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Introduction

The present thesis consists of three distinct parts, concerning various aspects of abelian
and irregular varieties. The first two are related each other by the common use of the
generic vanishing theory as one of the principal tools, while the third one deals with the
stability of special vector bundles on an abelian variety. The following paragraphs give
an account of our main results.

The basepoint-freeness threshold of a polarized abelian variety

In the first chapter we show the results of the preprint [14], regarding syzygies of polarized
abelian varieties.

The study of equations defining projective varieties comes out very naturally in alge-
braic geometry and it has received considerable attention over the years. For a smooth
projective curve C of genus g endowed with a line bundle L, a classical result of Casteln-
uovo, Mattuck and Mumford says that, if deg L > 2g + 1, then L is projectively normal,
i.e. the morphism associated to the linear system |L| embeds C' in P := P(H°(C, L)") as
a projectively normal variety. Further works of Saint-Donat and Fujita proved that, if
deg L > 2g + 2, then (' is in addition cut out by quadrics, that is the homogeneous ideal
Ic/p of C in P is generated by elements of degree two. Some years after these results,
Green realized that such statements could be unified and generalized to a very satisfying
statement about syzygies.

Let us recall some terminology about syzygies of projective varieties. Let X be a
projective variety and let L be a very ample line bundle on X. Consider the section
algebra R, = @, H*(X, L™) determined by L, viewed as a module over the polynomial
ring S;, = Sym H°(X, L). Like any finitely generated Sp-module, R; admits a minimal
graded free resolution

Fe:0— FEy— ... — Fy — Ey— R;, — 0,

and it is natural to ask when it is as simple as possible, up to a certain step p. Namely,
given an integer p > 0, the line bundle L is said to satisfy the property (N,) if the first
p steps of the minimal graded free resolution E, are “linear”. In particular, (Ny) means
that L is projectively normal, and (/N;) means that, in addition, the homogeneous ideal
Ixpof X in P =P(H°(X, L)") is generated by quadrics. The first non-classical condition
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is (IV2), that means that the relations among these quadrics are generated by linear ones,
and so on. As said, these notions were introduced! by Green ([30]), and, intuitively, they
consist of an increasing sequence of “positivity” properties of L. We refer to §1.4 for a
more detailed description of the property (N,).

Green’s theorem is the following: «f C' is a smooth projective curve of genus g, L is a line

bundle on C', and
degL > 2g+p+1,

then L satisfies the property (N,).

Afterwards, several works focused in finding extensions of this result to other classes
of varieties (see e.g. [31] for the projective space, and [25] for a more general result).
A natural candidate is the class of abelian varieties, which we are more interested in.
Indeed, the above classical results on equations defining projective curves have analogues
for abelian varieties: a classical result of Koizumi ([47]) states that if L is an ample line
bundle on a complex abelian variety A and m > 3, then L™ is projectively normal (see [81],
[80], and [82] for a proof of the same result in positive characteristic, based on Mumford’s
ideas), and a well known theorem of Mumford and Kempf says that, when m > 4, the
homogeneous ideal of A in the embedding given by L™ is generated by quadrics ([64], [45,
Theorem 6.13]), i.e. L™ is normally presented in Mumford’s terminology.

Based on these classical facts and motivated by the aforementioned result of Green on
higher syzygies for curves, Lazarsfeld conjectured that, for an ample line bundle L on an
abelian variety, L™ satisfies the property (N,) if m > p+ 3 ([52, Conjecture 1.5.1]). This
was proved by Pareschi in characteristic zero ([67]), partially building on previous works
of Kempf ([44], [45]). Pareschi and Popa also proved a stronger version of it in [70].

On the other hand, more recently, Kiironya, Ito and Lozovanu ([50], [41], [61]), build-
ing on previous works of Hwang-To ([40]) and Lazarsfeld-Pareschi-Popa ([54]), used com-
pletely different methods — involving local positivity and Nadel’s vanishing theorem — in
order to prove (over C) effective statements for the syzygies of abelian varieties of dimen-
sion 2 and 3 endowed with any polarization, in particular with a primitive polarization,
that is a polarization that cannot be written as a multiple of another one.

In the first chapter we show a general result, Theorem A below, that, in particular,
provides at the same time a surprisingly quick proof of Lazarsfeld’s conjecture, extending
it to abelian varieties defined over a ground field of arbitrary characteristic, and a proof
of the criterion of Lazarsfeld-Pareschi-Popa ([54]), relating local positivity and syzygies.
In order to state it, let us introduce some other terminology. We will work with abelian
varieties over an algebraically closed field K of arbitrary characteristic. Let [ be an ample
class in the Néron-Severi group NS(A) = PicA/Pic’A. In [42], Jiang and Pareschi studied,
among other things, the (generic) cohomological rank h'(A,Zy(xl)) of the Q-twisted sheaf
To(xl), where Zy is the ideal sheaf of the identity point 0 € A. Here Zg(xl) is just a
formal symbol for the pair (Zy,xl), with z € Q, up to a natural equivalence relation
defined in §1.2, and it reflects the idea that we are twisting Zy by the “Q-polarization”

!The present terminology was introduced in [32] by Green and Lazarsfeld.



xl. The cohomological rank function h'(A,Zy(zl)) is the “rank of the cohomology” of
such Q-twisted sheaf Zy(zl) (see again §1.2 for precise definitions), viewed as a function
of v € Q:

h%o,g 1 Q — Qxo,

where

hy, () == h' (A, To(zD)).

Regarding syzygies, it actually suffices to consider the basepoint-freeness threshold
e1() :=Inf{zx € Q | h’%o,l(x) =0},?

that is the value starting from which the function h%o,l is zero. The name is motivated
by the fact that € () < 1 and €,() < 1 if and only if the polarization 1 is basepoint-
free, i.e. any line bundle L representing [ has no base points, as noted by Jiang and
Pareschi ([42]). Quite surprisingly, the basepoint-freeness threshold also characterizes the
projective normality of I Indeed, €;(]) < % if and only if | is projectively normal, meaning
that L is projectively normal for all line bundles L representing the class [ ([42, Corollary
E]). For the sake of clarity, let us spend some words on how Jiang and Pareschi proved
such result. Basically, assuming that L is basepoint-free, they consider the cohomological
rank function h]levl, where M is the syzygy (or kernel) bundle associated to L, i.e. the
kernel of the evaluation morphism of global sections of L that, by definition, sits in the

exact sequence
0— My, — H (A L)® Ox — L — 0.

