section. We present two proofs
for this fact. The first one was used by Ceresa, the second follows from observations
in the previous section.

(1) Let U be an open set in I, and consider the sections v and vy. Note that v is
a lift of vy if U is small enough. It is sufficient to show that vy is zero on U since
it will then be zero on Y. But then it is automatically zero on the whole of 93 n
since 4 is a dense subset.

Assume [C] € U. The value of v4([C]) is Wi(c)(Wl(C) — Wy (C)), and in view of
(3.1) and remark 2.11, we have

V% oy (Wi (C) = W (C)) = s (to)-

The map s, : S¢ — J*(J(C))prim is holomorphic and moreover, it lifts to the
universal cover of J2(J(C))prim. This shows that ¢s. is the zero map. Indeed,
the lift is holomorphic and S¢ is a compact Riemann surface so we can apply the
maximum principle. To see that there is a lift, we show that the induced map
in homology is trivial. To this end, consider a cycle class I' € Hi(S¢,Z). Let
I e Hs(E¢,Z) be the cycle class of the inverse image of I'. This in turn can be
pushed forward to a cycle class ' € H3(J(C),Z). Using Poincaré duality

PD: H3(J(C),Z) — H3(J(C),7Z),

this gives an element yo € H?3(J(C),Z). We may view this as the value of a
local section v of the sheaf 7#7. In particular, for every vector field u on U,
we have V,(y) = 0. Let & € F3H3(J(C),C) = H3*9(J(C)) be the value at
[C] of a local section & of F3.#73. By consideration of type, or by noting that
v([C)) € J*(J(C))aig, it follows that the pairing (7y,&) = 0. This pairing is a local
section of Oy, , and application of the derivation u yields

0=u((7,€)) = (Vu(7),8) + (7, Vu(§)) = (7, Vu(§))-

Evaluated at [C], the section V(&) is an element of F2H3(J(C),C). It can be
written as a sum & + £, where the first term is in H>9(J(C)) and the second is
in H>1(J(C)). Since

(e Eb) = /, €L =0,

we arrive at the conclusion that [&7 = 0.

But Jy — U is a family of principally polarized abelian varieties over C of dimension
3. So it arises as the pull-back of the family over a subset of the moduli space s
of principally polarized abelian varieties over C, by the induced map

U—>Ql3.

This map is an injection by the Torelli theorem'. The dimensions of U and 23
spaces are equal. Indeed, for g > 2 we have

1
dim9M, =3g -3 and dimﬂg(g—; >

So we may consider Jy — U as the Kuranishi family of J(C'). We now invoke an
observation of the previous section:

All the primitive forms of type (2,1) can be obtained by taking a (3,0)-form and

IThis theorem states that the induced map 90, — 24 is injective.
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cup it with some infinitesimal deformation of J(C).

So the class of £/, corresponds to a primitive form

pc(u([C)) - &c,

and by varying £ and u, we can obtain every primitive (2, 1)-form in this way. This

ShOWS (ha‘
/ 77
—

for every class n € F?P2(J(C)). So the induced map s . in homology is zero,
showing that 1. lifts to (F2P3(J))*. This establishes the claim that s, is the
zero function. This holds for every point [C] € U, so vy is the zero section over U.
(2) Another way of showing that v is the zero section, is to exploit the fact that
v is normal. Let U C M3 v be an open set lying in $1' and let ¥ be a (local) lift of
v to 3. Let & be a section of F3.5#2 over U. Since v is normal, it follows from
(2.4) that we have

u((7,€)) = v(Vf)

for every vector field w on U. By considerations of type we conclude that 7(V,&) = 0.
Reasoning in the same fashion as above, we conclude that v is the zero section on
U.

Note that 1y being the zero section is exclusive for the case g = 3, since we need all
the deformations of J(C) to arrive at this conclusion. For higher genera we have
dim 9, < dim®A,, in which cases we cannot use this reasoning.

Step 2. Here we present the counterexample for 1 being the zero section on M3 y.
First we consider the local sections! 19 on open pieces of the moduli space M.
These are also zero sections, since they agree with restrictions of the zero section v
we defined on M3 y. In fact, we can define these local sections on 903, the moduli
space consisting of classes of curves whose Jacobian is an abelian variety. These
local sections must be zero too.

Consider the connected curve Cy = E + F, where E is an elliptic curve and F a
nonsingular complete connected curve of genus 2 (see remark 2.7). We assume that
the intersection ENF = { Py} is not a Weierstrass point of F. The Jacobian variety
J(Cp) degenerates:

J(Co) = J(E) x J(F).

The polarizing classes of J(E) and J(F') are denoted with wg and wg respectively.
The polarizing class of J(Cp) is then wg +wp. Any class € € HYO(J(F)) gives rise
to a class n = £ A (wg — wp) and this is a primitive form. The Ceresa 1-cycle can
be written as

(B x {0} + {0} x F) — (B x {0} + {0} x F") = ({0} x F') — ({0} x F'™),

where we use the point Py to embed the curves. The curve F'~ is the same as the
image of the embedding F' in J(F') using the point ¢(g). Indeed, we have

F~ = —4"(F) = (6™ 0 )(F) = 6V(F)

Consider the map F'x F — J(F)x F : (P,Q) — ([P—@Q)], Q). Its image is a cycle in
J(F) x F such that intersection with a horizontal slice yields ¢@(F). In particular,
if I'is a path on F' from Py to ¢(Fy), then the image of F' xI"in J(F') x F', projected

IThere is no global section, since there is no family of Jacobian varieties over My. This is due
to the absence of a universal curve over this space.
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onto J(F') is a singular chain I'" with boundaries F' and F~. We want to integrate
the form & Awp over the chain I, i.e. we want to calculate fF, & ANwp, which equals

f/\wFZ/ f/\wFZ/ §Nwp,
r 5. (FxT) 5. (Fxu(I))

since id X ¢ : F x F — F x F is an isomorphism. In view of example 2.6 and the
Kiinneth formula, this is equal to

3 [@ren [y

The chain I, viewed as a singular chain on J(Cj) has boundary

({0} x F) = ({0} x F7) = Wi (Co) — Wy (Co),

w(CoDn) =5 [ n= [ @™y [@")e

We can arrange this expression to be zero. The first factor is already nonzero
because (¢f)*wp is a Kihler form. For the second we note that since Py is not

so we find

a Weierstrass point, the chain I' is not a cycle. This implies that [ ILJOPO) is not a
period of F and since H*9(J(F)) = H(F,Qr), we can find £ € HYO(J(F)) such
that

J@ryero

This contradicts our conclusion from step 1, that the primitive normal function is
Zero.

