CHARACTERIZATION OF PRODUCTS OF THETA DIVISORS

ZHI JIANG, MART{ LAHOZ, AND SOFIA TIRABASSI

ABSTRACT. We study products of irreducible theta divisors from two points of view. On
the one hand, we characterize them as normal subvarieties of abelian varieties such that a
desingularization has holomorphic Euler characteristic 1. On the other hand, we identify them
up to birational equivalence among all varieties of maximal Albanese dimension. We also
describe the structure of varieties X of maximal Albanese dimension, with holomorphic Euler

characteristic 1 and irregularity 2dim X — 1.

INTRODUCTION

Given an abelian variety A and an ample line bundle L on A, we say that (A, L) is a princi-
pally polarized abelian variety if L has only one section up to constants. The effective divisor
associated to L and its translates are called theta divisors.

Irreducible theta divisors of dimension 1 are smooth genus 2 curves. In dimension 2, they
are birational to the symmetric product of a curve of genus 3. More precisely, if the genus 3
curve C' is non-hyperelliptic they are isomorphic to C'?), while if the curve is hyperelliptic, they
have an isolated singularity and C'®) is their natural desingularization. In higher dimensions,
they may also be singular, but Ein-Lazarsfeld proved in [EL] that they are always normal and
they have only rational singularities. Hence, given a theta divisor © C A, any desingularization
X — O has

X(X,wx) = x(6,we) = h’(4, 04(6)) = 1.

Clearly, A is the Albanese variety of X, and the induced morphism X — A is its Albanese mor-
phism. Thus, desingularizations of theta divisors are varieties of maximal Albanese dimension,
i.e., varieties X such that the Albanese morphism ax : X — A is generically finite onto its

image.

The characterization up to birational equivalence of irreducible theta divisors among varieties
of maximal Albanese dimension started with the work of Hacon [Ha] and it has been further
refined in [HP1, LP, BLNP, Pa] (see the end of Section 3 for more precise references).
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Naturally, if X is a desingularization of a product of irreducible theta divisors, then we also
have x(X,wx) = 1. Indeed, Beauville (in the appendix to [De]) characterized products of
two curves of genus 2, as smooth projective surfaces of general type S with irregularity 4 and
X(S,wg) = 1. This characterization of products of curves of genus 2 (irreducible theta divisors
of dimension 1) was extended to higher dimensional varieties of maximal Albanese dimension
by Hacon-Pardini [HP3].

We are interested here in giving a more general characterization of products of irreducible
theta divisors. First we identify them inside arbitrary abelian varieties as normal subvarieties
such that a desingularization has holomorphic Euler characteristic 1.

Theorem A. Let Y be a subvariety of an abelian variety A. Let X be a desingularization
of Y. Then, Y is isomorphic to a product of theta divisors if, and only if, Y is normal and
x(X,wx) = 1.

On the one hand, studying subvarieties of abelian varieties is more general than studying
just the images of smooth projective varieties under the Albanese morphism. For example, a
singular curve inside an abelian variety is never the image under an Albanese morphism.

On the other hand, given a smooth projective variety, even if it is of maximal Albanese
dimension, the Albanese morphism does not need to induce a birational map onto its image.

Indeed, if we consider a subvariety Y of an abelian variety A such that Y is not of general
type, then Y is fibred by tori (see [Ue, Theorem 10.9]). Hence, in this case, a desingularization
X of Y will have x(X,wx) = 0. Nevertheless, there exist smooth projective varieties X of
maximal Albanese dimension such that x(X,wx) = 0 and X is of general type. Clearly, in
this case the Albanese morphism does not induce a birational map. The first example was
constructed by Ein-Lazarsfeld [EL, Example 1.13] and Chen-Debarre-Jiang have studied in
detail these varieties in [CDJ]. In particular, it is shown in [CDJ] that the Ein-Lazarsfeld
example is essentially the only one in dimension 3.

In any case, if X is a smooth projective variety of maximal Albanese dimension with x (X, wx) =
1 such that the Albanese image of X is of general type, then the Albanese morphism induces a
birational equivalence (see Lemma 1.3). This allows us to characterize products of irreducible
theta divisors up to birational equivalence by using a slightly less restrictive version of Theo-
rem A (see Theorem 3.7).
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Theorem B. Let X be a smooth projective variety. Then X is birational to a product of
irreducible theta divisors if and only if X satisfies the following conditions:

X is of maximal Albanese dimension;
X(X,wx) = 1;
the Albanese image of X is of general type;

the Albanese image of X is smooth in codimension 1.

It is an open question to determine whether condition (C.4) is necessary or not (see Ques-
tion 3.6).

Let X be a smooth projective variety X of maximal Albanese dimension and y(X,wx) = 1.
Hacon-Pardini show in [HP3] that the irregularity ¢(X) = h%(X, Q%) sits in the following range:

dim X < ¢(X) < 2dim X,

and, when ¢(X) is maximal, i.e., ¢(X) = 2dim X, X is birational to a product of curves of genus
2 (theta divisors of dimension 1). Hence condition (C.4) is not necessary when ¢(X) = 2dim X.
We give a complete classification of the submaximal irregularity case, i.e., ¢(X) =2dim X — 1
(see Theorem 3.1), which implies that condition (C.4) is also not necessary when ¢(X) =
2dim X — 1.

Theorem C. Let X be a smooth projective variety of maximal Albanese dimension. Assume
that x(X,wx) = 1 and ¢(X) = 2dim X — 1. Then X is birational to one of the following

varieties:

(i) a product of smooth curves of genus 2 with the 2-dimensional symmetric product of a
curve of genus 3;

(ii) (C1 x Z)/{(r), where C\ is a bielliptic curve of genus 2, Z — C1 X -+ x Cp_1 is an
étale double cover of a product of smooth projective curves of genus 2, and T is an
involution acting diagonally on C1 and Z via the involutions corresponding respectively

to the double covers.

This result generalizes to higher dimensions the classification of surfaces S of general type
with pg(S) = ¢(S) = 3 established independently by Hacon-Pardini [HP2] and Pirola [P1i].

The classification of the next step, i.e., ¢(X) = 2dim X — 2, seems rather difficult since in
this case there does not exist such a nice classification even for surfaces (dim X = 2). Indeed,
besides the general example of the double cover of a principally polarized abelian variety (A, ©)
ramified along a smooth divisor in the linear system |20, there are other more complicated
surfaces satisfying the hypothesis (see [CH2] and [PePol, PePo2]).

Notation. Throughout this paper we work over the complex numbers. More precisely, a variety
or a subvariety is a separated scheme of finite type over C which is integral, i.e., irreducible and
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reduced, but not necessarily smooth. In particular, we will say that a variety is a theta divisor,
if it is an irreducible divisor that induces a principal polarization on an abelian variety.

We denote by ax : X — Ax the Albanese morphism of a smooth projective variety X. We
say that a variety X is drregular if ax is non-trivial, i.e., ¢(X) := h%(X, Q%) # 0. When ax is
generically finite onto its image, we will say that X is of mazimal Albanese dimension. Given
an abelian variety A, we will call A its dual, usually interpreted as Pic® A. For a morphism
a: X — A to an abelian variety and a coherent sheaf .# on X, we denote by V*(.%,a) the i-th

cohomological support loci:
Vi(Z,a):={PcA|H(X,F ®a*P) +#0}.

When a = ay, we will often omit it from the notation, i.e., V(%) := V*(%,ax). We also use
Vi(F,a) to denote the components of Vi(.%, a) passing through the identity element of A.

This paper uses the full machinery of generic vanishing theory, applied to irregular varieties
(see [Pa] for a nice survey). For example, we will often use that the irreducible components of
Vi(wx,a) are abelian subvarieties of B C A translated by a torsion point P € A\, so we will
usually denote them by P + B (see [GL1, GL2, Si]). Moreover, if X is of maximal Albanese
dimension, then codim 3 V*(wx,a) > i for all i > 0 (see [GL1]). We will also use the derivative
complez introduced in [GL2], under the form used in [EL]. When ¢ is a sheaf on an abelian
variety A, we will say that ¢ is a GV-sheaf, if codim;V*(¢) > i for all i > 0 (see [PaPo3,
Proposition/Definition 2.1]) and we will say that ¢ is M-regular, if codim; V*(¢) > i for all
i > 0 (see [PaPol, Definition 2.1]).

For a smooth projective variety X, we denote by DP(X) the bounded derived category of
coherent sheaves on X. We refer to [Hu] for basic notions on derived categories.

Plan of the paper. The paper is organized as follows. Section 1 collects some basic facts
about morphisms a : X — A from a smooth projective variety X to an abelian variety A. In
particular, we see what happens when a(X) is of general type and x(X,wx) =1 (Section 1.1).
We also study fibrations where the general fiber is a theta divisor (Section 1.2). Some of these
results might be well-known to the experts.

Section 2 concerns the case of subvarieties of abelian varieties Y C A. We let X 1 ¥ be
a desingularization of Y. First we review a result of Pareschi (Section 2.1) that allows us to
restrict to the case where V!(wx,a) has positive dimension. In Section 2.2, we consider the
case where Y has codimension 1 in A. Finally, in Section 2.3, we consider the general case
where Y is smooth in codimension 1. The main result of this section is Theorem 2.8 and we
deduce Theorem A from it. Theorem 2.8 is proven by induction on the number of irreducible
components of V! (wx, ax). Hence, the irreducible components of V! (wx, ax) and their relation
with the irreducible components of V*(wx,a) for i > 1, play a major role in Section 2.

Section 3 concerns the case where X is a smooth projective variety of maximal Albanese
dimension with y(X,wx) = 1. First, we classify these varieties when they have submaximal
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irregularity. We use Fourier-Mukai techniques to prove Proposition 3.2, which is the main
technical tool to prove the main Theorem 3.1 of this section (which corresponds to Theorem C).
Finally, we recall a question of Pareschi (see Question 3.6) and we deduce Theorem B (see
Theorem 3.7) from Theorem 2.8.