Then, using the Fourier-Mukai transform associated to the Poincaré line bundle, they give
a formula expressing the function h%m ,in terms of hy, 1 ([42, Proposition 8.1]). From this

result, it is derived that [ is projectively normal if and only if €,(]) < 3 (see in particular
[42, Corollary 8.2(b)]).

The relation between projective normality and, more in general, higher syzygies of L, and
the vector bundle My, is classical and it will be addressed in §1.4. Indeed, a well established
condition ensuring the property (NV,) for L in characteristic zero is the vanishing

HY (X, MPT'@L") =0 forall h > 1. (0.1)

It seems a good place to point out that, despite the fact that in [42] the authors assume
that the characteristic of the ground field K is zero, the basic theory of cohomological
rank functions works over an algebraically closed ground field of arbitrary characteristic as
well, as we show in §1.2. The advantage of working with Q-twisted sheaves becomes clear
in §1.5, where we prove that if €;(l) < zﬁ’ then the vanishing (0.1) holds (Proposition
1.5.9). Therefore, we are led to ask ourselves if the vanishing (0.1) still implies the property
(N,) for L, in arbitrary characteristic. This turns out to be true, thanks to a criterion
due to Kempf ([44]) reducing the property (N,) of syzygies to the surjectivity of certain

multiplication maps of global sections, inductively defined, and that has the advantage

2In [42] this is denoted by B(1).



to work in arbitrary characteristic. Since Kempf’s argument is somewhat obscure, we
provide full details in §1.4. We hope that this will be useful for extending to arbitrary
characteristic some of the known results concerning syzygies of projective varieties in
characteristic zero.

To sum up, our main result is that €; (/) indeed encodes information about the syzygies
of the section algebra of L:

Theorem A. Let (A, ) be a polarized abelian variety defined over an algebraically closed
field K, and let p be a non-negative integer. If

1
l -
e(l) < YL

then the property (N,) holds for I, i.e. it holds for any line bundle L representing L.

As already mentioned, we have that Theorem A gives a very quick — and characteristic-
free — proof of Lazarsfeld’s conjecture (see Corollary 1.5.7 and the comment below it).
Moreover, it also implies that the polarization m[ satisfies the property (NNV,), as soon as
m > p+ 2 and [ is basepoint-free (see [70] for a more precise result). More in general,
defining

t()) :==max{t e N | () <

2

| =

we obtain

Theorem B. Let p and t be non-negative integers with p+1 > t. Let | be a basepoint-free
polarization on A such that t(l) > t. Then the property (N,) holds for ml, as soon as
m>p+3—t.

However, one of the main features of Theorem A is the chance to be applied to primitive
polarizations, i.e. those that cannot be written as a multiple of another one. This is one
of the reasons why it would be quite interesting to compute, or at least bound from
above, the invariant €;(l) of polarized abelian varieties (A,[). In this perspective, as
already mentioned, an interesting issue arises in connection with a criterion of Lazarsfeld-
Pareschi-Popa ([54]), where they prove that:
if there exists an effective Q-divisor F such that its multiplier ideal J (A, F') is the ideal
sheaf of the identity point of the abelian variety A and }%_l— F' is ample, then | satisfies
the property N, (see [50],[41],[61]).

Therefore, one is lead to consider the threshold

r(l) ;= Inf{r € Q| F an effective Q-divisor F' on A s.t. r[—F is ample and J(A, F) = Z}.

The relation with the basepoint-freeness threshold is in the following Proposition, based
on Nadel’s vanishing theorem.

3Note that this set is non empty, i.e. 7(I) < +o00. Proof: let k be a sufficiently large positive integer
such that the Seshadri constant of M = L* is strictly bigger than 2dim A. Such a k exists because of the
homogeneity of the Seshadri constant. Then, by Lemma 1.2 of [54], there exists an effective Q-divisor F'
on A such that J(A, F) =Zp and F =,um %M, for some 0 < ¢ < 1. If we now take r > %k, we have
that v/ — F' is ample.



Proposition C. Assume K = C. Then € (1) < r(l).

This, combined with Theorem A, provides a different and simpler proof of the criterion
of Lazarsfeld-Pareschi-Popa.

We note that in the papers [50], [41] for dimension 2 and [61] for dimension 3, the
authors, in the spirit of Green’s and Green-Lazarsfeld’s conjectures on curves, show ex-
plicit geometric conditions ensuring the property (NN,) by means of upper bounds on the
threshold 7(l) (or related invariants) and applying the criterion of [54]. This suggests to
look for similar estimates directly for the basepoint-freeness threshold €;(]). Namely, a
natural question is if €;(/) is less than or equal to

Inf{r € Q" | (DI™Z . Z) > (dim Z)*™Z for any abelian subvariety {0} # Z C A},

where D, := rL (see in particular [41, Question 4.2]). This is true for complex abelian
surfaces, thanks to the Proposition C and [41].

In addition to syzygies, we show that the basepoint-freeness threshold also gives in-
formation on the (local) positivity of the polarization [. This part (§1.6) is new and it is
not included in the preprint [14]. Recall that a line bundle P is k-jet ample, k > 0, if the
restriction map

H(A,P) = H°(A, PROL/IN®...®LL)

is surjective for any distinct points 1, ..., x, on A such that >, k; = k+ 1. In particular,
0-jet ample means globally generated and 1-jet ample means very ample. In general k-
jet ampleness implies the related notion of k-very ampleness, which takes into account
0-dimensional subschemes of lengh k& + 1. Both notions were introduced by Beltrametti,
Francia and Sommese in [7]. We have the following

Theorem D. Let (A, 1) be a polarized abelian variety defined over an algebraically closed
field K, and let k be a non-negative integer. If

1
l _
a(l) < R

then LN 1is k-jet ample, for any nef line bundle N on A.

Finally, the basepoint-freeness threshold ¢;(l) is related to the Seshadri constant
€(A, L) measuring the local positivity of a line bundle L representing the class [

Proposition E. We have the inequality e,(l) - (A, L) > 1.

As showed by Demailly, who introduced such constant in [23], there is a crucial interest
in looking for lower bounds on Seshadri constant of ample line bundles, and the above
proposition gives a sharp (see Remark 1.6.8) lower bound for the Seshadri constant in
terms of the basepoint-freeness threshold.