Step 3. We argue with induction on the genus g. Suppose that the theorem holds
up to g—1. Let Cy = F+ X be stable curve of genus g, with E an elliptic curve and
X a generic nonsingular complete curve of genus g — 1. For the Jacobian varieties
we have J(Cp) = J(X) x J(E). The r-cycle W, specializes to

W, (X) x {0} + W,_1(X) x E. (3.2)
If we assume the Ceresa r-cycles to be algebraically equivalent to zero, then
(W, (X) x {0} + Wy (X) x B) = (W (X) x {0} + W,y (X) X E) ~ay 0 (3.3)
Projecting onto J(F') yields
Wi(X) - W (X) ~qg0 onJ(X), r=0,1,...,9—1.

This contradicts the hypothesis for r = 1,...,g — 3. For the Ceresa (g — 2)-cycle,
note that the equations (3.2) and (3.3) imply that

(Wg—3(X) X E) - (Wg_—S(X) X E) ~alg 0.

Intersecting with the cycle J(X) x {0} and projecting onto J(X) yields

W973(X) - ng:a(X) ~alg 0,

again contradicting the hypothesis. This finishes the final step and concludes the
proof of the theorem of Ceresa. (]

REMARK 3.2 We would like to stress that the original proof by Ceresa was not in
the language of the normal functions. By using these functions anyway, we tried to
clarify what happens on a conceptual level.
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3.2 B. Harris’ papers

In his paper [15], Bruno Harris defines the concept of a harmonic volume. Let
C be a nonsingular curve over C of genus g. The harmonic volume is an element
1(&1,&2,&3) of the circle R/Z, associated to a triple (&1, &2, &3) of real harmonic forms
on C' that satisfies the following two conditions.

/g,»Agj:o, 0<ij<3 (3.4)
C

/ﬁi € 7Z, for any l-cycle I" on C. (3.5)
r

The first first equation shows that & A &; is exact. This gives a 1-form n;; with
dn;; = & N&;. If we fix a point P € C we can define the map

Q
xi:C’—ﬂR/Z:QH/P &.

Let I's be the Poincaré dual of £5. These ingredients are used to define the harmonic
volume:
I(&1,82,83) 1:/ 7161 — M2 € R/Z.
I's
This is an integral that could be calculated, at least for certain curves. We will now
explain why this is called a “harmonic volume”, by presenting another interpretation
of this number. The functions z; : C' — R/Z together give a map

r=(x1,20,23): C =T =R/ZXR/ZXxRJZ: Q — (21(Q), 22(Q), 23(Q)).

The image of this map is a 2-cycle in the 3-dimensional torus 7%, and Harris shows
that this chain is the boundary of a singular 3-chain IV. The volume of this chain
modulo Z, agrees with (&1, &2,&3).

These considerations seem rather ad hoc, but we will now show how they correspond
to the normal function of the previous section. To begin with, the harmonic 1-forms
that satisfy (3.4) are denoted with Hary(C). This is a free abelian group of rank
2g. The elements in the kernel of the map A’ Hark(C) — Har}(C), defined on
generators by

1N ANE— {/Cfl/\&}fzﬂr{L§2Af3}€1+[/C§3A§1}§2,

give triples for which the harmonic volume is defined. The next step is to iden-
tify Hary(C) with H'(C,Z) and in turn with H'(J(C),Z). We may also identify
N? HY(J(C),Z) with H3(J(C),Z). In view of these identifications, the kernel we
described above corresponds to the classes of the closed primitive 3-forms P3(J(C)).
Harris shows that the association of a harmonic volume to a triple (£1,&s,&3) cor-
responds to a homomorphism

I:P3(J(C)) —R/Z.
Then it is shown that the elements in Hom(PJ(J(C)),R/Z) correspond to points
on the 2"¢ primitive intermediate Jacobian of C. In fact, we have
Hom(PZ*~1(J(C)), R/Z) 2 J*(J(C))prim-

We will now show that the element 21 corresponds to the primitive Abel-Jacobi im-
age of the Ceresa 1-cycle. To this end, we describe J(C') by Hom(Har(J(C)), R/Z).
We use that Harz(J(C)) = P}(J(C)). Then Hom(Hary(J(C)),R/Z) is actually
equal to J1(J(C))prim, but all the 1-forms are primitive. Moreover, J!(J(C)) is
canonically isomorphic to J(C) by auto-duality'. If we fix a basis {{1,...,&,} for

I This is the phenomenon that Alb(Pic®(X)) = Alb(X) and Pic®(Alb(X)) = Pic?(X). See e.g.
p331 of [12].
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Har},(C'), the embedding ¢ : C' — J(C) corresponds to the smooth map
C — Homg (Hary(J(C)),R/Z) : Q — 21(Q) + - -+ + 224(Q).