Acknowledgements. It is a pleasure to thank Miguel Angel Barja, Olivier Debarre, Christo-
pher Hacon, Joan Carles Naranjo, Rita Pardini, and Gian Pietro Pirola for very useful conver-
sations and comments.

Special thanks are due to Giuseppe Pareschi who informed us that he has also proven The-
orem B under the hypothesis that ax(X) is normal. We are very grateful to him for sending
us a preliminary version of his paper. We would also like to thank the unknown referee for
suggesting improvements to the exposition.

1. PRELIMINARIES

The following list of equivalences is certainly well-known to the experts. We state it for easy
reference since it will be needed repeatedly hereafter.

Lemma 1.1. Let a : X — A be a generically finite morphism from X a smooth projective
variety to Y = a(X) a subvariety of an abelian variety A. Then the following conditions are

equivalent:

(i) Y is not fibred by positive dimensional abelian varieties;
(ii) Y is of general type;
(iii) aswx is a M-regqular sheaf;
(iv) for any f : V. — X surjective morphism where V is smooth projective, any direct
summand of a, R f.wy is M-reqular for any j > 0;

Moreover, the previous equivalent conditions imply that x(X,wx) > 0.

Proof. The equivalence of (i) and (7i) is due to Ueno (see [Ue, Theorem 10.9] or [Mo, Theo-
rem 3.7]).

We now show that (i) is equivalent to (7).

If (i) holds and a.wx is not M-regular, then there exists an irreducible component T' of
Vi(aswx) of codimension i in A for some i > 1, by generic vanishing (e.g., [HP3, Theorem 2.2]).
Then as in [EL, Proof of Theorem 3, p. 249] and using [GL2, §4], we get that Y is fibred by the
fibres of the natural fibration A — T', which is a contradiction (see also [EL, Remark 1.6]).

Now assume that (7ii) holds. Let K be the maximal abelian subvariety of A such that
K+Y =Y. Let j =dim K. By [EL, Theorem 3|, the image Z of the projection ¥ — A/K is
of general type and given any desingularization p : Z' — Z, we have x(Z',wz/) > 0. Consider
an appropriate birational model of the Stein factorization of the morphism X — Y — Z, such
that there exists Z” a smooth projective variety that admits a generically finite and surjective
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morphism ¢ : Z” — Z' and a fibration h : X — Z”. Observe that x(Z",wzr) > x(Z',wz) > 0.
We have wzr ~ Rih,wy ([Kol, Proposition 7.6]). Since Z” has positive Euler characteristic,
we have that

AJK =V(wzn,pog) = V(R hawx, io g).

Thus, Kolldr’s theorem [Ko2, Theorem 3.1], or the refined version by Hacon—Pardini [HP3,
Theorem 2.1], implies that the codimension-j abelian subvariety ﬁ( C A is an irreducible
component of V7 (a,wy). Therefore, j = 0 and Y is not fibred by positive dimensional abelian
varieties.

On the one hand, condition () clearly implies (7ii). On the other hand, if a.R’ f.wy is not
M-regular, then there exists an irreducible component 7T of Vi(a*Rj fswy) of codimension i in
A for some i > 1, by [HP3, Theorem 2.2]. As before, the same argument as in [EL, Proof of
Theorem 3, p. 249] using [GL2, §4], yields to Y being fibred by the fibres of the natural fibration
A—T , which is a contradiction. Since a direct summand of a M-regular sheaf is M-regular, we
are done.

In any case, since X is of maximal Albanese dimension, then x(X,wx) > 0 (see [GLI,
Corollary, p. 390]). Moreover, by [EL, Theorem 3|, (%) implies x(X,wx) > 0. O

Remark 1.2.

(i) On the one hand, in the notation of Lemma 1.1, if x(X,wyx) > 0, then X is of general
type. This is certainly not the converse to the last statement of Lemma 1.1, since X
of general type does not imply that Y is of general type (see [EL, Example 1.13]).
The fact that x(X,wx) > 0 implies that X is of general type follows from [Ca] or
[CH1, Corollary 2.4]*.

(7i) On the other hand, the fact that the equivalent conditions imply x (4, axwx) = x(X,wx) >
0 can be also deduced via a more general argument from the fact that a,wx is a M-
regular sheaf.

Indeed, we recall that if ¢ is a non-trivial M-regular sheaf on A, then V(%) = A
(see for instance [Pa, Lem 1.12]) and, by the invariance of the Euler characteristic,
X(A,9) > 0.

From now on, we will always have a : X — A a generically finite morphism from X a smooth
projective variety to Y := a(X) a subvariety of an abelian variety A. For simplicity we will
assume that no translate of Y is contained in any abelian subvariety of A, i.e., Y generates A.
We will view this setting from two different angles.

(i) The first point of view considers Y given and let f : X — Y be a desingularization.
Thus, f : X — Y will always be a birational morphism, but ¢ : X — A is not

IThere is a small misprint in the statement of this corollary and ¢(X) should be dim A.
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necessarily the Albanese morphism of X.
This will be treated in Section 2.

(ii) The second point of view considers X a given variety of maximal Albanese dimension
and let a : X — A be the Albanese morphism, i.e., ax : X — Ax. In this case,
f: X — Y is not necessarily birational, since it may have degree greater than 1.
This will be treated mainly in Section 3.

Note that, in both cases X is of maximal Albanese dimension. Clearly, the study of the two
problems is very interrelated.

Recall that by Lemma 1.1 and Remark 1.2(%), we have that x(X,wx) = 0 implies that YV
is not of general type, i.e., Y is fibred by tori. So, from both perspectives, we will be mainly
interested in the‘“next” case, i.e., when x(X,wx) = 1.

1.1. The hypothesis x(X,wx) = 1. Let a : X — A be a generically finite morphism from X
a smooth projective variety to Y := a(X) a subvariety of an abelian variety A. Before trying
to study our problem from the two different perspectives, we give some general results.

Lemma 1.3 ([Ti, Theorem 5.2.2]). Let a : X — A be a generically finite morphism from X a
smooth projective variety to' Y := a(X) a subvariety of an abelian variety A.

If Y is of general type and x(X,wx) = 1, then a : X — A induces a birational equivalence
between X and Y .

Proof. We can consider a birational model of f : X — Y such that X and Y are smooth and
we denote by g : Y — A the morphism that is birational onto its image. Then, since f is
generically finite, the trace map f.wx — wy splits the natural inclusion wy — fiwx. Hence
frwx =~ wy @& 2, where 2 is the kernel of the trace map, and a,wx =~ g.wy @ g«.<2. By
Lemma 1.1, g,wy and a,wyx are M-regular, so, by Remark 1.2(%), either 2 is trivial and f is
birational or g.2 is M-regular and x(A4, g.2) > 0.

By [Ko2, Theorem 3.4], x(A,a.wx) = x(X,wx) = 1 and x(4, g.wy) = x(Y,wy). Since, by
hypothesis Y is of general type, Lemma 1.1 implies that g.wy is M-regular, so x(A, g.wy) > 0.
Thus, x(A, g+2) = 0. Hence 2 =0 and f is birational. O

Combining Lemma 1.1 with [HP3, Lemma 3.2], we have

Lemma 1.4. Let a : X — A be a generically finite morphism from X a smooth projective
variety to Y := a(X) a subvariety of an abelian variety A. Suppose Y is of general type and
x(X,wx)=1.

If T is any irreducible component of V'(wx,a) of codim;T =i+ 1, then T is an irreducible
component of Vi(wy,a).

Proof. By [HP3, Lemma 3.2, we know that T C V¥(wx,a). Since a,wy is M-regular, T is an
irreducible component of V*(a,wy) = Vi(wx,a). O
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1.2. Fibrations in theta divisors. Under the hypothesis x(X,wx) = 1, the main aim will
be to construct a fibration from Y to some other variety such that the fibres are theta divisors
of a fixed abelian subvariety of A. Fibrations by theta divisors are very special. In particular,
they are isotrivial, so very close to being a product. Indeed, the following proposition shows
that they are products under some mild extra assumptions (compare with [Zh, Theorem 5.2]).
The idea of the proof goes back to [Se] and it was already used in [HP3, proof of Theorem 3.1].

Proposition 1.5. Let f: X — Y be a fibration between smooth projective varieties of mazximal
Albanese dimension. Assume that a general fiber X, is birational to a theta divisor © and
¢(X)—q(Y) >dimX —dimY. Then X is birational to © X Y.

Proof. We denote by K the kernel of the natural quotient f. : Ax — Ay. Then ax]| X, Xy —
K, is a generically finite morphism, where K, is the corresponding translate of K in Ax. From
the universal property of Albanese morphisms, we know that the induced morphism Ax, — K,
is surjective. By hypothesis, dim K = ¢(Y) — ¢(X) > dim X, + 1 = dim Ax,. Thus, Ax, is
isogeny onto K, so Ax, is fixed, which implies that f is isotrivial.

Note that, since © has canonical singularities, the canonical model of X, is fixed and isomor-
phic to ©. Thus, the fibers of the relative canonical model X’ i> Y are isomorphic to © in an
open Zariski subset of Y. Since © is of general type, Aut(©) is finite. Therefore, there exists a
finite Galois cover Y — Y with group G such that the main component of X’ xy Y is birational
to © x Y. So we can consider the commutative diagram

OxY — X/

/G
L)
Y

where G acts on © x Y’ diagonally and the horizontal morphisms are quotients by G.
Now, we consider V := ©/G and the following commutative diagram

W 1% Ay
V / /
WxY X Ay
p2J{ f’J l
Y y — 2 Ay,

where W is birational to © and after birational modifications and abusing notation, we will
assume that all varieties are smooth projective. We want to prove that ¢ is birational.
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We denote by K the kernel of Ax: — Ay. Note that, h!(X', Ox/) = (hl(}?, Og)®h' (W, Ow))C.
Hence, since ¢(X) — ¢(Y) > dim X — dimY, then Ay is isogenous to K. In particular,
dim K =dim Ay = dim© + 1.