Derived invariants arising from the Albanese map

The second chapter contains the results of the paper [15], by G. Pareschi and me. An
extension of the main theorem of [15] to pushforward of pluricanonical bundles is also
included (see Theorem F below).

To a smooth complex projective variety X (henceforth called variety), one can asso-
ciate its derived category D(X) = D?(Coh(X)), that is the bounded derived category of
the abelian category Coh(X) of coherent sheaves on X (we refer to the book [38] for a
general treatment). Here, it suffices to say that D(X) is a triangulated category obtained
by “localizing” the (homotopy) category of bounded complexes of coherent sheaves on
X with respect to the class of quasi-isomorphisms, i.e. by “pretending” that morphisms
of complexes that induce isomorphisms in cohomology, are isomorphisms in D(X). Of
course, the objects of D(X) are bounded complexes of coherent sheaves on X.

Given another variety Y, we say that X is D-equivalent (or derived equivalent) to Y
if there exists an exact equivalence

¢:D(X)—D(Y)

between their derived categories. It is very natural to ask which geometric information
are preserved under derived equivalence. Namely, if two varieties have equivalent derived
categories, what can we say about their geometry?

For instance, it is well known that the dimension of the variety, the Kodaira dimension,
and the canonical ring are derived invariants. Moreover, in order to have a non-trivial
example in mind, recall that an abelian variety is always D-equivalent to its dual, as
proved by Mukai in the pioneering paper [63]. A big deal of interest in the above question
grew after a celebrated reconstruction theorem of Bondal and Orlov ([9]): if the (anti)-
canonical line bundle of X is ample, then X is isomorphic to Y.

Recently, Popa and Schnell showed that the dimension of the Albanese variety ¢(X) =
h(Q%) = h'(Ox) is a derived invariant ([76]). This allows to begin studying irregular va-
rieties (those with irregularity ¢ # 0) under derived equivalence, and, in this perspective,
the canonical cohomological support loci of X, i.e. the closed algebraic subsets of Pic® X
defined as

VX, wyx) ={a € Pic’X | h(X,wx ® a) # 0},

are of particular interest, due to their connection with the birational geometry of X (see
e.g. [68] for a survey). Therefore, it is natural to investigate the behavior of these loci
under derived equivalence. In [75] Popa conjectured that, if X and Y are D-equivalent,
then there exist isomorphisms V¥(X,wx) ~ V¥(Y,wy), for all # > 0. A more precise
version of this conjecture — proved by Lombardi for i = 0 and partially for i = 1 ([57]) -
was proposed by Lombardi and Popa ([59, Conjecture 11]).

We prove a general result in the above direction. Let X be a smooth complex projective
variety, and let
ax : X — AlbX



be the Albanese morphism. We prove, roughly speaking, that the cohomology ranks
R{(AIbX, ax,wx ® @)

are derived invariants, for all 4 > 0, and o € Pic’X. So far we are not able to prove Popa’s
conjecture in general, but we succeed if we allow to replace the canonical line bundle wx
with its pushforward ax,wyx under the Albanese morphism, as explained hereafter. In
particular, in the case of varieties of maximal Albanese dimension,* this settles in the
affirmative (a strengthened version of) the conjecture of Lombardi and Popa (we refer to
Corollary H for the precise statement). In this direction previous results in low dimension

were obtained by Popa, Lombardi and Abuaf ([75], [57], [59], [1]).

Another conjecture, often attributed to Kontsevich, predicts that derived-equivalent
varieties have the same Hodge numbers. In this direction, the derived invariance of the
Hochschild homology and the Hochschild-Kostant-Rosenberg isomorphism give, for any

integer k € 7Z,

S RE(X) =) ()

i—j=k i—j=k
for the Hodge numbers of two derived equivalent varieties X and Y. This fact, along with
Hodge symmetry and Popa-Schnell result, implies that Kontsevich’s conjecture is true up
to dimension 3 ([76, Corollary C]). In arbitrary dimension, it holds for varieties of general
type. Indeed, the “birational” analogue of Bondal-Orlov theorem, due to Kawamata
([43]), says that derived equivalent varieties of general type are K-equivalent — this is
a stronger notion than birationality — and it is known that K-equivalent varieties have
the same Hodge numbers by Kontsevich’s motivic integration (Batyrev [4], Kontsevich).
However, in general, the derived invariance of the Hodge numbers h%7 is not even known.
As a consequence of the invariance of the cohomological ranks of the sheaves ax,wy, it
follows that the h%/’s of varieties of maximal Albanese dimension are derived invariants
(see the below Corollary G).

Turning to precise statements, let ¢: D(X) — D(Y) be an exact equivalence. As
shown by Rouquier ([78], see also [76]), ¢ induces an isomorphism of algebraic groups
7 Aut® X x Pic’X — Aut’Y x Pic’Y.

We choose normalized Poincaré line bundles so that to a closed point o € Pic®X (resp.
B € Pic’Y) corresponds the line bundle P, on X (resp. P on Y). Essential for our
arguments is a result of Lombardi, from which it follows that if h'(AlbX, ax,w%® P,) > 0
for some i > 0 and m € Z, then $(idx, P,) is of the form (idy, P;) for a 8 € Pic’Y. If
this is the case, we will abusively denote

B =p(a).
Theorem F. Leti > 0 and m > 1. In the above notation, h'(AlbX, ax,w% ® P,) > 0 if
and only if h'(AIDY, ay Wi’ ® Ps)) > 0. If this is the case, then
R (AIbX, ax,wy @ P,) = h'(AIbY, ay ,wi ® Psa)).

4This means that dimax(X) = dim X. Being of maximal Albanese dimension is a derived invariant
property ([57]).




In [15] we proved the above Theorem only for m = 1. However, by following the
same argument of [15] and using a recent result of Lombardi-Popa-Schnell ([60]), it is not
difficult to extend it to the pluricanonical case (see §2.2).

Using the fact that © is an isomorphism of algebraic groups, we obtain the derived
invariance of the Hodge numbers h%/, in the case of varieties of maximal Albanese dimen-
sion.

Corollary G. Let X andY be smooth complex projective varieties with equivalent derived
categories. Then, for all1 >0 and m > 1,

R (AIbX, ax,w¥) = h'(AIbY, ay,wi).
In particular, if X is of mazximal Albanese dimension, then, for all j >0,

h%7(X) = % (Y).