Composing with the projection 7 : J(C') — T? of the first three coordinates gives
the map x : C — T3. Let I' be the singular 3-chain whose boundary is the Ceresa
1-cycle in J(C). Then

A (1)) = 1 (C — C7) = 1,(C) — (=1),7,(C),

where (—1), is the map in homology induced by the inverse on T°. But 7,(C) =
x(C) = 9(I"), for some 3-chain I' in T3. We find that

O(m.(I')) = 2(C) — (=1 (C) = O(I" — (=1).(I")),

showing that . (T') and IV — (—1).(I") are homologous. By abuse of notation, we
write

‘I’lJ(C)(C —C7 )& N NE) = /Ffl A&y A€ modulo periods.

and Harris shows that right hand side equals the volume of 7, (I') modulo Z, which in
turn equals the volume of TV — (—1).(T) modulo Z. The homology map (—1). com-
mutes with taking the volume, so we see that the value of the primitive Abel-Jacobi
image of the Ceresa cycle, acting on a primitive holomorphic 3-form corresponds to
taking twice the harmonic volume of this 3-form.

Harris furthermore shows that the harmonic volume is independent of the choice
of embedding C — J(C) and that it is a holomorphic section of the family of 274
primitive intermediate Jacobians over a covering of the moduli space. To be precise,
he considers the Torelli space, the moduli space of isomorphism classes of curves
together with a basis of the homology group H;(C,Z). This is a fine moduli space,
so it admits a universal curve. Note that 27 being holomorphic follows readily from
the identification 27([C]) = vo([C]) and our considerations in the previous section.
He also shows that the differential of 1 is non-zero at some points of the hyper-
elliptic locus of the Torelli space. This shows that 1 is not the zero section on
any fine moduli space of curves of genus 3 with additional structure. This gives a
new counterexample for step 2 in the proof of Ceresa’s theorem. One could say,
that reasoning further on, this gives a new proof of Ceresa’s theorem. But for the
induction argument we have to get back to Ceresa’s methods of specializing to a
degenerate curve. Indeed, his observation is not useful if we want to prove Ceresa’s
theorem for g > 4,r = 1, since vy need not be the the zero section in those cases.
In 1995, William Faucette generalized the harmonic volume to higher dimensions in
his paper [10]. He presents formulae to calculate the primitive Abel-Jacobi image
acting on primitive forms. His results also cannot be used to prove Ceresa’s theorem
either: the normal functions involved need not be zero either. Before we move on
to another proof of Ceresa’s theorem for g > 3,7 = 1, we present an application of
the harmonic volume.

3.2.1 The Fermat curve of genus 3

In his paper [16], Bruno Harris shows that the Ceresa 1-cycle is not algebraically
equivalent to zero for the curve

X44+vt=274

This curve has been studied a lot, so there is a lot of information about it that can
be applied to do some calculations.
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Harris writes a primitive (3,0)-form as a real harmonic triple that satisfies (3.4)
and (3.5) and then calculates its harmonic volume. With the choices he makes, this
boils down to calculating

1 T d de
2fo [fo (1,,5:)1/2} A—z1)377
1 1 z .
UO u—glﬁ} ' [fo uifw}

The value is not in Z, from which it follows that the harmonic volume of this triple
is not an integer. This translates to the statement that v, ([C]) is non-zero.

REMARK 3.3 The above two counterexamples by Harris, for step 1 in Ceresa’s
theorem don’t give a really new proof of the theorem. The techniques that Ceresa
used to construct his counterexample (specializing to a degenarated curve) are also
used in the induction argument. As we remarked earlier, the nonvanishing of the
differential of vy does not serve as a counterexample for higher genera, since vy need
not be zero then.

3.3 Collino and Pirola’s paper.

In this subsection we present the proof that Collino and Pirola [8] gave of Ceresa’s
thereom for g > 3,7 = 1. Just like in the proof by Ceresa, we shall show that the
assumption that the general Ceresa 1-cycle is algebraically equivalent to zero leads
to a contradiction. We will work with a nonsingular connected and projective curve
over C of genus g > 3. Let vy denote the section of /pggfn associated to the Ceresa
1-cycle. Under our assumption, the only thing we know about vq is that it is a sec-
tion of Z (fl;l. Therefore the non-vanishing of dry doesn’t lead to a contradiction.
We need to be more precise in our considerations: this is where the infinitesimal
invariant comes into play. Other ingredients of the proof are: an algebraic view on
deformations and an adjunction map. We will introduce these notions briefly.

Let C' be a curve as above. If we vary C in the moduli space, then we get a
deformation of the pair' (J(C),w) by the induced map MM, — A,. This gives a
diffential H'(C, 7¢) — H'(J(C), 7)) which factors through H'(J(C), Ty (c))w-
The latter space may be identified with the space of symmetric? homomorphisms

Hom ™ (H(C, Qc), H' (C, 00)).
Using these identifications, we get a map
H(C, To) — Hom™) (H*(C,00), H'(C, 00)) : € — €,

where E means cupping with §. If C'is not hyperelliptic, then this map is injective.
This follows from Max Noether’s theorem, see e.g. [1]. The kernel of ¢ is denoted
by Ef.

Suppose for a moment that C' occurs as the fiber of a deformation C — B over 0 € B.
A tangent vector v € Ty B is uniquely determined by a morphism Spec Cle]/(¢?) —
B, which we also denote by v. Let & = pg(v) be the Kodaira-Spencer class of this

IThe class w is the first Chern class of the canonical ample bundle on J(C).
2Symmetric with respect to the pairing (,7) = [o0 A 7, where ¢ € H(C,Q¢) and 7 €
H'Y(C, 0c).
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vector. Let C¢ be a “thickening” of C', defined by the fibered diagram

Cg C

| |

Spec Cle]/(€?) ~— Spec C.

Formally, such a thickening C¢ — Spec Cle]/(€?) is characterized by the property
that the fiber over 0 is isomorphic to C. We can associate such a thickening to every
infinitesimal deformation and in fact: the isomorphism classes of these thickenings
are paramatrized by H'(C, 7¢).