Since W is birational to a theta divisor ©, for any P € ﬁv such that ¢*t* P is not trivial, we
have h(W,wy ® ¢*t*P) = 1 and

YW, ww ® @*t*P) =0 for all 4 > 1.
By Grauert-Riemenschneider vanishing, R'¢.wy = 0 for all i > 0 and
PxWw = Wy 7 Qa

where 2 is a torsion-free sheaf.

Since © has only rational singularities by [EL, Theorem 1], dim V(wy, to¢) = 0, so we have
also that dim V!(wy,t) = 0, using that Rig.wy = 0 for all i > 0. Hence, t.wy is M-regular
and then VO(wy,t) = Pic®(Ax+/Bz). Thus, for any P € Pic®(Ax//Bs) such that ¢*t* P is not
trivial, we also have h®(V,wy ® t*P) = 1. Then ¢,2 is also M-regular with dim V°(¢,2) = 0,
so t+2 = 0 (recall Remark 1.2(ii)) and ¢ is birational. Therefore, (¢, f) : X' — V x Y is
birational. (]

Remark 1.6. The condition ¢(X) — ¢(Y) > dim X — dim Y is necessary.

Indeed, let C' — E be a bielliptic curve of genus 2. Consider C — C an étale double cover
and X = (C x C)/(r), where 7 is an involution acting diagonally on C' and C via the involutions
corresponding respectively to the double covers.

Then, X has a natural fibration X — C such that the general fiber is C. Note that ¢(X) =3
and ¢(C) = 2 and, indeed, X is not birational to a product of curves of genus 2. Varieties in
Theorem C (i) generalize this construction to higher dimensions.

2. SUBVARIETIES OF ABELIAN VARIETIES WITH HOLOMORPHIC EULER CHARACTERISTIC 1

Let Y C A be subvariety of an abelian variety A. Without loss of generality, we assume
through all Section 2 that Y generates A as a group. We also assume that Y is reduced and
irreducible but not necessarily smooth. We consider X Ly C A a desingularization of Y. We
want to study varieties Y such that x(X,wx) = 1.

2.1. Subvarieties with y(X,wyx) = 1 and small Vi(wyx,a). We start by reformulating a
theorem of Pareschi (see [Pa, Theorem 5.1]).

Theorem 2.1. Let X i> Y be a desingularization of a subvariety Y C A of an abelian variety
and denote a - X L Y < A the induced morphism to A. Assume that x(X,wx) = 1. If
Vi(wx,a) has no components of codimension i + 1 for all 0 < i < dim X, then Y is birational

to a theta divisor. Moreover, the induced morphism t : Ax — A is an isogeny.
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Pareschi proved the above theorem using Fourier-Mukai techniques and homological algebra.
We give an alternative proof, which is closer to the spirit of this paper. The ingredients of our
proof are Lemma 1.4 and Hacon’s characterization of theta divisors (see [Ha, Section 3]).

Proof. Denote by n = dimY = dim X.

We consider an irreducible component T of V(wx,a) = J,>, V¥(wx,a). Denote by j + 1
the codimension of T in A. By Lemma 1.4, we know that T' is an irreducible component of
Vi(wx,a). By assumption, j = n and T contains 0 as an isolated point, since Y generates A,
i.e., Pic® A — Pic® X is an isogeny onto its image. We then conclude that dim A = j+1 =n+1
and V!(wy,a) contains 0 as an isolated point.

Now we consider the derivative complex over P(H!(A, 04)) = P" as in [EL, Proof of Theo-

rem 3],
HY(X,wx) ® Opn(—n) = -+ = H"(X,wx) @ Opn — 0.

Since 0 is an isolated point in V1(wx,a) and x(X,wx) = 1, the above complex is exact and the

kernel on the left is a line bundle Opn(—t). By chasing through the cohomology of the above

+1
[
3.4] implies that X is birational to a theta divisor. Hence, so is Y. Since ¢(X) =n+1, it is

complex, we see easily t =n+1 and h*(X,wy) = (}};). Thus, Hacon’s criterion [Ha, Corollary

clear that ¢t : Ax — A is an isogeny. O

Remark 2.2. Note that A does not need to be principally polarized. Indeed, given ® C Ag
we can consider any isogeny Ag — A and let Y C A the image of O.

The previous theorem exhibits the importance of the codimension-(i + 1) irreducible compo-
nents of V¥(wx,a). Thus, we place ourselves in the following setting fixing the notation.

Setting 2.3. Leta : X — A be a generically finite morphism from X a smooth projective variety
toY := a(X) a subvariety of an abelian variety A. Suppose that there exists a codimension-
(i + 1) irreducible component of Vi(wx,a) for some 1 <i < dim X — 1.

We can describe this component as P + §, where B is an abelian subvariety of A and P is
a torsion point (see [GL2, Theorem 0.1] and [Si, §4,5,6] ).

Consider the composition of the a : X Ly < A and the quotient g : A — B given by
dualizing the inclusion B < A. Then, denote by Yp := wp(Y) and let X g Xg f3 Ys be
Stein factorization of X — Ypg. Denote by X a general fiber of the fibration S and denote by
Yy = f(Xp) and fo == flx, -
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Varieties and morphisms described above fit in the following commutative diagram:

(2.1.1) x, -y,
L

X Yc¢

| J

XB 4)YBC—>

ap

After birational modifications and abusing notation, we may assume that all varieties in the

leftmost column are smooth and projective.
We summarize some useful properties in the following lemma.

Lemma 2.4 (Properties of Setting 2.3). With the same notations as in the previous setting.
(i) The morphism fg is generically finite and the image Yy, := f(Xp) is an irreducible
component of the corresponding fiber of Y — B.
(ii) If f is birational and 'Y is of general type, then the morphism fy : Xy — Yy is birational.

Moreover, Yy, is an irreducible ample divisor in a translate of the kernel of mp.

Proof. The first assertion is clear from the description. Since f is birational, fj, is also birational.
Since P+ B is an irreducible component of Vi(wx,a), by [GL2, Theorem 0.2], dim X —dim Xp >
i. Moreover, Y is not fibred by abelian subvarieties (see Lemma 1.1), so dim Xp = dim X — ¢

and Y} is an ample divisor in a translate of the kernel of 7g. O

2.2. Divisors in abelian varieties. If we assume that Y is an ample divisor (in particular,
conditions in Lemma 1.1 are satisfied), then we show that V(wy,a) are “small” when Y is

smooth in codimension 1.

Lemma 2.5. Let X i> Y be a desingularization of an irreducible ample divisor Y C A of an
abelian variety and denote a : X ERSTRSNYS If Vi(wyx,a) has a component T = P + B of
codimension i + 1 in A for some 0 < i < dim X, then Y is not smooth in codimension 1.

The proof is contained in the proof of [DH, Lemma 6]. For reader’s convenience, we present
it here.

Proof. By [EL, Proposition 3.1], there exists an adjoint ideal .#; C €4, co-supported at the
singular locus of Y, which sits in the following exact sequence

0= 04— I7zR004Y)— awx — 0.
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Let p: A — B be the natural projection. We then have the long exact sequence
R'p,P — Rip(I7 @ O4(Y)) = Rip.(aswx @ P) S RH1p, P

Since P4+B C Vi(wy, a), the coherent sheaf Rip, (a,wx ®P) is non-trivial and VO(Rip, (aswx ®
P)) = B. Moreover, Kollar’s theorem [Ko2, Theorem 3.4] implies that Rip, (a.wx ®P) is torsion-
free on B. Since R**'p, P is a flat line bundle on B, the boundary map § is not injective. Thus
the support of Rip.(Fz ® 04(Y)) is B.

Now, we consider the short exact sequence

0= I72R04(Y)— 0s(Y)— Oz(Y) — 0.
Since Rip,(04(Y) ® P) = 0, from the long exact sequence
R™p,(07(Y)® P) = Rip,(F7 @ OA(Y) ® P) = Rip.(OA(Y)® P)

and the previous discussion, we get that the support of R*"!p,(07(Y) ® P) is B. Thus, there
exists an irreducible component Z’ of Z such that p|z : Z' — B is surjective and a general fiber
of p|z is of dimension > i — 1. As a consequence, dimZ > dim B +i— 1 =dim X — 1.

Since Z is contained in the singular locus of Y, we conclude that Y is not smooth in codi-

mension 1. O

As we have seen, the hypothesis that Y is smooth in codimension 1 arises naturally when
Y is a divisor and we want to control the size of V¢(wx,a). Moreover, as we will see in the
following lemma, it implies that Ax — A is a primitive morphism of abelian varieties.

Lemma 2.6. Let X i) Y be a desingularization of a subvariety Y C A of an abelian variety
and denote by a : X i> Y < A the induced morphism to A. Assume that Y is a smooth in

codimension 1 ample divisor of A. Then, given P € //l\, a*P = Ox implies P = 0 4.

Proof. We argue by contradiction. Suppose that there exists a non-trivial P € A such that
a*P = Ox. Then a : X — A factors through a non-trivial étale cover 7 : A — A induced by
P and f factors through X — 7~ 1(Y) — Y. Since Y is smooth in codimension 1 and it is
an ample divisor of Y, 7~(Y") is irreducible. This is a contradiction, since f is birational, but
7 1Y) = Y is not. a

The following corollary will be the “divisor case” in the next section and it will play the role
of “building brick”. It is obtained by combining Theorem 2.1 and Lemmas 2.5 and 2.6.