Notice that in the maximal Albanese dimension case, R'ay,wx = 0 for i > 0 (Grauert-
Riemenschneider vanishing theorem) and therefore h'(X,wy) = h*(AlbX, ax,wx). This
proves the last part of the Corollary, taking m = 1.

Given a coherent sheaf F on a smooth projective variety X its cohomological support
loci are the following algebraic subvarieties of Pic’X:

VIX,F)={a€Pic"X | W(X,F® P,) >r}.

For r = 1 we simply denote V(X,F) = V(X, F). Again, by Grauert-Riemenschneider
and projection formula, it follows that V(X ,wx) = V/(AlbX,ax,wx) in the maximal
Albanese dimension case.

As already mentioned, it has been conjectured by Popa ([75]) that all loci V(X wx)
are derived invariants of smooth complex projective varieties. This conjecture has been
verified by Lombardi and Popa, only for the components containing the origin of Pic’X,
unconditionally on the Albanese dimension for ¢ = 0,1,dim X — 1,dim X (see [57],[59])
and in dimension 3 (see [57]), and for varieties of maximal Albanese dimension in di-
mension 4 (see [59]). The following corollary fully proves Popa’s conjecture for varieties
of maximal Albanese dimension, and, in general, the analogous statement for the loci
ViI(AIbX, ax,w).

Corollary H. Let X and Y be varieties with equivalent derived categories. For all 1 > 0
andr,m > 1, the Rouquier isomorphism induces an isomorphism between V' (AlbX ax W)

and VI (AIbY, ay ,wi).

In particular, if X is of maximal Albanese dimension, then for all i > 0 and r > 1, the
cohomological support loci V'(X,wx) and V(Y,wy) are isomorphic.

The method of proof of Theorem F makes use of many essential results concerning the
geometry of irregular varieties based on generic vanishing theory: generic vanishing the-
orems, the relation between the loci V(X w) and the litaka fibration, the Chen-Jiang
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decomposition, linearity theorems and their relation — via the Bernstein-Gel’fand-Gel’fand
correspondence — with the Castelnuovo-Mumford regularity of suitable cohomology mod-
ules. This material is reviewed in §2.1 and §2.2.

We would just like to briefly explain why does replacing w¥% with ay,w¥ work. For
simplicity, let us assume m = 1. The main point is that the sheaf ax,wx is always a
generic vanishing sheaf thanks to a fundamental theorem of Hacon ([35]). This means
that it is “well-behaved” with respect to the Fourier-Mukai transform with kernel the
Poincaré line bundle on AlbX x Pic®X. Moreover,

H(X,wy @ Py) = HYAIDX, ax,wx @ P,)
and we know, by the result of Lombardi ([57, Proposition 3.1]), that
H(X,wx ® P,) ~ H(Y,wy ® Ps)),

if (X, wx @ P,) # 0. That is the case i = 0 of Theorem F. Roughly, our method derives
Theorem F from the case © = 0 by means of the derived invariance of the Hochschild
multiplicative structure, combined with the result of Lazarsfeld, Popa and Schnell, saying
that the cohomology module

P H'(AIbX, ax.wx @ Py)

is generated by its degree zero part H°(AlbX, ax,wy ® P,) as a module over the exterior
algebra A*Hl(Ale, OAle)-

Next, we turn to some applications of Theorem F and especially of Corollary H. It
is known by the seminal work of Green and Lazarsfeld [33] that the positive-dimensional
components of the loci V(X,wx) are related to the presence of irregular fibrations, i.e.
morphisms with connected fibres onto lower-dimensional normal projective varieties — here
called base of the fibration — whose smooth models have maximal Albanese dimension.
Therefore, as sought by Popa ([75]) and in the spirit of previous works of Lombardi
and Popa ([57], [59], and especially [58]), the part of Corollary H concerning varieties of
maximal Albanese dimension implies the derived invariance of the presence or absence of
certain irregular fibrations and, moreover, the invariance of the set itself of such fibrations.
This imposes striking restrictions to the geometry and topology of the Fourier-Mukai
partners. An example of this is Theorem 2.3.3, concerning irregular fibrations of minimal
base-dimension on varieties of maximal Albanese dimension.

Just to give the flavour of the application, let us recall some notions appearing in the
statement of Theorem 2.3.3. An irregular fibration

g: X =S5

is said to be x-positive if x(ws/) > 0 for a smooth model S” of S (hence for all of them).
Xx-positive fibrations might be seen as the higher-dimensional analogue of fibrations onto
curves of genus > 2, which were classically studied by Castelnuovo and de Franchis ([13],
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[22]). Unconditionally on the Albanese dimension, Lombardi proved the invariance of the
equivalence classes of the set of fibrations over curves of genus > 2 ([58]). For varieties of
maximal Albanese dimension we note that, as a consequence of Orlov’s theorem on the
derived invariance of the canonical ring, the equivalence classes of all y-positive irregular
fibrations are derived invariants (Proposition 2.3.8).

On the other hand, even in the case of varieties of maximal Albanese dimension, it is
unclear what happens for non y-positive fibrations, especially when the base is birational
to an abelian variety. Theorem 2.3.3 gives a positive result about the derived invariance
of the equivalence classes of a certain type of irregular fibrations which are not necessarily
x-positive, and include certain fibrations onto abelian varieties.

Finally, we remark that Theorem F also provides some information about derived in-
variance of fibrations of varieties of arbitrary Albanese dimension. In fact, a well known
argument using Kollar decomposition shows that positive-dimensional irreducible compo-
nents of the loci V'(AlbX, ax,wx) form a subset of the set of the irreducible components
of the loci V' (X,wx) for some r' > r. Hence, via the Green-Lazarsfeld theorem, they
correspond to some irregular fibrations. However at present it is not clear to us how to
describe them.

Stability of syzygy bundles on an abelian variety

The third chapter concerns a joint work (in progress) with Marti Lahoz. Let (X, L) be
a polarized smooth variety over an algebraically closed field k. We recall that a locally

free sheaf E' on X is said to be slope stable with respect to L if, for any proper non-trivial
subsheaf F C E, one has

(det(F) - [dimX-1) _ (det(E) - LAmX-1)
rk(F) rk(F) '

Suppose that L is globally generated. We already dealt with the kernel bundle M,
associated to L, that is the kernel of the evaluation morphism of global sections of L

0— My, — H(X,L)® Ox — L — 0,

concerning syzygies. Here, we are mainly interested in its stability.