This way of looking at the infinitesimal deformations of C' gives rise to an ad-
junction map that we construct now. Let £ be an infinitesimal deformation of C'
and let C¢ the associated thickening. The embedding C' — C¢ gives rise to the
normal sheaf #¢/c, and the restricted cotangent sheaf Qc, ® Oc. We denote them
briefly by .#¢ and €¢. They fit into the exact sequence

0— A" — Qe — Qo — 0, (3.6)

where the asterisk denotes the dual sheaf. The conormal sheaf is trivial, i.e. we
have an isomorphism g : </1/§* — O¢. Using this identification, we get the long exact
sequence from (3.6),

0— H(C,0c) — H(C,Q¢) — H(C,Qc) % HY(C, 0c) — ---

The first connecting homomorphism is equal to ,SA Taking the determinants of (3.6)
gives an isomorphism A? Q¢ & A" ® Qc. This shows that A’ Qe @ g = Qc. We
use the isomorphism p* : o — A to get the map HO(C, \* Q) — H(C, \* Qe ®
A¢). Precomposing with the natural map A’ HO(C, Q¢) — HO(C, A’ Q) yields the
adjunction map

2
ag: \H°(C, Q) — H'(C,Q0).
We use this adjunction map to define a pairing

2
Q¢ : /\Ze x H(C,Q0) — C

as follows. Let s; and sy be in Z¢. They lift to sections o1 and o2 of HO(C, Q).
Then we can calculate ag (o1 A 02). Define

o~

Qo1 ANoa,T) := /Cozg(ol Aaog) NE(T).
This definition is independent of the chosen liftings. For this pairing to be inter-
esting at all, we want dim=¢ > 2. Among the infinitesimal deformations with
dim Z¢ > 2, we have the special ones, for which Q¢ = 0 and the general ones, for
which Q¢ # 0. The first important result from the paper [8] is that every non-
hyperelliptic curve has a general deformation.

The infinitesimal invariant of a normal funtion has been introduced by Griffiths
in his paper [14]. In fact, he uses a whole section to define it. Here we will do
with an informal description. Let C — B be a deformation of C'. The infinitesimal
invariant dvg of the normal function vy from above is a global section of some (tau-
tological) bundle on some (incidence) variety and it can be “evaluated at a point
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b € B”. The resulting object is a linear map K — C, where K is the kernel of the
map

T,B @ P2 (J(G) = P(J(Gh) - D& @mim 3 Ve, (). (3.7)

Before we can describe this linear map, we need to give another description of the
primitive intermediate Jacobian. Using Poincaré duality, we find

F2PE(J(Cy))" = w2 PE(J(Cy)) [w P FLPE(J(Cy))

and accordingly, we find a (dual) lattice. The most important thing is that we can
lift vy to a section 7y of {w9 " P3(J(Cy))}rep. The infinitesimal invariant of vy,
evaluated at b is defined by

@S &om) =3 [ (Vem) Am
i ;. JJ(Cyp)
If vy is constant on B, then the dvy will be zero.

We will now see what happens if vq is a section of /5—1 Let .i”ie(/g_l )

rim,alg” prim,alg
denote the sheaf of Lie-algebras on B of the family of abelian varieties

{Jgil (J(Cb))pm'm,alg}bEB-

Let {Ly} C {P2(J(C))}ver be the bundle of sections that are fiberwise orthogonal
to Lie( -1 ), ie.

prim,alg
L= {ne P2J(C)) /C 0 A = 0,¥ € Lie(J (J(C))primats)}

on each fiber, were we left out the subscript b. Note that P2°(J(C)) C L. We
denote this space with L*°. The space L N P2 (J(C)) is denoted with L>!. Let
K’ denote the kernel of the map

T,B® L*' — PY*(J(0))

that is the restriction of (3.7). Clearly, K’ ¢ K. If é®n € K', then [, V¢pAn =0,
since

V(ZLie( 250 ) C Lie( £ )@ Q.

prim,alg prim,alg
This shows that if we assume the general Ceresa 1-cycle to be algebraically equiv-
alent to zero, then 0vy(b)(K}) = 0. This observation can be compared to the
observation in step I of Ceresa’s proof. The difference is that we get a conclusion
that holds for all g > 3.

We will now lead the above conclusion to a contradiction. Collino and Pirola came
up with the following formula of dvy(b), using the adjunction map we discussed
above. Suppose that dim=¢ > 2. Let 01,02 € Z¢ be linearly independent, and
7€ H°(C,Q¢). Then we have

~

p(0)({ @ o1 ANoa NE(T)) = —2Q¢ (01 A o2, 7).

If C' is not hyperelliptic, we can always find a general deformation £, with 01,02 € E¢

and 7 such that Q¢(01 Aoa,7) # 0. It remains to show that £ ® o1 A oo AE(T) is in
K'. To this end, Collino and Pirola first show that it is in K. Then they note that
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o1 ANog AT is a (3,0)-form, and hence it is in L. Application of V¢ and projection
onto L?! gives o1 Aoy AE(7) € L*! and thus

o~

ERorNog NE(T) € K.

Summing up, if we assume that the general Ceresa 1-cycle is algebraically equiva-
lent to zero then 1y is a section of ;f’r;i,al g Over some fine moduli space of curves
of genus g. In particular, the infinitesimal invariant, evaluated at a point and re-
stricted to the space L, is trivial. However, outside the hyperelliptic locus this is

shown to be false, since we can always find a general deformation in this case. [

As Collino and Pirola remarked in their paper, it would be interesting to compare
their results to those of Harris. For example, does Harris use the infinitesimal in-
variant in disguise? In this case, what do his results imply in view of Collino and
Pirola’s approach?