Corollary 2.7. Let Y be a smooth in codimension 1 divisor of an abelian variety A. Let X be
a desingularization of Y. Then, Y is a theta divisor of A if, and only if, x(X,wx) = 1.

Proof. Ein—Lazarsfeld prove in [EL, Theorem 1] that irreducible theta divisors are normal and
have only rational singularities. Hence, if Y is isomorphic to a theta divisor, in particular, it is

smooth in codimension 1.
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Now assume that x(X,wyx) = 1 and note that X is of general type by Remark 1.2(3), and so
is also Y. By Lemma 2.5, for all 0 < i < dim X, V*(wx,a) has no component of codimension
i 4+ 1. Therefore, Theorem 2.1 implies that Y is birational to a theta divisor © of Ax and
t: Ax — Ais an isogeny. By Lemma 2.6, we have degt = 1. O

2.3. Subvarieties smooth in codimension 1. In this section, we identify products of theta
divisors among all normal subvarieties of a given abelian variety (see Theorem A). We will
deduce this characterization from the following theorem.

Theorem 2.8. Let Y be a smooth in codimension 1 subvariety of an abelian variety A. Let X
be a desingularization of Y. Then, Y is birational to a product of theta divisors if, and only if,
x(X,wx) =1.

The rest of this section is mainly devoted to the proof of this theorem.

By Theorem 2.1, we can reduce our study to the case where there exists a codimension-(i+ 1)
irreducible component of V¥(wx, a) for some 1 <4 < dim X — 1. That is, we can assume we are
in Setting 2.3 and use the notation therein.

The following technical lemma shows that, under the condition that Y is smooth in codimen-
sion 1, we may assume in Setting 2.3 that Xp and Yp are of general type and, in particular

P =0, i.e., the codimension-(i + 1) irreducible component passes through zero.

Lemma 2.9. Let A be an abelian variety. Let X i) Y be a desingularization of a subvariety
Y C A smooth in codimension 1 and denote by a : X Iy Y & A the induced morphism to A.
Assume that x(X,wx) = 1.

For any i > 0, all codimension-(i + 1) irreducible components of V' (wx,a) pass through zero.
Moreover, using the notation in Setting 2.3, sz\ is an irreducible component of Vi(wx,a), then

Xp and Yg are birational and of general type.

Remark 2.10. Since V!(wy,a) is non-empty, we can suppose that there always exists P + B
a codimension-(i + 1) irreducible component of Vi(wx,a) by Lemma 1.4.

In particular, we prove that all irreducible components of V!(wx,a) pass through zero and
the corresponding Xp and Yp are of general type.

Proof. Let P+ B a codimension-(i + 1) irreducible component of Vi(wx,a).

If i = dim X, then dimB = 0 and Y is an ample divisor of A. Then, we conclude by
Lemma 2.6. Hence, we assume now that ¢ < dim X and we are in Setting 2.3 and we use the
notation therein.

Step 1. fp: Xp — Yp is birational.

Assume by contradiction that deg fg > 1. Then, consider two distinct preimages b1, by €
f5'(b) and their corresponding fibres X;, = 371(b;). Recall that x(X,wx) > 0 implies that X
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is of general type (see Remark 1.2(7)), and so is Y. Then, by Lemma 2.4 (7)), X;, are mapped
birationally to Y via f. Since V3, := f(X,) are two different ample divisors in a translate of
the kernel of 75 (see again Lemma 2.4), their intersection has codimension 1 in each divisor.
This is in contradiction with Y being smooth in codimension 1.

Step 2. P € E, so we may assume P = 0.

By [HP3, Theorem 2.2], R/f3,(wx ® a*P) are GV-sheaves for all j > 0. Then by [Ko2,
Theorem 3.1], for Pg € B general hi(X,wx ® a*P ® a*Pg) = h°(Y, R'f,(wx ® a*P) ® apPp).
Since P+ B C Vi(wx, a), R'f.(wx ® a*P) # 0. This implies that (a*P)|x, = Ox,-

Hence, if we consider ap : X £> Y, — Kj, then aZ(P\Kb) = Ox,. Since Y} is smooth in
codimension 1 and it is an ample divisor of K3, then P| K, = Ok, by Lemma 2.6. Since we have
the exact sequence of abelian varieties

~ ~ ~

0—-B—A—K—Q0,

Pl, = Ok, implies that P € B.

Step 3. Xp and Yp are of general type.
By Step 1, we only need to prove that Xp is of general type.
For Pg € B\ U; VYR Bwwx,ap) # 0 (e.g., [HP3, Theorem 2.2]),

0 < h'(X,wx ® a*Pg) = h°(Y, R'B.wx @ a’yPp)
=1 (Xp,wx, @ ayPp) [Kol, Proposition 7.6].

By generic vanishing, x(Xp,wx,) = hO(XB,wXB ® ajPp) for a general Pp € B. Hence
X(XB,wx,) > 0 and we conclude by Remark 1.2(%). O

We want to use the diagram (2.1.1) to prove Theorem 2.8 by reducing to the divisor case.
In order to do that, we need to prove that the fiber Y} satisfy the conditions of Corollary 2.7.
Before, we need to study the base Yp and show, in particular, that x(Xp,wx,) = 1.

Proposition 2.11. Let X i) Y be a desingularization of a subvariety Y C A of an abelian
variety and denote by a : X I v < A the induced morphism to A. Assume that x(X,wx) =1
and P+ B is an irreducible component of VHwx,a) and leti+1 be the codimension of B in A.

Then, using notation as in Setting 2.3, we have
x(XB, R'Bs(wx ® a*P)) =1 and X(XB, fs(wx ®a*P)) =i+ 1.

In particular, if P + B passes through 0, we may let P = 0, and then x(Xp,wx,) = 1 and
X(XB, Biwx) =i+ 1.
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Proof. We use the notation in Setting 2.3, in particular, we will mainly be using the following
small part of diagram (2.1.1)

X ——

B

o

Xp ——
aB

We first apply the argument that Hacon—Pardini use to prove [HP3, Lemma 3.2].

We consider () to be a general point of B and let W C H! (A, 04) be a linear subspace of
dimension i + 1 transversal to B at Q. Since P + B is an irreducible component of V(wyx, a),
by the same argument as in [EL, Proof of Theorem 3], the derivative complex is exact besides
at the leftmost term. Hence, the derivative complex induces the following exact sequence of
vector bundles on P! = P(W):

(2.3.1)
0— ﬁ]p(W)(—j) — HO(X, wx ®a*PRa*Q)® ﬁp(w)(—i) — =

— H (X, wx ® a*P ® a*Q) ® Opy(—1) = H'(X,wx ® a*P ® a*Q) ® Opyy — 0,

for some j > 7+ 1.
We note that since @) € B is general, we have the natural isomorphism H*(X,wx ® a*P ®
a*Q) & H'(Xp, R¥B.(wx ® a*P) ® aQ) for any k > 0. Hence, the exact sequence (2.3.1)

becomes

(2.3.2) 0 = Opary(—j) = HY(Xp, Bu(wx ® a*P) ® ahQ) ® Opyry(—i) — -+ —
— H(Xp, R 'Bi(wx ® a*P) ® apQ) ® Opyry(—1)
— HY(Xp, R'Bi(wx ® a*P) @ a3Q) ® Opyry — 0.
Chasing through the above diagram, we get
H'(P(W), Opw) (=) = H(Xp, R'B(wx ® a"P) ©@ apQ) @ H (P(W), Opq) )
Hence
(2.3.3) (X, BB (wx ® a*P)) = KX, RiBa(wy @ a* P) @ alyQ) = (j . 1).
If we now tensor (2.3.2) by ﬁp(w)(—l), chasing through the diagram we get
H' (P(W), Opeyry(—j — 1)) = H)(XB, Bu(wx ® a*P) ® apQ) ® H' (P(W), Opayy(—i — 1)).

Hence

(2.3.4) (X, wxy ® a*P ® a*Q) = h°(Xp, Bu(wy ® a*P) ® aQ) = (Z)
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Combining (2.3.3) and (2.3.4), we get

WX Bwx ®a'P)©apQ) _ j ..y
W(Xp, RiBi(wx @ a*P) @ apQ)  j—i~

and the equality holds only if j =474 1.

Let d > 1 be the order of P and G the group generated by P. We then consider the étale
cover A’ — A induced by P and the corresponding base change diagram

x—1 4

77X/w 77A/x
X’TA’.

Combining this diagram with (2.1.1) we obtain,

nx X A A
4

X —

F
5 77

X

where X’ g X5 % Xp is a birational modification of the Stein factorization of X’ — Xp such
that X% is smooth. As in [JLT, Proof of Lemma 3.3], we can arrange the modifications such
that v : X3 — Xp is still a generically finite G-cover and 3’ : X — X}, is G-equivariant.

Let V be the (i + 1)-dimensional quotient vector space H°(A,Q4)/H"(B,Qp) and let .% be
the saturation of ﬁ/*QXjB — Qx and 2 be the quotient of Qx/ /.. Then, we have on X’ the
following commutative diagram of coherent sheaves:

O—)B/*HO(B,QB)QQﬁX/ —)HO(A,QA)Q@ﬁX/ — VR0x — 0
VA
B Qe

1
0 % Qx/ 2 0.

Considering ¢-th wedge of the right column, we have a morphism

/\V@ﬁx/ —)detg‘—}wX//Xj/B,
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and hence a morphism

(2.3.5) NV & Ox, = Buwxrx,.