In recent years stability of kernel bundles has been investigated by several authors. In
the case of a smooth curve of genus g, the picture is well understood: in particular My, is
semistable, if degl > 2¢ (see e.g. [24]). For smooth projective surfaces, Ein-Lazarsfeld-
Mustopa ([27]) — based on previous results of Camere ([11]) — proved the slope stability of
M a with respect to L, for d sufficiently large, and, in arbitrary dimension, they obtained
the same for varieties with Picard group generated by L, strengthening an argument of
Coanda for the projective space (see [20], [27, Proposition C]). In op.cit., the authors also
conjectured that such a result should hold for any smooth projective variety.
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Note that if
o X > P:= ]P’(HO(X, L)V)

is the morphism associated to the linear system |L|, then the slope stability of M, with
respect to L is equivalent to the slope stability of the pull back ¢} Tp of the tangent bundle
of P. Indeed, from the Euler exact sequence it follows that

M[\// - SO*LTIP’®L\/7

and, as it is well known, dualizing and tensoring by a line bundle does not affect the
slope stability. Moreover, note that slope stability with respect to L only depends on the
numerical class of L up to a positive real or rational multiple.

The main result of the third chapter is the following

Theorem 1. Let (X, L) be a polarized abelian variety defined over an algebraically closed
field k and let d > 2. Then the syzygy bundle Mya is Gieseker semistable with respect to
L.

Recall that, if (X, L) is a polarized abelian variety, then L¢ is globally generated for
any d > 2.

Theorem I recovers the classical case of elliptic curves, and it solves in the affirmative
the aforementioned Conjecture 2.6 of [27] in the case of abelian varieties (see Remark
3.0.2). For complex abelian surfaces, Camere ([11]) proved that M, is slope stable, if L
is base point free and h°(L) > 7.

The proof of Theorem I goes as follows: first we prove a stronger result in the case
of a simple abelian variety (Proposition 3.1.1), and then, since polarized simple abelian
varieties are dense in their moduli space (Remark 3.1.4), we use the properness of the
relative moduli space of Gieseker semistable sheaves, in order to get a semistable sheaf
on X, that turns out to be isomorphic to the original kernel bundle.
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Chapter 1

Syzygies and positivity of polarized
abelian varieties

1.1 Background results on the Fourier-Mukai-Poincaré
transform

We start by fixing some notations. Let K be an algebraically closed field. If A is an
abelian variety over K, i.e. a complete algebraic group over K, we will always denote
its dimension by ¢g. A polarization [ on A is the class of an ample line bundle L in the
Néron-Severi group NS(A) = PicA/Pic’A. Its corresponding isogeny is denoted by

gole—le\,

where A = Pic°A is the dual abelian variety. Recall that deg(;) = x())? = (h°(1))2. For
beZ,
A=A x—bx

denotes the multiplication-by-b isogeny of degree b*9. We denote by P (or by Py, if
it is necessary) the normalized Poincaré line bundle on A X 121\, and, for a closed point
o € fAl, the corresponding line bundle on A is P, := P|ax{a}. Here D(A) denotes the
bounded derived category of coherent sheaves on A. Given a complex F € D(A), we
denote by FV = RHom(F,,) its derived dual, and by h!_ (A, F) the dimension of the

gen
hypercohomology H'(A, FQP,), for a general in Al Given an object F € D(A), we
usually drop out the notations R (resp. L) for right (resp. left) derived functors, but we
distinguish between the derived tensor product ® and the usual one ® = L°®. If G is a
sheaf on A, we denote by G" = G®" the n-th tensor power of G.

The Fourier-Mukai equivalence (Mukai [63]) with kernel the Poincaré line bundle P is

-~

Op = 3474 D(A) = D(A), ®p(F) = ps, (03 (F)OP)

IThis makes sense thanks to the semicontinuity theorem for hypercohomology of bounded complexes
(see [34], 7.7.4 and Remark 7.7.12 (ii)).
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where pa: A X A— A and pi: AX A — A are the two projections. Its inverse is
O5up: D(A) — D(A).

Let us recall that ®pv(-) = (—13)*®p(-). For reader’s convenient we list some useful
results — mostly due to Mukai — concerning the above Fourier-Mukai-Poincaré equivalence
in use in this chapter:

- Exchange of direct and inverse image of isogenies ([63], (3.4)). Let f: B — A be an
isogeny of abelian variety and let f A — B be its dual i isogeny. Then

(I)PB(f ‘F):f*¢PA( )7 (I)PA(f*g):f (I)PB( ) (1'1)

for any F € D(A), G € D(B).
- Fourier-Mukai functor and Grothendieck-Verdier duality ([63], (3.8) or [73], Lemma 2.2).
Let F € D(A). Then
(Pp(F))" = @pv(F)]g]. (1.2)
- Fourier-Mukai transform of a non-degenerate line bundle ([63, Proposition 3.11(1)]).
Given a non-degenerate line bundle N on A (this means that x (V) # 0), we still have
an associated isogeny ¢y : A — A. The Fourier-Mukai transform <I>7>(N ) is a locally free
sheaf (concentrated in cohomological degree 0) on A denoted by N of rank equal to
IX(N)|. Moreover,
907\/]\7 ~ (NI,

This applies, in particular, to any ample line bundle L on A. Therefore, we have

OiL ~ (LV)®"°0) = g%A, L)@ L. (1.3)
- Hypercohomology and derived tensor product ([73, Lemma 2.1]). Let F € D(A) and
G € D(A). Then

H'(A, Fep7(G)) = H'(A, 237 (F)29).

- Weak Index Theorem and Fourier-Mukai transform ([73, Lemma 2.5]). Let F € D(A).

Then ' ‘ R
R'®dp(F) =0 <= H'(A, Fod5 4 (N)) =0 (1.4)

for any sufficiently positive ample line bundle N on A.

1.2 Q-twisted complexes of coherent sheaves and co-
homological rank functions on abelian varieties

Let (A, l) be a polarized abelian variety. Similarly to [53, §6.2A], one can give the following

Definition 1.2.1. A Q-twisted object F(zl) is an equivalence class of pairs (F, z]) where
F € D(A) is a bounded complex of coherent sheaves on A, x € Q is a rational number
and the equivalence is, by definition,

(FOL™ xl) ~ (F, (m + )l),

for any line bundle L representing [ and m € Z.
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Note that an untwisted object F may be naturally seen as the Q-twisted object F(0l).
Moreover, by definition, we have that FQ P, (xl) = F(zl), for any o € A. Tensor products
and pullbacks of Q-twisted objects are defined as one can expect:

Definition 1.2.2. Let F(zl) and G(yl) be two Q-twisted objects on A, then
Flh@G(yh) = (FRG)((z + ),

where ® denotes the derived tensor product. If f: B — A is an isogeny of abelian
varieties, then

JH(F@h) = (T F) (e f).