The results by Collino and Pirola have been generalized by Atsushi Ikeda in his
article [22]. His result provides an algebraic proof of Ceresa’s theorem. It is per-
haps interesting to compare his result to that of Faucette in [10]. This comparison
will give insight in how the results of Collino and Pirola are related to that of Harris.
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4 Tautological ring

Let C be a nonsingular connected projective curve. Its embedding ¢* : C' — J(C)
gives classes C in the rational homology ring and the algebraic equivalence ring (with
extended scalars) of J(C). Let H denote the either of these rings for a moment.
Since J(C) is abelian, we have induced homomorphisms

[k]*, [k]. : H — H.

Moreover, there is a second product besides the intersection product, that makes H
into a commutative group. This is the Pontryagin product x that we defined earlier
(section 1.3). The class C' in H gives rise to new classes, by application of *, -, [k]*
and [k].. All the classes we obtain in this way are called tautological classes. They
are contained in the smallest Q-vector subspace that contains the class C' of the
curve, and that is stable under the natural operations *, -, [k]* and [k].. This vector
space is called the tautological ring and we denote it with R.

In case H is the homology ring, we have the Poincaré formula. Using this formula
we show that the ring R is just Q[O]/(©971), where © denotes the homology class
of Wy_1. This is explained in subsection 4.1

In case H is the algebraic equivalence ring of a generic curve, we do not have this
formula at our disposal. This follows from Ceresa’s theorem. Moreover, it has been
shown that Ag(J(C)) is infinite dimensional for a generic curve of genus 3. So it
is not even obvious that R is finite dimensional. But surprisingly it is, as has been
shown by Arnaud Beauville in [5]. We sketch the proof of this result in subsection
4.2

After we have determined the generators of R, we are going to collect relations. We
start with the vanishing of generators, in case the curve admits a certain covering
of PL. This is the famous result by Colombo and Van Geemen (see [9]). This result
has been generalized by Herbaut in [19]. Polishchuk [30] found relations for the
generators of R that hold for every curve of fixed genus.

4.1 Poincaré’s formula in the homology ring

Let C be a curve of genus g as above. Consider the integral homology ring of the
Jacobian variety of C,

29
H,(J(C),Q) = P Hi(J(C), Q).
k=0

Poincaré dual to this ring is the cohomology ring,

H*(J(C),Q) = P H*(J(C), Q).

k=0

The Poincaré duality map PD : Hy(J(C),Q) — H?97F(J(C),Q) provides an iso-
morphism between these rings, changing the intersection product into the wedge
product. The homology classes of the subvarieties Wy, Wa, ..., W,_1 of J(C) are
denoted with the same symbols, except for Wy and W,_;. These are denoted with
C and ©. The Poincaré duals are denoted with

ne,Mwsy, -+ -5 1e-

Note that ng is the first Chern class of the divisor ©. We may view this class as
a Kéhler class on J(C), and from this it follows that A9ng # 0. We can say more
about the powers of 7g.
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THEOREM 4.1 (POINCARE) With the notation from above, we have

1 "
nw, = m /\ Noe-
PROOF. See [12] or [24]. O

This translates to a dual statement in homology: for n = 1,...,g, the class of the
n-fold self-intersection of the divisor © equals the class W,_,, times n!.

Consider the isogeny [k] : J(C) — J(C). We want to see what the induced maps
[k]« and [k]* in homology are. The first one is just the push-forward. For the second
we take the class of the inverse image of the cycle by [k]. To see what these classes
are, we transfer to cohomology. The differential of [k] is just multiplication with k,
so [k]* acts on H'(J(C),Q) by multiplication with k. Since we have

H?(J(0),Q) = A\ H'(J(0),Q),

the homomorphism [k]* is just multiplication with k. The push-forward of a dif-
ferential n-form & by [k] is defined as follows. The map [k] is an étale morphism of
degree k29, so the preimage of a small open set is the union of k29 open subsets of
J(C). We can lift an n-tuple of vector fields to these slices, and sum up the values
of £ on these n-tuples. For a cohomology class £ this shows that

[k].€ = K29,

In view of the projection formula [k].([k]*(€) An) = & A [k]«(n) with n = 1, we get
[k].[k]*€ = K?9¢. Summing up, for £ € H™(J(C),Q) we have

[k]*[k]*f — k2g£, [k]*f _ k2n£ and [k]*g _ k2g72n§'

The Poincaré duality map is compatible with the natural actions of [k] on homology
and cohomology (by natural we mean the push-forward and pull-back in homology
and cohomology respectively), i.e. the following diagram commutes.

Ho(J(C),Q) — 22— H*(J(C),Q)

[k]*l [k]*T

Ho(J(C), Q) ——5—= H*(J(C),Q)

From this we deduce the actions of [k] in homology. For o € H,(J(C), Q) we get
(k. [k]*a = k*9a, [k]*a=k*"?"a and [k].a = k" %a.
Finally, we want to see how the Pontryagin product transfers to cohomology. Let
«: H*(J(C),Q) — H*(J(C),Q)
be the Hodge star operator with respect to the form ng. Let
PD: H.(J(C),Q) — H*(J(C),Q)

be the map that restricts to (—1)9T" * PD on the summands H,(J(C),Q).

LEMMA 4.2 The map PD : H,(J(C),Q) — H*(J(C),Q) transfers the Pontryagin
product into the wedge product, i.e., we have

PD(a* ) = PD(a) A PD(B).
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PROOF. See §4.10 of [24]. O

We can now reap the fruits of the above observations.

THEOREM 4.3 The tautological ring R in homology is isomorphic to Q[O]/(©9T1).