Recall that, Y}, is an irreducible ample divisor of Kj, by Lemma 2.4 (7). By [Mo, Corollary
3.11], then the natural morphism (2.3.5) is injective. This gives us the following injective

morphism between coherent sheaves on X,

B (i+1)

/
wXJIB ‘—)ﬂ*wxl,

Since 3’ is G-equivariant, the above morphism is also G-equivariant. Hence, if we push-forward
to Xp and consider the direct summand corresponding to P, we have the following injective
morphism of coherent sheaves on Xp,

(2.3.6) R'B,(wx ® a*P)®0F) < B (wy @ a*P).
Hence, for any @ € E, we have
(i + )R (X, R'Bu(wx @ a*P) @ Q) < h°(Xp, fe(wx ® a*P) ® Q).

Therefore, we have j =i + 1. So, from (2.3.3), we get x(Xp, R'f:(wx ® a*P)) = (Hli_l) =1
and, from (2.3.4), x(Xp, fx(wx ® a*P)) = (Ztl) =17+ 1.
When P = 0, we just note that a* P = Ox and R'B.wx = wx, by [Kol, Proposition 7.6]. O

The following proposition studies the general fibre Y;. More concretely, we want to prove
that x(Xp,wyx,) =1 and ¢(X;) =i+ 1.

Proposition 2.12. Under the same assumptions as in Proposition 2.11 and using the notation
of Setting 2.3, we consider in addition that Yp is of general type.
Then a general fiber Xy, of B has x(Xp,wx,) =1 and q(Xp) =i+ 1.

Proof. We use again the notation in Setting 2.3, in particular we recall diagram (2.1.1)

Xy —Y,

L

=]

XB %YBC—) B.

apB

First, we claim that the injective morphism (2.3.6) is generically an isomorphism. Otherwise,
we have a short exact sequence of coherent sheaves:

0— Rlﬂ*(wX b2y a*P)@(iJrl) — B*(WX & a*P) — W — 0,
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where rk 7 > 1. Then, we have a short exact sequence of non-trivial coherent sheaves on B,
0 = aR'B(wx @ a*P)®HY — 45,8, (wx ® a*P) — ag# — 0.

Since Yp is of general type, ap.f«(wx ® a*P) is M-regular on B (see Lemma 1.1). Therefore,
ap. ¥ is a non-trivial M-regular sheaf on B and V°(ap,#') = B (see Remark 1.2(ii)). However,
for Q € B general, (X, ¥ ®a%Q) = hO(XB,B*(wX@)a*P)@aBQ) (i+1)h(Xp, R B (wx ®
a*P) ® a’Q) = 0, which contradicts VO(ap.#) = B.
Thus, for a general fiber X, of 8, we have h%(Xp,wx,) = rk Bi(wx ® a*P) =i+ 1 and then,
by [Mo, Corollary 3.11], x(Xp,wx,) =1 and ¢(X) =7 + 1. O

Now we are ready to prove Theorem 2.8 by induction on the number of irreducible components

Of VvOl(w_)(, ax).

Proof of Theorem 2.8. Note that Y is of general type by Remark 1.2(%). When codimy Y =1,
we are in the divisor case and we conclude by Corollary 2.7. In particular V!(wx,a) = {0}.

So we may assume codim 4 Y > 2. We consider the Albanese morphism of ax : X — Ax, and
we denote by M = ax(X) and t : Ax — A the induced morphism between abelian varieties.
Then we have the commutative diagram

(2.3.7) X ye A

AX7

where a : X - Y < Aandax : X - M — Ax. Since f is birational, g and ty are also
birational. As we already mentioned, we assume that Y generates A, so ¢ : A — Ay is an
isogeny onto its image

By Lemma 1.4, any irreducible component of codimension-(i + 1) of V!(wx,a) (respectively
of VY{wx,ax)) is an irreducible component of Vi(wx,a) (resp. V¥(wx,ax)). Thus, all irre-
ducible components of V!(wx,a) and V(wy, ax) are positive dimensional, since codim4, M >
codimy4 Y > 2. Hence, the conditions in Setting 2.3 are fulfilled and we use the notation therein.

By Lemma 2.9 (see also Remark 2.10), each codimension-(i 4+ 1) component B of Vi(wx, a)
passes through 0 and Xp and Yp are of general type.

We denote by V.!(wy, ay) the union of irreducible components of V!(wy, ax) passing through
0. We denote by k the number of positive dimensional irreducible components of V.!(wyx, ax),

V) (wx,ax) = |J By,

and codim 3 Ej =1i; + 1.
X
We consider Ej = f_l(éj). Then, codim 3 Ej <i;+ 1. Moreover, since M is of general type,

then Ej is an irreducible component of V% (wy,ay) by Lemma 1.4. Thus, Ej C Vii(wy,a).
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Since Y is also of general type, then codim 3 Ej > 1j+1 by Lemma 1.1. Thus, §j is a component
of Vi(wx,a) of codimension i; + 1 in A

We first consider Setting 2.3 with respect to El and By, irreducible components of V! (wx, ax)
and V¥ (wy, a) of codimension iy + 1 in Ax and A. Using the perspective of (2.3.7) and (2.1.1),

we have

foq
Xgl YEH
X ! L A
B1 M Ax
B, l
X§1 Yp, © B
gl\, / 2 /
My C By

where X is smooth projective and 8 : X — X B, 1sa birational model of the Stein factorization
of X - M — M§1' Then f; is also a model of the Stein factorization of X — Y — Yp,, so
in the notation of Setting 2.3, X B = Xp,. Note that, since Y is smooth in codimension 1, by
Lemma 2.9 we have that Yp, is of general type and fp, : X B, Yp, is a birational morphism.
Thus, g1 : X B, M B, is also a birational morphism.

Since MJ§1 is of general type, we can apply Proposition 2.12 to X — M — M§1' Hence, for
a general point by € X§1’ and X, the fiber of 81 over by, we have X(Xbl7wXb1) =1.

Since f is birational, f,, = f] Xy, is a birational morphism onto the corresponding fiber Y},
of Y — Yp,. Moreover, since Y is smooth in codimension 1, so is Y},. Let K; be the kernel of
A — Bj. Then, by Lemma 2.4(%i), Y, is an irreducible smooth-in-codimension-1 ample divisor
of a translate of Ki. We conclude by Corollary 2.7 that Y, is a theta divisor ©; of K; C A.
In particular, X3, is birational to ©;. By Proposition 1.5, we can assume that X = X, x X§1'
Thus, we have

(238) AX = Kl X AX§ and M = @1 X Ml,
1
where we define My := Mx, = ax; (Xp ). Hence, we also have that B; = {0} x A\Xé and
1 1 1
Vi(wx,ax) = ({0} X Axél) U <K1 X Vol(wxél,axél)).

Therefore By = K x Eé for some abelian subvariety Eg cvl (wXE Lax ) C A X5 -
1 1 1
We now consider Setting 2.3 with respect to Be and B, irreducible components of codimen-
sion 79 + 1. Using the perspective of (2.3.7), (2.1.1), as before, and adding the decomposition
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(2.3.8), we have

Joy
A Yog
!
X = Xb1 X Xél Yc A
N % /
B2 O x M|—— K4 XAXE
1
IBy
X§2 Yp,© B

L e

@1XM5(—>§2:K1><BQ

where we have denoted by M} the image of the composition of morphism M; — A X5, = Bj,.
Note that fp, and g2 are birational and Yp, is of general type by Lemma 2.9.

Let K be the kernel of A — By. As before, Lemma 2.4, Proposition 2.12, and Corollary 2.7
imply that a general fiber X3, of (B2 is birational to a theta divisor ©3 of Ko C A. Then, by
Proposition 1.5, X3, x X B, is birational to X3, x X By Moreover, the morphism go : X By,
©1 x M} induces a birational equivalence between X By and the product of X, with another
variety that we call X5. That is, X is birational to Xj, x X3, x X2 and we have

AX:leKQXAX2 and M:@1X@2><M2,
where My = ax,(X2). Hence, we also have that By = IA(l x {0} x A\XQ and

Vo lwxsax) = ({0} x Axy ) U (K x {0} x Ax, ) U (RBr x K2 ¢V (wxasaxs) ).
Therefore, §3 - K 1 X IA(Q X Eg for some abelian subvariety Eg C Vi (wx,,ax,) C A X

We can iterate this process using all B j for 1 < j < k. For each fibration g : X — X5 , we get
J
a further decomposition of X. Finally, we conclude that X is birational to X3, x...x X, x X},

Ax = K1 x ... x K, x Ax, and M =01 x...xX 0O x M,
where M}, = ax, (Xj). Hence, we have that
VHwx,ax) :({O} X A\Xgl) U (IAQ x {0} x EXQ) U (IAQ x Ky x {0} x XX3)U
U...U(IAQ x---xIA(k_l x{O}xXX,JU

U <I/€1 X oo X I?k X ‘/Ol(ka,an)).
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To conclude, we only need to show that M} is a point. Suppose by contradiction that
dim M}, > 1. Then dim X} = dim M}, > 1 and hence V!(wx,,ax,) contains 0. Then, IA(l X+ X
K x VHwx,,ax,) exhibits a new component of V! (wx,ax), which is a contradiction.

Hence, X is birational to a product of k theta divisors and Ax = Ky X --- X K. O

Once we have proven Theorem 2.8, we can deduce Theorem A from it.

Proof of Theorem A. Only one direction needs to be proved.

We fix a desingularization f : X — Y. Then by assumption, x(X,wx) = 1. As we already
said, we assume that Y generates A. By Theorem 2.8, X is birational to a product of theta
divisors and the induced morphism ¢ : Ax — A is surjective.

The image ax (X) is a product of theta divisors ©1 x - - - x ©,,. We denote by K the Albanese
variety Ag; of ©;. In order to show that the induced morphism 7: ©1 X --- X 0, — Y is an
isomorphism, we just need to prove that ¢t : Ax = K1 X -+ x K, — A is an isomorphism. We
will show that if ¢ is not an isomorphism, Y can not be normal.