The above definition of a Q-twisted object works as well for any projective variety.
On abelian varieties, in addition, it is possible to define the cohomologies h'(F(zl)) of
a Q-twisted object, and to study them as functions of x € Q. This allows to develop a
generic vanishing theory for Q-twisted objects, as inaugurated by Jiang and Pareschi in
[42].

Cohomological rank functions were essentially introduced by M. A. Barja ([2]), who
mainly considered the case of h(F(zl)), and called it continuous rank function. The
continuous rank functions were then further studied as functions continuously extended
over R by Barja, Pardini and Stoppino in [3], especially in relation with the volume
function. Subsequently, Jiang and Pareschi ([42]) studied cohomological rank functions®

ér,; 1 Q — Qxo,

where i € Z, F € D(A), and [ is a polarization on A. They are defined as follows: if
r=%€Qand b>0, then

) ) 1 .

i) = elal) = ol (A, (1 F)SL™).
The definition is dictated from the fact that the degree of the multiplication-by-b homo-
morphism p,: A — A is b* and pj (1) = b*L. Therefore the pullback via i, of the rational
class ¢l is abl and, as explained in Remark 2.2 of op.cit., one may think of hzfl(:c) as
the (generic) cohomological rank h'(A, F{xl)) of the Q-twisted complex F(zl). In [42]
the authors introduced such notion assuming that the characteristic of the ground field
K is zero. However the above definition makes sense in any characteristic. The main
point consists in showing that it does not depend on the representation x = 3. To this
purpose we need to verify that the quantity h;en(A, F) is multiplicative with respect to
any isogeny fi,:

e (A, it F) = m*ht (A, F). (1.5)

gen gen
This is checked in op.cit. under the assumption that char(K) = 0. However the same thing
can be checked removing such assumption as follows. By cohomology and base change,
h.. (A, p, F) is the generic rank of the Fourier-Mukai-Poincaré transform R'®p(pf, F).

gen

2In op.cit. such functions are extended to (continuous) real functions, but we don’t need this here.
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Moreover, R'®p(pi F) = fim R'®p(F) ([63] (3.4)), where fin, : A — A is the dual isogeny
of fin,, i.e. it is the multiplication-by-m isogeny of A. Since the morphism [i,, is in any
case flat, the generic rank of fi,,, R'®p(F) is that of R'®p(F) multiplied by the degree
of fi,,. Therefore we get (1.5). Granting this, h’-(zl) is well-defined and it extends the
usual (generic) cohomology of untwisted objects: if we take another representation of x,
say © = ¢, then

] 1 ] * abm?
Wr(@h) = s hgen (A, (Hp F)®L™™)

(bm)2a "gen
1 7 * * a
= Wh‘gen(A7 f ((p F) L)) (1.6)
1 A * a
= nghgen(A7 (:ub )®L b)'

Although we do not need this here, we remark that from the above discussion it follows
that the basic properties satisfied by the cohomological rank functions described in §2 of
[42] work in any characteristic. In particular, the fundamental transformation formulas
with respect to the Fourier-Mukai-Poincaré transform are still true:

Proposition 1.2.3 ([42], Proposition 2.3). Let F € D(A), i € Z and let | be a polarization

on A. Then, for x € QF,

in(el) = e L
}‘(x_) = w ﬁ@Pv(}‘V)(;_)

and, for x € Q,
i . (_x)g i 1
he(zl) = —X hﬁfbp(f)(_;-)'

We point out that one of the meaningful facts is that x is exchanged with the inverse
Iafll' These formulas have several consequences. Among other things, Jiang and Pareschi
proved

Proposition 1.2.4 ([42], Corollary 2.6). Let F € D(A) and i € Z. For each zp € Q
there are €, et > 0 and two polynomials P, 1, , P, € Q[z] of degree < g such that
P’L’T}—,xo (.’13’0) = PiJ,rf,:po (‘TO) and

We(xl) = Pg, (x) for x € (zo—¢ ,20]NQ
We(zl) = P, (x)  for x € [xo, 0+ €) N Q.

In particular, for zy € Q, the function h}’ , 1s smooth at z( if and only if the two poly-
nomials P,z - and P;’}@O coincide. If this is not the case xq is called a critical point.
In applications we will mostly consider the “maximal critical point” of hlﬁl where F is
a sheaf on A. This is the value starting from which the function Al is zero. Note that
Serre vanishing holds for Q-twisted sheaves: given a coherent sheaf F there is a zg € Q
such that h'-(zl) = 0 for all 7 > 0 and for all rational z > zo ([42], p.7 (c)). We point
out that we are not saying that the maximal critical point of the function h}f,l is always
rational, however, as it will be clear later on, in our cases this does not cause any trouble.
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1.3 Generic vanishing theory for Q-twisted sheaves

Following §5 of [42], one can extend the usual notions of generic vanishing to the Q-twisted
setting:

Definition/Theorem 1.3.1 ([42], Theorem 5.1). (1) A Q-twisted sheaf F(zl), with
r = ¢, 15 said to be GV if
codim 3 Supp(R'®p((; F)RL™)) >, for alli > 0.

Equivalently the transform® ®pv((uiFY)QL™%®) is a sheaf concentrated in cohomological
degree g, i.e.
Opv (1 F)OL™™) = RIpv (1 F)OL™™)[~g].

(2) It is said to be IT(0) if the transform
Cp((1F)RLY) = RCp( (1 F)RL™)

18 concentrated in cohomological degree 0.

a

Remark 1.3.2. (a) The above definitions do not depend on the representation z = .
For example, for any i, R'®p(u’,F) = finmR'®p(F) ([63] (3.4)) where fi,, is the dual
isogeny of i,,,, therefore, by cohomology and base change, we see that Supp(R!®p(u:,F))
corresponds to the image of Supp(R'®p(F)) via the isogeny fi,,. Then one proceeds as
in (1.6).

(b) They neither depend on the line bundle L representing the class [ Indeed, thanks to
the exchange of translations and tensor product by elements of Pic’A ([63], (3.1)), if Lo
is another line bundle algebraically equivalent to L, then R'®p((u; F)QRLE) is a translate
of Ri®p((uz F)RL®).