PROOF. The only thing that we have to show is that Q[O]/(©9T1) is stable under
the Pontryagin product. Indeed, if this is the case then Q[©]/(©911) is contained
in every space that is stable under the natural actions and that contains C. Hence
it is contained in the smallest. To show that it is stable under %, we transfer to
cohomology. It is sufficient to show that

PD(Q[O]/(89")) = Qlnel/(A"*'ne)
is stable under the Hodge star operator *, since
PD(axB) = (—1)? X (xPD(a) A xPD(B)) .
But #ne = AY"'ne/(g — 1)!, which is in Q[ne]/ (A 1e). O

Note that we have not put any constraints on the curve, except that is has to be
nonsingular and projective. Due to the Poincaré formula, the tautological rings of
the (co)homology rings of the Jacobian varieties are all alike. Even if the curve is
special, e.g hyperelliptic. This is in contrast to the tautological ring of Ag(J(C)).
In this ring we do not have a Poincaré formula, for a generic curve. This is a
corollary of Ceresa’s theorem.

4.2 The tautological ring in the algebraic equivalence ring

Let C' again be a nonsingular projective curve of genus g. The classes of the subva-
rieties W1, Wa, ..., Wy_1 in Ag(J(C)) are denoted with

C,wd™2,... w0

respectively. Suppose that we have a Poincaré formula, i.e.
wh = le for k=0
- k! b - A 7g7

where the product on the right hand side is the intersection product. Then we find
in particular that

e = - (56°) = 562 = o,

where the last equality follows from the fact that 6% € A%(J(C)). But this violates
Ceresa’s theorem for a generic curve of genus g > 3.

For a generic curve, there is no Poincaré formula in the algebraic equivalence ring

Ag(J(C))-

This observation inspires to investigate the tautological ring R C Ag(J(C)). It
will not have a simple description like the tautological ring in cohomology, but
the advantage is that it carries geometric information about the curve. Arnaud
Beauville determined the generators of R. The following theorem is the content of
his paper [5].
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THEOREM 4.4 (A. BEAUVILLE, 2004) Let C' be a nonsingular projective curve
over C of genus g. The tautological ring, as described above, is generated as a
Q-algebra by the classes 6, w?,..., w2 C.

SKETCH OF PROOF. Consider the Q-algebra R’ that is generated by
0, w2, ..., w2 C,

and where the product is the intersection product. If we can show it is stable under
the actions of [k]. and [k]* and closed under the Pontryagin product, then R’ = R.
We will first show that R’ is stable under [£], and [k]*. To this end, we give different
generators for R’. Let R’ be as above and consider the equation

t9 — w9 o (—1) 9w
in Ag(J(C))[t]. This factors in some extension ring,

t9 —wht o (—1)9w? = ﬁ(t —\). (4.1)

i=1

We use the \; to produce the Newton polynomials

which are in Ag(J(C)) again. For example, we have

1 1 1 1
N, =20 N:792_ 2 N:793_79. 2 - 3.“
1 ) 2 9 w, 3 6 5 w +2'LU,

1

In fact, the class Ny, is a polynomial in w?, ..., w9 and conversely, w” is a polynomial

in N17...,Nk.

For a Jacobian variety J(C') we have a special Fourier transform. The principal
polarization gives an isomorphism g : J(C) — J(C)!. This induces isomorphisms
for the Chow rings and the algebraic equivalence rings,

CHg(J(C)) = CHo(J(C)") and  Ag(J(C)) = Ag(J(C)").

We can describe the Fourier map as follows. The variety J(C) x J(C) carries a line
bundle
2'(0) :=m*0(0)®p;0(0)" @p;0(0)~",

where m is the multiplication on J(C) and the p; are the projections from J(C) x
J(C) onto the factors and €(0©) is the line bundle associated to ©. The map

1 x e :J(C)x J(C)— J(C) x J(C)
induces an isomorphism of the pairs
(J(C) x J(C),2"()) — (J(C) x J(C)', Z)

where & is the Poincaré bundle on J(C) x J(C)*. We denote the algebraic equiv-
alence class of .#’/(0©) with ¢ € A(J(C) x J(C)). The Fourier transform is defined
by F(x) = pa.(e’ - piz) and it satisfies the properties F1-F4 from the first section.
An application of the Grothendieck-Riemann-Roch formula yields the equality

—F(C)= Ny +Na+---+ N,.

37



4.2 The tautological ring 4 TAUTOLOGICAL RING

With regard to the Beauville decomposition C' = C(gy + C(q1) + -+ + C(4_1), this
shows that
~F(Cx—1y) = Ny, and  F(Ng) = (=1)7T*Cj_y).

Summing up, R’ can be generated by elements Ny, ..., N, and since Ny, € A¥_ (J(C)),
we see that R, viewed as a Q-vector subspace, is stable under the intersections prod-
uct and the actions [k]. and [k]*.

It remains to show that R’ is closed under the Pontryagin product. For this it
suffices to show that R’ is stable under F. Indeed, in that case

rxy=(=)'F(F(x) Fly) € R

The inclusion FR' C R’ follows, as soon as we have shown that FR’ is stable under
F,ie if FFR' C FR'. Note that FR' is closed under the Pontryagin product.
We first show that 1 and 0 are in FR'.

The element 1 € Ag(J(C)) is actually the class of w®, or rather, of J(C) itself.
Since

(k] w® = k2900,

we have 1 = w® € AJ(J(C)). For the class w9, which may be represented by the
class of the identity element of J(C), we have [k].w? = k*w?, so w9 € AY(J(C)).
In fact, since F : AZ(J(C)) = AJ(J(C)), we see that F(w?) is a Q-multiple of w’.
This shows that 1 € FR'.

To show that 6§ is in FR', we use the equality F(C(p)) = N1 = 6. The Beauville
decomposition of the curve gives the formula

[k].C =k* (Coy+ k- Caay+---+ k9 Cy_)) -

Consider the subspace of R’ that is generated by C, [2].C,...,[g]+C. This is clearly
a subspace of the vector space generated by C(q),...,C4_1). In fact, these spaces
are the same. The base change is performed by a nonsingular matrix'. This shows
that C(y is in R’ which establishes the claim that 1,6 € FR'. It follows that
e € FR'.