First of all, we assume that ¢ is an isogeny of degree d > 1. Then t~!(Y) has d irreducible
components, each of which is a translate of the product of theta divisors ©; X -+ X ©,, in
Ax. Theta divisors are ample divisors, so the d irreducible components meet. Thus, t~1(Y) is
connected but not irreducible, hence not normal. This gives a contradiction, since Y is normal
and t is étale.

Now we assume that dimkert > 0. The strategy is to prove that there always exist non-
connected fibers of 7 to get a contradiction with Zariski’s Main Theorem.

Let K be the neutral component of kert. We denote by k = dim K and ¢; : K — K the
natural projection. By induction on the number of theta divisors, we can assume that ¢; # 0
for all j. Let t; : Ax — Ax /K be the quotient and Y the image #;(ax(X)). Then we have the
following commutative diagram

O X - xO,— Ky x - x K,

|

|-

?C Ax/K t
lm Jtz
YcC

A,

Note that, since Y C A, we have k = dim K < m.
For ¢ = (c1,...,¢m) € ©1 X -+ X Oy, we have 7, '71(c) = (K +¢) N (O x --- x Oy,). Thus,

() 2o O1 — 1) N N (O — m).

We observe the following:
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1) UCjGG)j(@j — Cj) = (@] — @]) = Kj, since diij > 1;
2) Since 7 is birational, for ¢ € ©1 X - -+ x Oy, general, we have (7., goj_l(@j —c¢j) = {0k}

the identity element of K.

Thanks to the second observation, there exists 1 <¢ <m — 1 and d; € ©; for 1 < j <t such
that,

dim (ﬂle ;10 — d;)) =1 and
dim (ﬂtH gpfl(@i — dz)) =0 for a general d;11 € O411.

=177

We first claim that ('_, ¢; *(©; — d;) is connected. Otherwise, let v € (i_, ¢; ' (©; — d;) be
a point not in the connected component containing 0. We then choose d; € ©;N(0; — ;(v))
fort+1 < j <m. Then

t m t
oy (e ©-d))n( ) ¢ -d)) e (©i - do).
i=1 j=t+1 i=1
Thus, (ﬂ’;le ©; 1 (0; — di)) N (ﬂT:tJrl gp;l(@j - d;)) is also not connected. We denote
d,:(dl,...,dt, ;_’_1,,(12‘”)

Then 7, '7(d') is not connected. Since 5 is an isogeny, 75 is finite. Hence, 7, ' (7(d')) is a set of
finite points containing 71(d’). Thus, 77 '7(d’) is also not connected. This contradicts Zariski’s

Main Theorem, since 7 is birational and Y is normal.

We now consider ﬂle go;l(@i — d;) with the reduced scheme structure and we denote it by
C. Hence, C is a connected curve containing Ox. Then ¢;11(C) is a curve in K;41 containing
the identity element of K;11. We have the following Zariski open dense subset of O :

U:={u€ O |dim(CN cp;+11(®t+1 —u)) =0}.
Considering the following set

V.= U (Op41 —€) = Oy — (<Pt+1(C) \ {O¢41} )7

c€pi+1(C)
c#0t41

we have

VNOBu = U <@t+1 N (@t—i-l — C)) .

c€pi41(C)
c#0¢41

Since O41 is a theta divisor of K1, the induced morphism

Kiv1 — Pic® Ky

c  —=t0k,(Ot41) ® Ok, (—O441)
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is an isomorphism. Moreover, since O, has rational singularities, Pic? Ky — Pic? O¢41 is an
isomorphism. Thus, (©¢+1 — ¢)|g,,, are pairwise different effective divisors of ©¢1 for different
¢ € 141(C) \ {0¢41}. Therefore V N Oy is a Zariski dense subset of O 1.

Hence U NV is also a Zariski dense subset of ©;11. Given any diy1 € UNV C Opyq, the set

(O141 — dys1) N (0e41(C))

is finite with at least 2 distinct points. Thus,

t+1
(¥ '(©;—dj) > (@fﬁ(@tﬂ —d11) N C)
j=1

is also a finite set containing at least 2 distinct points O and k.
By observation 1), we can choose d; € ©; for t +1 < j < m such that k € goj_l(@j —dj) for
any t +1<j<m. Let d = (di,...,dn,) € O1 X -+ X Op,. Then

() = o7 (O = di) N N (O — d)

is a finite set with at least two distinct points. In particular, 7, L (d) is not connected and

hence 7717(d) is also not connected, which is a contradicts to Zariski’s Main Theorem. O

As we have seen in the previous proof the difference between Theorem A and Theorem 2.8

is quite subtle. The following examples may help to distinguish the two situations.

Example 2.13. Let X be a desingularization of ©1 x ©y C Ay X Ay = A. Then, the Albanese
variety of X is A = A; x Ag and the image ax(X) =Y is ©1 x Og, which is normal.

Now, let P, € A; and P, € Ay, be two 2-torsion points. Consider ¢ : A; x Ay — A’ the isogeny
induced by (P1, P») (just the quotient by the finite group generated by (Pi, P2)). Indeed, ¢ :
Aq x Ay — A’ is an étale covering of degree 2. Let Y’ C A’ be t(©1 xO3). Note that Y is smooth
in codimension 1. But Y’ is not normal, since ¢t~1(Y’) = <@1 X @2) U ((@1 + P) X (O + P2)>
is connected but not irreducible, hence not normal.

Thus, Y/ C A’ exhibits a case Y is birational to a product of theta divisors, but not isomor-
phic. Moreover, A’ is not necessarily isomorphic to the Albanese variety of its desingularization.

Summing up, in the following diagram, the first row is a paradigmatic example of Theorem A,
while the second row is a paradigmatic example of Theorem 2.8 when t is an isogeny:

ax

Xﬁ::;:;;Z;:::A:AX

J(bir tl2:1
f/

X —Y' = t(@l X @2)(—> A

\/’

al
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Example 2.14. Let C' — E a bielliptic curve, such that ¢g(C') = 2 and let K be the kernel of
JC = Ac — E. Then consider X = C x C' x C and let

ax

T

X=——=Y——— Ax

f
-
f/

X —Y =t(Y)— A,

a/

wheret: Ax = JCxJCxJC — Aisthe quotient by the diagonal of K, i.e., {(z,z,2) € Ax | x € K}.
Note that t|, is a birational morphism and Y’ is smooth in codimension 1.
This example shows that, in Theorem 2.8, ¢t does not need to be an isogeny.

Finally, we want to mention the following difference between Theorems A and Theorem 2.8.

Remark 2.15. On the one hand, as we have already seen in the previous examples, the abelian
variety in Theorem 2.8 does not need to be principally polarized (see also Remark 2.2).

On the other hand, we emphasize that in Theorem A the abelian variety is always principally
polarized. Indeed, Y induces a principal polarization on A and A = Ax.

3. VARIETIES OF MAXIMAL ALBANESE DIMENSION & HOLOMORPHIC EULER
CHARACTERISTIC 1

In the previous section, we have considered a : X — A generically finite morphisms from a
smooth projective variety X to a subvariety of an abelian variety Y := a(X) C A, from the
point of view of Y, letting X be its desingularization. Now we will consider that X is given and
a will be its Albanese morphism.

If we consider ax : X i> Y = ax(X) < Ax, we note, even if X is of general type,

f X — Y might not be birational. We have two paradigmatic examples of smooth complex
projective varieties X of maximal Albanese dimension and general type, such that f is not
birational. The first one is when X is of general type and x(X,wx) = 0. The second one
is when x(X,wx) = 1 and ¢(X) = dim X. As we have mentioned in the introduction, the
complete classification of these examples seems to be a rather difficult problem and clearly the
knot comes from studying f : X — Y = ax(X) rather than just ax(X) as we have done in the

previous section.
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Now, X will be always a smooth complex projective variety such that

(C.1) X is of maximal Albanese dimension;

(C.2) X(X,wx) = 1.
Then Hacon-Pardini show in [HP3] that
dim X < ¢(X) <2dim X,

and, when ¢(X) is maximal, i.e., ¢(X) = 2dim X, then Hacon—Pardini prove that X is birational
to a product of curves of genus 2 (theta divisors of dimension 1). In particular, f is birational.

We want to extend the classification Theorem of Hacon-Pardini to lower values of ¢(X). First,
we will give a complete classification of the submaximal case, i.e., varieties satisfying (C.1-2)
and ¢(X) = 2dim X — 1. Already in this case the examples where f is not birational will step
into our classification problem. More precisely, we will have two cases depending whether f is
birational or it has degree 2.

Second, we will study how to characterize birationally products of higher dimensional theta
divisors. For this, we will need to impose the following extra conditions

(C.3) ax(X) is of general type;

(C.4) ax(X) is smooth in codimension 1.

where (C.3) prevents f from being non birational and it is an open problem to determine if

condition (C.4) is necessary (see Question 3.6).

Submaximal irregularity. The case when ¢(X) = 2dim X — 1, was already studied for
surfaces, i.e., dim X = 2 and ¢(X) = py(X) = 3, by Hacon-Pardini [HP2] and Pirola [Pi]. This
section will be devoted to prove the following theorem, which can be seen as a generalization of
both [HP2, Pi] and [HP3|.