By cohomology and base change one has that

Supp(R®p (1) F)0L™))  fa € A | H'(A, (1 F)RL @ P,) £ 0}

| (1.7)
= V(i F)L)

and, if VT ((ur F)®@L%®) = @, then equality holds. Moreover, we have that the Q-twisted
sheaf F(zl) is GV if and only if
codim Vi((up FYRL®) > i,

for all i > 0 and for any representation x = ¢ ([73, Lemma 3.6]). By cohomology and
base change again, F(xl) is IT(0) if and only if

V(i F)L™) = @

SRecall that ®pv () = (=15)*Pp.



21

for all @ > 0 and for any representation x = ¢. In particular, we see that an I7T(0)

b
Q-twisted sheaf is GV.

Let us present now some properties of I17'(0) (resp. GV') Q-twisted sheaves, that will
be useful later on. Note that ample (resp. nef) Q-twisted bundles, as defined in [53,
§6.2A], satisfy analogous formal properties (see Lemma 6.2.8 and Proposition 6.2.11 of
[53]). Moreover, a line bundle on an abelian variety is I7'(0) if and only if it is ample
([71, Example 3.10(1)]), and Debarre (resp. Pareschi-Popa) proved that any 17°(0) (resp.
GV') sheaf is ample (resp. nef), see [21] and [72].

Proposition 1.3.3 ([72], [35], [42]). Let F{xl), G{yl) be Q-twisted sheaves on A, with G
locally free. Let f: B — A be an isogeny of abelian varieties. Then:

(1) F(xl) is IT(0) (resp. GV ) on A if and only if f*(F(xl)) is IT(0) (resp. GV ) on B.
(2) If F(xl) is GV and G(yl) is IT(0), then F(xl)@G(yl) is IT(0).

(3) F(zl) is GV if and only if F{(x + y)l) is IT(0) for ally € Q7.

(4) F(zl) is IT(0) if and only if F{(x — y)l) is IT(0) for sufficiently small y € Q.

Proof. (1): Let us give the proof only in the IT(0) case, being the other one completely
analogue. Let F(xzl) be an IT(0) Q-twisted sheaf. If z = ¢, by definition p; FQL? is an
IT(0) sheaf, i.e.

Op, (13 F)@L™) = RO®p, (1 F)L™)

is a locally free sheaf on A. Since f is an isogeny of abelian varieties, we have that
s (FF)R(f L) = f*((pF)@L™).

Hence f*(F(zl)) = f*(F)(xf*l) is IT(0) if and only if f*((u;F)QRL®) is an IT(0) sheaf.
By (1.1), we have X
(DPB(f*(MZF@Lab)) = fi®p, (MZ‘F@Lab)? (18)

where f : A — B is the dual isogeny, and the right-hand side of (1.8) is still a locally free
sheaf concentrated in cohomological degree 0.

(2): This is a Q-twisted version of the “preservation of vanishing” (see [72, Proposition
3.1]). Let x = § and y = §, with b,d > 0. Hence z +y = adb—tlbc. We want to prove that
Iu?;d(f®g>®L(ad+bC)bd

is an IT(0) sheaf on A. By hypothesis F(zl) is GV, therefore p(F(zl)) = pi(F)(xd?])
is GV, thanks to (1). This means that

(i F)RL™ = (i F)RL
is GV. Likewise, if G(yl) is IT(0), we have that
(i G)RLY* = (17,G) LY

is IT(0). Now we apply the following
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Lemma 1.3.4 (Pareschi-Popa [72], Proposition 3.1). Assume that F is a GV sheaf and
G is an IT(0) locally free sheaf. Then FRG is IT(0).

(3): This is Hacon’s criterion ([35]), rewritten with the language of Q-twisted sheaves (see
[42, Theorem 5.2]). Let = ¢. Then F(zl) is GV if and only if (u; F)®L is a GV sheaf.
By Hacon’s criterion (see [73, Corollary 3.11]) this is equivalent to

H'(A, (13 F) L @®3 4 (N 4)[g]) = 0,
for ¢ > 0, where N is an ample line bundle on Aand k> 0, i.e.
(1 F)@ L@@ A (N )] 2 (1 F)@ L @(=14) (P54 (NF))Y (1.9)

is an I7'(0) sheaf, where the isomorphism follows from (1.2). Let L be a representative of
the class [, and denote Q = L¥ and d = h%(A, Q). Taking N = (det Q)", we have

15 P ANE) = ol @a A (NF) = (@)WY, (1.10)

thanks to (1.3) (see also the proof of [8, Prop. 14.4.3]). Therefore, by applying 1. to the
right-hand side of (1.9), we have that

(i F)SLE " @(—1a)" (LF )P

is IT(0) by (1), where Ly is a line bundle algebraically equivalent to L. By definition this
is equivalent to the fact that F((z + Z-)]) is IT(0). Since z +y = (x4 5) + (y — %), by
(2) we have that

1 1
Flla +9)) = Fl(z + 5)0@04((y - )
is IT(0), for k sufficiently big.
(4): Similar to (3). By Definition 1.3.1 we know that F(zl) is I7(0) if and only if

Cp((1 F)RL™) = R Cp( (1, F)RL™).
Equivalently, by (1.4),
(u;F}@Lab®<b£_>A(Nk) is an IT(0) sheaf, (1.11)

for any ample line bundle N on E, with £ > 0. Then one proceeds similarly as before,
by noting that (1.11) is true if and only if F((z — 2-)]) is an IT(0) Q-twisted sheat.

O
The following Lemma is a very particular case of [73, Theorem B] and it will be used

in §1.6. Here we prefer to provide a direct proof, that uses the language of Q-twisted
sheaves. Note that, by the previous discussion, it is indeed an if and only if.