Next, Beauville shows that FR' is stable under intersecting with 6. In view of the
formula

F(x) = e? (([—1]*(3:) el % e_g)) , (4.2)

which is proven in [5], this shows that FR’ is stable under F. This closes the sketch
of the proof. O

REMARK 4.5 In his article, Beauville does not mention explicitly that 1 and 6 are
in FR', which is essential for the proof. This is the reason for adding a proof of
this fact.

REMARK 4.6 The cycle class map cl : CHg(J(C)) — He(J(C),Q) is compatible
with both the intersection and the Pontryagin product. Furthermore, it is com-
patible with the actions of [k]. and [k]*. This implies that cl(N;) = 0 for i # g.
It follows that the tautological ring in homology is equal to Q[B]/(09), giving a
different proof of theorem 4.3.

IThis matrix is similar to the one we discussed on page 9.
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4.3 Collecting relations

The tautological ring is bigraded, since Ny, ..., Ny_; are homogenous for both gra-
dations of Ag(J(C)). The map

Q[Nl,NQ,...7Ng,1] — R. (43)

is a surjective ring homomorphism. We are interested in the kernel of this map,
denoted with K. If we know the kernel, we know exactly what R is. Unfortunately,
we don’t know K,, but Alexander Polishchuk [30] has determined a number of

relations among the classes Ni,..., Ng_1. The expression Nl[d] denotes the class
N{/d! if d > 0 and 0 otherwise.

THEOREM 4.7 (A.POLISHCHUK, 2005) For every k > 0, every nq, ..., nj such that
n; € Z>2, and every d € Z such that 0 < d < k — 1, we have

m—1 —d—m+k-F_ n;
3 <d+m - k)b(Il) . b(L) NPT = "INy o Nagy =0 (4.4)

in Ag(J(C)) and where the sum is over all partitions [1,k] = Iy Ulo U ... U I, of
the set [1,k] = {1,...,k} into the disjoint union of nonempty subsets Ii,..., L,
withk—d<m<g-—d+k-— Zle n; (two partitions differing only by an ordering

of parts are considered to be the same); for a subset I = {i1,...,is} C [1,k] we
denote (s 4!

I = Tt

dll)y = ny+--+n;, —s+1.
PROOF. See [30]. O

Polishchuk shows on top of this, that the Q-linear span of all the elements in
Ag(J(C)) that satisfy (4.4) is an ideal in Q[Ny, ..., Ng_1]. It is clearly contained in
the kernel of (4.3) and it is conjectured that for a generic curve, this is an equality.
Polishchuk gives a motivation for this conjecture in [30].

As a corollary, Polishchuk shows that N, = 0 for n > % + 1. Note that a generic

curve of genus g has a base point free g}, for some d < %3 (see e.g. Ch. V, Thm

1.1). In this way we recover the famous result by Elisabetta Colombo and Bert van
Geemen for generic curves.

THEOREM 4.8 (COLOMBO AND VAN GEEMEN, 1993) Let C be a curve of genus g
and suppose it has a gj. Then the classes C(4 are zero in Ag(J(C)), for d' > d—1.
Equivalently, the classes Ny are zero for d”’ > d.

PROOF. See Thm. 1.3.3 of [9]. O

This is a vanishing result that leads to an effective description of R for hyperelliptic
curves. Suppose that C' is hyperelliptic of genus g. The ring R is generated by 6,
so we need to determine the kernel of the projection

Q[f] — R.

We claim that this is just (#9*'). We show that any power #* with 1 < k < g is
nonzero. The Riemann-Roch theorem for abelian varieties states

_ deg©Y
==

x(0(9))
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where x(.Z) is the Euler characteristic

X(£)=> (-1)"dim H'(J(C), 2).

i>0

But x(pe) = 1, since pg is an isomorphism (for proofs of these facts, see e.g. [26],
Thm. 13.3). We conclude that 69 equals g! times the class of a point on J(C'). This
shows that no lower power #* is zero. Since #9T! = 0, this establishes the claim.
Still under the assumption that C' is hyperelliptic, we take a closer look at the New-
ton polynomials. Expanding the right hand side of equation (4.1) and comparing
coefficients yields
p 1
il
But the N; are already zero for i = 2, ..., g, since C' is hyper-elliptic. It follows that
algebraic equivalence ring of a hyper-elliptic curve has a Poincaré formula. This has
been shown earlier by Alberto Collino in his paper [7]. We sketch his proof briefly.

w (N1)F mod (Na,...,N,).

COLLINO’S PROOF OF THE POINCARE FORMULA IN A(J(C)). Let C be a hy-
perelliptic curve of genus g and let P € C be a Weierstrass point. We introduce
two subvarieties of C(™) for 1 < n < g. The first one is S(n); it paramatrizes the
positive divisors on C of degree n whose complete linear system is non-trivial. More
precise, with gb&) : 0™ — J(C) as usual,

S(n):={DeC™| dim|D|>1}.

It turns out that S(n) is a divisor. The second variety is the image of S(n) by the
morphism (b(F;L) and it is denoted by G(n). It has been shown by Henrik Martens [25]

that G(n) is of dimension n —2 for n =1,...,¢g— 1 if and only if C is hyperelliptic.

In particular, if we denote the class of S(n) in CH(J(C)) by s, then (¢5L))*sn =0.

The next observation is that the Chow ring of C(™ is a CH(J(C))-algebra via
( {;L))*. The image of

C(n—l) N C(n) . DI s D/ +P
gives a class z € CH(C(), and this class generates CH(C(™) as a CH(J(C))-
algebra. Collino gives a proof for the crucial identity
sn = (6() Wy-1] = (g —n+1)z
in CH(C™). Pushing this forward to CH(J(C)) gives
0=[Wy_1]- [Wn] = (g —n+ D[W,_1].

Passing to the algebraic equivalence ring, we get w'w9 =" = (g —n+1)w9~ "1 We
apply induction to n to prove the Poincaré formula:

GTL
nl

in Ag(J(C)). O

=w", forn=1,...,g.