Theorem 3.1. Let X be a smooth projective variety of maximal Albanese dimension. Assume
that x(X,wx) = 1 and ¢(X) = 2dim X — 1. Then X is birational to one of the following
varieties:

(i) a product of smooth curves of genus 2 with the 2-dimensional symmetric product of a
curve of genus 3 (i.e., X is a product of theta divisors);

(i) (C1 x Z)/{(r), where C\ is a bielliptic curve of genus 2, Z — C1 X -+ x Cp_y is an
étale double cover of a product of smooth projective curves of genus 2, and T is an
involution acting diagonally on C1 and Z via the involutions corresponding respectively

to the double covers.
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The next natural step would be to classify varieties satisfying (C.1-2) and ¢(X) = 2dim X —2,
but we note that this classification would include the classification of surfaces S with ¢(S) =
Pg(S) = 2, which is not complete.

To prove the previous theorem, we need the following general proposition, which can be seen
as a variant of the main Theorem in [HP3, Theorem 3.1], but it is also the main technical tool

to prove Theorem 3.1.

Proposition 3.2. Let f : V — Z be a surjective morphism between smooth projective varieties,
where Z is of maximal Albanese dimension. Let # be a direct summand of f.wy, such that
X(Z,F)=1. Then,

q(Z) < 2dim Z.
Moreover, if equality holds, then

(i) Z is birational to a product of smooth curves of genus 2;
(ii) the Albanese morphism factors throughayz : Z Iy Oyx %Oy Ay, wherem = dim Z
and

g« F = (wCl X---@ow)@)Q,
for some Q € f/lg

Proof. We argue by induction on dim Z.

If dimZ = 1, then Z is a smooth projective curve of genus > 1. Since .# is a direct
summand of f,wy, we know that . ® wgl is a nef vector bundle on Z (see for instance [V1,
Corollary 3.6]). From x(Z,.%#) = 1, we deduce by Riemann-Roch that g(Z) < 2 and, if g(Z) = 2,
then . = wz ® @ for some Q € ;1\2

By induction, we may assume the proposition holds for dim Z < m — 1.

Step 1. Suppose that az(Z) is fibred by positive dimensional abelian varieties.

Then, let K be the maximal abelian subvariety of Az, such that az(Z) + K = az(Z). We
consider the quotient Ay — Az/K and Z %% Z' — Az/K the Stein factorization of Z — Az /K.
After birational modifications and abusing notation, we have the following commutative diagram
of smooth projective varieties

az
Z ——— Ay

|

, Az
7 —= Az/K,

where Ay = Az /K and az is indeed the Albanese morphism of Z'.

Since Z is of maximal Albanese dimension, so is the general fiber of k. Hence, for () € ;1} a
general torsion point and i > 1, tk Rk, (fiwy ® Q) = 0, by generic vanishing on the fibres of .
By Kollar’s Theorem [Kol, Theorem 2.1], the sheaves R'k.(fiwy ® Q) are torsion-free, hence
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zero for all i > 0. We denote by .Z' = k.(F ® Q). Since R'k.(F ® Q) = 0 for all i > 1, then
x(Z', ) =x(Z,F2Q)=x(Z,F)=1.

Let V' be a connected component of the étale cover of V' induced by f*Q. Let f': V' — 7’
be the natural surjective morphism. Then, .#’ is clearly a direct summand of flwy+. Hence by
induction on the dimension of Z, we have ¢(Z’) < 2dim Z’ and we get ¢(Z) < 2dim Z—dim K <
2dim Z.

Step 2. Suppose that az(Z) is not fibred by positive dimensional abelian varieties.

We consider the Fourier-Mukai functors
RP, : D°(Az) = DP(Az), RPy():=Rpy (0, ()® 2),
R : D"(Az) - D"(Az), R¥s():=Rpa, (0= () © 2),

where & is the Poincaré line bundle on Ay x ZI\Z
Since az(Z) is not fibred by positive dimensional abelian varieties, by Lemma 1.1(iv), az..%
is M-regular. Then, by [PaPo2, Thm 2.2 and Corollary 3.2], the following element in D(Az),

RAZ = R®»(RAoma, (az.F,04,))a(Z)]

is indeed a torsion-free coherent sheaf in cohomological degree 0 and of rank x(Z,.%) = 1.
Hence, RAZ = M ® Hw, where M is a line bundle on Zl\z and .y is the ideal sheaf of
W C Ag.

W =0,ie., RA.Z = M is a line bundle on ;1\2, then RV 4 (M) is supported on a translate
of an abelian subvariety of Az. By Mukai’s duality ([Mu, Theorem 2.2]),

RV »(M) = (-1)4 ,RHoma,(az«F,04,).

Thus, az..% is also supported on a translate of an abelian subvariety of Az. Since az..%#
is supported on az(Z) and az(Z) is not fibred by positive dimensional abelian varieties by
hypothesis, we get a contradiction.

We can suppose then that W is not empty. That is, RAZ is not reflexive so, by [PaPo2,
Corollary 3.2], there exists j > 0 such that V7 (.Z) has a component P+ B of codimension j + 1
in //1}

As usual, we consider Z E) Zp — B, the Stein factorization of Z — B. After birational
modifications and abusing notation, we have the following commutative diagram of smooth

projective varieties
AN Ay
(ZZB
Zp — B,

where az, : Zp — B = Az, is indeed the Albanese morphism of Zp.
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Note that dim Zp =dim Z — j and ¢(Zp) = dim B = ¢(Z) — j — 1. As before, for Q € Ay a
general torsion point, we have x(Zp, f«(# @ Q)) = 1. Then, considering .7 := B.(F ® Q), by
induction on dimensions, we have ¢(Zp) < 2dim Zg. Hence, ¢(Z) < 2dimZ+1—j < 2dim Z.

We have already proved that ¢(Z) < 2dim Z in any case, and now we want to study what
happens when equality holds.

Step 3. The variety Z when equality ¢(Z) = 2dim Z holds.

We have seen that in Step 1, we always have an strict inequality. In Step 2, equality can
hold only when j = 1 and by induction on dimensions, we may assume Zp is isomorphic to a
product of smooth curves of genus 2 and .%o = f.(F ® Q) = wz, ® Qp for some Qp € B.

Since .Z is a direct summand of fiwy, F ®w,' is weakly positive (see [V2, Theorem III)).
Thus, (¥ ®w§1 ® Q)’C is nef, where C is a general fiber of 3. Since rk.%g = 1, we have
x (C, (# ®w§l ® Q)‘C) = 1, and we conclude that g(C) = 2 and rk.%# = 1. Thus, by Propo-
sition 1.5, Z is birational to C x Zp and, hence, it is birational to a product of genus 2 curves.

Step 4. The sheaf .# when equality ¢(Z) = 2dim Z holds.
Without loss of generality we may assume that Z = C7 x --- x C},. Denote the natural
projections by
p1: 4 — Oy X - X Cpy,
po: 4 — Cy x(Cgx---xCp, and
pi2:Z —Cyx - x Cp.

Fix a general @) € ;1\2 and consider the natural sequence
Pip1.(F3Q)

(3.1.1) 05 PP (FRQ) = & BIFQ.
p§p2*('y®Q)

Note that piypo.(F ® Q) lies naturally in the kernel of ¢.
By induction hypothesis and comparing the elements in Pic?(C}) on further push-forwards,

we have

p1(F ® Q) = (we, ® Q2) M ((wey K-+ Kuwe, ) ® Qi2),

P2:(F @ Q) = (we, ® Q1) W ((wey K-+ - Kwe,, ) ® Q12), and

FRQ)=(wey W+ Kuwe,,) ® Quz,

for some Q; € Pic’(C)) and Q12 € 131(3()(]_[,€7£172 C%) that depend on Q. Now, since ker ¢ has rank

1, it is easy to see that the sequence (3.1.1) is exact. Moreover, if we choose @) appropriately,
then

D12s(

Ocy B(we, ®Q2)
O_>ﬁ01><02 — @ —)(W01®Q1)IZ(WCQ®Q2)—>6>1—>O
(we, ®Q1)ROc,
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is exact, where x is a point in C] x Cy that depends on Q1 and ()2. Thus, we have a non-trivial

morphism

(we, ® Q1) X (we, ® Q2) X ((wey M-+~ Ruwe,) ® Q2) — F @ Q.

Both sheaves are torsion-free of rk = 1 and x = 1, so they are isomorphic (e.g., [Pa, Lemma 1.12]).
O

Our aim is to apply induction on the dimension to prove Theorem 3.1. By Theorem 2.1, we
will be able to reduce to Setting 2.3. But now we are assuming that a : X — A is the Albanese
morphism and we get some extra properties.

Lemma 3.3 (Extra properties of Setting 2.3). With the same notations as in Setting 2.3.
Assume that a : X — A is the Albanese morphism ax .

If Y = ax(X) is of general type, then the morphism ap : Xp fj Y — B is the Albanese
morphism ax, of Xp. Moreover, if ¢(X) > dim X + 2, then Yp is not an abelian subvariety.

Proof. Note that both g and mp are fibrations and Y3 is an ample divisor in a translate of the
kernel of wp. Hence, ap is the Albanese morphism of Xp and Yp — B is the Albanese image
of Xp. If ¢(X) > dim X + 2, then dim B > dimYp + 1, so Yp is not an abelian subvariety of
B. O

Now, we have all the tools to attack Theorem 3.1.
First, we add Condition (C.3), and we get that only case (7) is possible.

Proposition 3.4. Let X be a smooth projective variety satisfying (C.1-3) and ¢(X) = 2dim X —
1. Then X is birational to a product of theta divisors.

If X is a product of theta divisors and ¢(X) = 2dim X — 1, we clearly need to have dim X —1
theta divisors of dimension 1 (i.e., smooth curves of genus 2) and a theta divisor of dimension
2 (i.e., the 2-dimensional symmetric product of a curve of genus 3).

Proof of Proposition 3.4. The surface case was solved independently by Hacon—Pardini [HP2]
and Pirola [Pi]. So, we may assume that n = dim X > 3. Since Ox € V'(wx), by Theorem 2.1,
there exists B a non-trivial irreducible component of V!(wy) passing through 0. Hence, we are
in Setting 2.3 and we use the notation therein, in particular we recall diagram (2.1.1)

Xb%%

L

X Y¢

1L

XB *>Y3<—>




30 ZHI JIANG, MARTI LAHOZ, AND SOFIA TIRABASSI

Now, as in the proof of Theorem 2.8, we would like to apply induction by using Proposi-
tion 2.12. The main difficulty is that Y5 may not be of general type.

Consider Q) € Ax a general point such that R‘B,(wx ® Q) = 0 for all i > 0 and we denote
F = Pi(wx ® Q). Since x(X,wx) =1, then x(Xp,.#) = 1. Denote by i +1 = codimy_ B,
then dim Xp =n —i and ¢(Xp) = 2n — 2 — i. By Proposition 3.2 applied to § and .#, we have
1< 2.

If ¢ = 2, then equality holds in Proposition 3.2 and Xp is birational to a product of
smooth projective curves of genus 2. Hence, we can indeed use Proposition 2.12 and we have
X(Xp,wx,) = 1 and ¢(X;) = dim X + 1. Hence, Ay, is isogenous to the kernel of 7p : Ax — B
and Y, = fp(Xp) is not fibred by positive dimensional abelian subvarieties. That is, X}, satisfies
the hypothesis of the proposition in dimension 2. Hence by [HP2, Theorem 2.2] or [Pi, The-
orem 1.1.1], X} is birational to an irreducible theta divisor of a principally polarized abelian
threefold. Thus, by Proposition 1.5, we have X is birational to Xp x X} and we are done.

If i = 1, we see that dim Xp =n — 1 and ¢(Xp) = 2n — 3.

If Yp is of general type, we can apply again Proposition 2.12 to show that the general fiber
Xy of B is a genus 2 curve, hence we conclude by induction on dimensions and Proposition 1.5.

If Yp is not of general type, then we need to go to a further quotient. Let K be the maximal
abelian subvariety of B such that Yz + K = Yg. Denote by ¢/ = i + dim K and denote
by B’ the quotient B/K. Let mp: : Ax — B’ be the natural projection. Then, denote by

Ypr := mp/(Y) and let X 5 x B fg Yp be Stein factorization of X — Yp/. Varieties and
morphisms described above are compatible with diagram (2.1.1) and fit in the following extended

commutative diagram:

X Y ¢ Ax
']
B
8| Xp YiC B Tl
| 1
Xp —25 Ypi© B

CLXB,

After birational modifications and abusing notation, we assume that all varieties in the leftmost
column are smooth.

Note that, Yp is of general type, so also Xp is also of general type.

Note that dimXp = n — 1 — dimK and ¢(Z) = 2n — 3 — dim K. Consider Q € Ax a
general point such that RS, (wx ® Q) = 0 for all i > 0 and we denote .#' = f.(wx ® Q). Since
X(X,wx) =1, then x(Xp/, #') = 1.
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By Proposition 3.2 applied to 8’ and .#’, we have dim K = 1 (i.e., i = 2) and X p is birational
to a product of n — 2 curves of genus 2. Without loss of generality, we can assume that Xp/ is
isomorphic to a product of n — 2 curves of genus 2.

Let Sy be a general fiber of 8. By Proposition 3.2, we also get that .#’ has rank 1, so we
have x(Sy, ws,, ) = 1. Since Sy is a surface of maximal Albanese dimension and asg,, (Sy) is of
general type, then either Sy is birational to a symmetric product of curves of genus 3 (when
q(Sy) = 3) or it is birational to a product of curves of genus 2 (when ¢(Sy) = 4).

In the first case, we conclude by Proposition 1.5. In the last case, let Cy be the fiber of
Xp — Xp corresponding to Sy. Note that Cy is of general type, since Xp is of general type.
Then, the morphism Sy — Cj needs to be the projection to either C; or (. In any case, the
general fiber of g is a curve C of genus 2. By Proposition 1.5, we have that X is birational to
C' x Xp and we conclude by induction on the dimension of X. (]

Remark 3.5. Note that, a posteriori, we know that, in the previous proof, Xp and Yp are
always birational, so Yp is of general type. In particular, the second case for i = 1 does not
appear.

Proof of Theorem 3.1. By Proposition 3.4, we just need to consider varieties not satisfying
condition (C.3), i.e., such that Y = ax(X) is fibred by positive dimensional abelian subvarieties
(see Lemma 1.1).

Consider K to be the largest abelian subvariety of Ax such that Y + K =Y and consider
the quotient Ay — Ax/K. Let X 5 Z — Y/K be the Stein factorization of Z — Y/K. After
birational modifications and abusing notation, we have the following commutative diagram of

smooth projective varieties

(3.1.2) X Y ¢ Ax
L J
Z Y/KC Ax /K = Ag,
\//)

where both Z and Y/K are of general type.

Note that dim Z = n —dim K and ¢(Z) = 2n—1 —dim K. Consider @ € Ax a general point
such that Rik.(wyxy ® Q) = 0 for all i > 0 and we denote .7 = k,(wx ® Q). Since x(X,wx) = 1,
then x(Z, %) = 1.

By Proposition 3.2 applied to x and .#, we have dim K = 1 and Z is birational to a product
of n — 1 curves of genus 2. Without loss of generality, we can assume that Z is isomorphic to a
product of n — 1 curves of genus 2.

The natural morphism ¢ : X — Z x4, Ax is a generically finite and surjective morphism.
Thus, t.wx = WZxa,Ax P 2 for some torsion-free coherent sheaf 2 on Z x4, Ax. We then
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have k.wx = wz & ¥, for some torsion-free coherent sheaf ¢. Note that

X(ng) = X(Z7 K*WX) - X(Z’WZ)
= X(Z, kuwx) — x(Z, RIK*WX)
=x(X,wx) =1.

By Proposition 3.2 applied to k and ¢, the sheaf ¥ = wz® Q) for some Q) € f/lg In particular,
a general fiber of k is a curve C of genus 2. We also observe that @ is torsion line bundle by
Simpson’s theorem (see [Si]) and we denote by d the order of Q.

Let 7 : Z — Z be the étale cover induced by the cyclic group generated by Q. We denote the
Galois group by G = Z/dZ. We consider the base change of the commutative diagram (3.1.2):

X X Ax
Z—" 7", A¢/K.

Then
g(X) ="YX, wg) = " 42, R Fawg) + W N2, Rawg)
= q(Z) + h”_l(g7 T RaWs)

d—1

= (D) + 3 W2 rox © Q)
=0

d—1
=q(Z)+ Y W2, (wr @ (wz© Q) @Q)
=0

= q(Z) +2.
Since a general fiber of k is still the genus 2 curve C, by Proposition 1.5, we conclude that
X is birational to a product C7 X Z. Thus, there exists a faithful G-action on C and X is
birational to the quotient by the diagonal action (C1 x Z)/G (sce, e.g., [Be, Lemma VI.10]).
Since ¢(X) = q(Z) + 1, we conclude that C7/G is an elliptic curve. Since g(Ci) = 2 and G is
cyclic, we have d = 2 and G = Z/2Z. O

Birational characterization of products of theta divisors. It is clear from the previous
results that we need the condition (C.3) to characterize birationally the products of theta
divisors and force f to be birational. Hence, it is natural ask if this extra condition is enough
(the question due to Pareschi, see [Ti, Chapter 5]).
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Question 3.6 (Pareschi). Let X be a smooth projective variety. If X satisfies the 3 conditions
(C.1-3), is X birational to a product of theta divisors?

If X is birational to a product of irreducible theta divisors, then X clearly satisfies all con-
ditions (C.1-3). Hence, if the answer is positive this will provide a birational characterization
of products of theta divisors.

To our knowledge, until now, the evidences for a positive answer were:

(i) the surface case dim X = 2, starting from the work of Beauville (in the appendix of
[De]) and finishing with Hacon—Pardini [HP2] and Pirola [P1i];
(11) the maximal irregularity case, i.e., when ¢(X) = 2dim X, by Hacon—Pardini [HP3];
(177) the characterization of theta divisors under some extra assumptions, which started with
the work of Hacon [Ha, Section 3]. This initial characterization has been refined by
Hacon-Pardini [HP1, Corollary 4.3], Lazarsfeld-Popa [LP, Proposition 3.8(ii)], Barja—
Lahoz—Naranjo—Pareschi [BLNP, Proposition 3.1], and Pareschi [Pa, Theorem 5.1].

We have given some new evidences, namely

(iv) the submaximal irregularity case, i.e., when ¢(X) = 2dim X — 1 (see Proposition 3.4);
(v) a further characterization of theta divisors (see Corollary 2.7).

We also push forward the characterization of theta divisors of Corollary 2.7 to the case
of arbitrary codimension of ax(X) inside Ax. That is, we consider the already mentioned
condition (C.4):

(C.4) ax(X) is smooth in codimension 1.

Then, as a direct corollary of Lemma 1.3 and Theorem 2.8, we obtain the following birational

characterization of products of theta divisors.

Theorem 3.7. Let X be a smooth projective variety. Then X is birational to a product of theta
divisors if, and only if, X satisfies the 4 conditions (C.1-4).

We have already mentioned that Ein-Lazarsfeld prove in [EL] that an irreducible theta divisor
is normal and has only rational singularities. Hence, if X is birational to a product of irreducible
theta divisors, then ax(X) is a product of irreducible theta divisors, so it is normal and, in

particular, smooth in codimension 1.

It is also possible to give an easier proof of the previous theorem by using induction on the
dimension of X, instead of induction on the number of components of V.!(wyx,ax). Indeed,
since in this case we work directly with the Albanese variety of X, we can avoid using the full
machinery of Theorem 2.8 and we can directly use Propositions 1.5, 2.12, and Corollary 2.7.
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