The Poincaré formula for hyperelliptic curves shows that [—1]*C = C' in the alge-
braic equivalence ring. Moreover, if C(1y # 0 in Ag(J(C)), then the curve can’t be
hyperelliptic. This is an important observation, since it shows that the algebraic
equivalence ring carries geometric information about the curve that we cannot re-
veal from the cohomology ring of the the Jacobian of the curve.
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The result by Colombo and Van Geemen has been generalized by Fabien Herbaut.
In his article [19] he presents a set of relations for the generators of R, in case C
has a base-point free gj;. His relations have been simplified by Gerard van de Geer
and Alexis Kouvidakis in their article [31]. We present these simplified relations in
a theorem.

THEOREM 4.9 (G. VAN DER GEER, A. KouviDAKIS, 2007) If C has a base point
free g, then

> (e +1).(ar+ 1)!Nay1-. Napp1 =0,

ai+--tar=n

forn>d—2r+1. O

Note that for a d-gonal this yields k!N, = 0 for k > d — 1. Again, we recover the
result by Colombo and Van Geemen.
Herbaut showed another interesting thing. We state it in a theorem

THEOREM 4.10 Let C be a curve of genus g with a base point free gj. Let A(r, d, g)
denote the number

Ef (-1 fitg4+r—d—2\[d—2r \(d—r+1—i
d—2r+2 i r—1—1 r—1i ’

If A(r,d,g) # 0 then C;y =0 for i > d —2r + 1.

PROOF. Herbaut gives two proofs in [19]. We give a sketch of the second. First he
proves that A(r,d, g) denotes the number of (r — 2)-planes P"~2 in P" such that the
intersection of the image of C' — P" and P"~2 consists of 2r — 2 points, whenever
this number is finite. Assuming A(r,d, g) # 0, we can consider such a P"~2 and the
linear system of hyperplanes in P" containing P"~2. This system is 1-dimensional,
so it gives a g} o 4o on C. Application of Colombo and Van Geemen yields the
result. O

We conclude this subsection with a question of Beauville. In his paper [5] he asked
whether for a generic curve of genus > 5, the class N3 is zero or not. Let’s consider
this question here for ¢ = 5. We may disregard the hyperelliptic curves, since
for those we have Ny = N3 = 0. This allows us to identify C' with its canonical
embedding in P*. This is a curve of degree 8 and we denote is also with C. The
canonical divisor on C is denoted with K.

Now C has a g3 if and only if it has no g3 (see e.g. Ex.6.4.6 of [18]). Theorem 4.10
with g3 does not imply a vanishing of C(2)- This can be seen in two ways. The
first is to calculate A(3,7,5); this number is 0. A more geometric reasoning is the
following.

Let C be the curve in P* and let P € C. Projecting from P to P? gives C’, a
nonsingular curve of degree 7. This has a trisecant. Indeed, if it hasn’t, we could
project onto P2 to obtain a nonsingular curve of degree 6. But such a curve has
genus 10, which is absurd. Let Q’, R’, S’ € C’ be points on a line. Suppose that
there is a fourth point 77 on this line. Denote the inverse images on C by Q, R, S
and T. These points span a P2 in P4 but no three of them are colinear. So the linear
system of hyperplanes that contains the points P, @, R, S and T is of dimension 1.
This linear system equals |K — P—@Q— R—S—T|, and application of Riemann-Roch
yields

dm|[P+Q+R+S+T|=dm|/K—-P-Q—-R—S—T|+1=2.
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This gives a g2 on C. The image C” of C is singular, having one node P”. The
lines through P” give a linear system on C of degree 3 and dimension 1, i.e. a g3
on C. This is contradicting the assumption that C' has a g3, so there are no four
points colinear on C’.

To answer the question of Beauville, we have to come up with other methods.
Indeed, if a g; on a generic curve implies C(5) = 0 via theorem 4.10, then the
locus of these curves is contained in the locus of curves with a gi. The latter is of
dimension < 11, so the curve could not have geen generic in the first place.

4.4 Concluding remarks

Griffiths has shown in 1969 in [13] that algebraic and homological equivalence are
not the same. Today we say that the Griffiths group

Griff* .= P X)) hom/ ZH(X)alg

for an algebraic variety X might be non-trivial. In 1974 it was not yet clear whether
the Griffiths groups of an abelian variety were trivial or not. Indeed, Alberto Collino
writes in the introduction of his paper [7]:

“ ..it is an open question whether they (the homological and algebraic equivalence)
coincide on abelian varieties.”

In fact, it was not even known at the time whether there was or wasn’t a Poincaré
formula on the Jacobian variety of a generic curve. In this thesis we have seen that
both questions have been answered. The first is answered by Ceresa’s theorem, in
1983. It gave rise to a new question: what does the tautological ring in the algebraic
equivalence ring look like?

A first result directing to an answer was given by Colombo and Van Geemen in
1992. Beauville gave more structure to this ring in 1995 by providing the gen-
erators. Polishchuk contributed to a better understanding of the ring in 2005 by
providing relations that hold for every curve. Herbaut and Van Der Geer and Kou-
vidakis finally contributed in 2007 with relations in the ring for particular curves.
Research to (the tautological ring of) the algebraic equivalence ring of a Jacobian
variety is important because this ring is a finer invariant than the (tautological ring
of) the cohomology ring. It may also lead to a better understanding of the Hodge
conjecture on Jacobian varieties or to applications in number theory.

A better understanding may also give insight in the Bloch-Beilinson conjecture
about filtrations on the Chow groups of smooth projective varieties. One can look
for a discussion and references in the beautiful book [33] by Claire Voisin. For a
survey article about algebraic cycles we refer to the interesting paper [29] by Kapil
Hari Paranjape and Vasudevan Srinivas. It contains an overview of the subject
together with 43 references.
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