Lemma 1.3.5. Let N be a line bundle on A. If N is nef, then it is GV .
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Proof. For all z = § € QF, we have that N(z]) is an ample Q-twisted line bundle, because
py(N(xh)) = (yN)(abl)

is ample and g, is an isogeny ([53, Lemma 6.2.8(ii)]). An ample line bundle on an
abelian variety has no higher cohomology (see [65, §16]), therefore N(xl) is IT(0). Now
Proposition 1.3.3(3) implies that N is GV. O

1.4 Syzygies and the property (N,)

Let us recall the definition and the geometric meaning of the property (N,). Let X be a
projective variety defined over an algebraically closed field K. If L gives an embedding

O X —P= P(H(X,L)"),

then L is said to satisfy the property (N,) if the first p steps of the minimal graded
free resolution E,(L) of the algebra R; := @, H°(X,L™) over the polynomial ring
St := Sym H°(X, L) are linear, i.e. of the form

SL(_ - 1)@ip—>SL(—p)®ip71—>...—>SL(—2>@i1 SL RL O

p
E,(L) E,_1(L) Ey(L) Eo(L)

Thus (Vy) means that L is projectively normal (and in this case a resolution of the
homogeneous ideal Ix/p of X in P is given by ... = Ey(L) — Ix/;p — 0); (V1) means
that Iy/p is generated by quadrics; (N;) means that the relations among these quadrics
are generated by linear ones and so on.

Writing K = S /Sp, as the quotient of the polynomial ring S; by the irrelevant
maximal ideal Sy = @, ., Sym™H°(X, L), it is well known that dimg(Tor}*(R;,K);)
computes the cardinality of any minimal set of homogeneous generators of E;(L) of degree
7, therefore

Ei(L) = @TOYEL(RL K);®xSL(—7)
J
and L satisfies the property (NN,) if and only if
Tor)*(Ry,K); =0 forallj>p+24 (1.12)
A well established condition ensuring the property (N,) for L in characteristic zero is

the vanishing
HY(X,MPT'oL")y =0 forallh>1, (1.13)

4Tor§ L(Rp,K); is always trivial, because we are dealing with the complete linear series |L| and the
corresponding embedding is linearly normal. Moreover the vanishing Torf Y(Rp,K); =0, for all j > p+2,
forces TorfL (Rr,K); =0, for all 0 < i < p and j > ¢ + 2 (see the proof of Proposition 1.3.3 in [52] for
details).
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where M, is the kernel bundle associated to L, i.e. the kernel of the evaluation morphism
H(X,L)@0x <% L. Indeed, tensoring the Koszul resolution of K by Ry and taking
graded pieces, we see that the property (NN,) for L is equivalent to the exactness in the
middle of the Koszul complex

AP HY (X, D)@H (X, L") — APHY(X, L)@ HO(X, L") — AP HY(X, L)@H (X, L"?)

for all h > 1 (see [52, pp. 510-511] for details). This can be expressed in terms of the
kernel bundle of L. Namely, taking wedge products of the short exact sequence defining
My,

0— M, — H*(X,L)@Ox — L — 0,

we get
0 — APP My — AP HY (X, L)®0x — APM QL — 0.

Tensoring it by L" and taking global section, we see that the exactness of the Koszul
complex above is equivalent to the surjectivity of the map

AP HY(X, D)oH (X, L") — HY(X, APM L"),
that in turn follows from the vanishing
HY (X, AP M @L") =0 forall h> 1. (1.14)

Now, if char(K) = 0, AP*' M, is a direct summand of M?™ and in particular (1.13) implies
(1.14); otherwise said L satisfies the property (N,). If char(K) > 0, the exterior power
AP*1M; may no longer be a direct summand of the tensor power M?*", hence the above
discussion does not apply. Nevertheless in this section, following an approach essentially
due to G. Kempf, we prove that (1.13) implies the property (IN,) for L, even in positive
characteristic.

Let us start by recalling two definitions and an algebraic lemma of Kempf ([44], see
also [79, §2]):

Definition 1.4.1. For any L;’s (not necessarily ample) line bundles on X, let K(L;) =
H°(X, L) and, for n > 1, define K(Ly, ..., L,) inductively by the exact sequence:

0— K(Ll, cey Ln) — K(Ll, L3, ey Ln)®K(L2> — K(L1®L2, Lg, .. ,Ln)
In particular K(Lj, L) is the kernel of the multiplication map of global sections
H(X, L)®H(X, Ly) — H°(X, Li®Ly).

Definition 1.4.2. Let S be a polynomial ring over K and let R be a finitely generated
graded S-module.
(1) Define T°(R) := R, T'(R) := Ker[R(—1)®gS; — R] and inductively

T'(R) := T Y(T*(R)).
(2) Define

d'(R) := min{d € Z | T"(R) is generated over S by elements of degree < d}.
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Lemma 1.4.3 (Kempf [44], Lemma 16). Let S = Klzo,...,z,] be a polynomial ring,
graded in the standard way, over K = S/(xo,...,x,). Let R be a finitely generated graded
S-module. If j > p—i+ d'(R) for all 0 < i < p, then

Tor) (R,K); = 0.

Due to some obscurities in Kempf’s argument and for the sake of self-containedness, we
prefer to give a proof of the above Lemma, which closely follows that of Kempf.

Proof of Lemma 1.4.3. Consider the exact sequence
0 — TYR) = R(-1)®@kS1 > R.

The image R’ of « is a graded submodule of R. The quotient module Q = R/R’ is of
finite length, hence its Castelnuovo-Mumford regularity reg(Q) = max{d | Q4 # 0} ([29,
Corollary 4.4]). Moreover @ is zero in degrees > d°(R), therefore

Tor;?(@, K) is zero in degrees > p + d°(R). (1.15)

Indeed, if Tor}(Q,K); # 0 for a j > p+ d°(R), then reg(Q) < d°(R) < j — p. But, by
definition, reg(Q) = Sup{k — i | dimg(Tor?(Q,K);) # 0} and so we get a contradiction.
Now (1.15) implies that the map

Tor; (R, K) — Tor) (R, K)

is surjective in degrees > p + d°(R). Therefore, in order to prove the statement, it is
enough to prove that Torﬁ (R',K); =0, if j > p+ d°(R). From the long exact sequence
associated to

0—T"(R) = R(—1)®xS1 = R — 0,

we get
Tor$ (R(—1)®x51, K) %% TorS (R, K) % TorS_, (T*(R), K).

Note that a, is the multiplication by S; in the first variable. Since «, is also the multi-
plication by Sy in the second variable, it is the zero map. Therefore § gives an inclusion

Tor? (R',K) C Tory_(T"(R),K)
and we may repeat this procedure p times, obtaining
Tor® (TP (R),K) = 0.
O

If now L is an ample line bundle on X, S = S; and R = Ry, the link between the
previous definitions is given by

T'(R,) =P KL,

m>1

L,....L). (1.16)
\w—/
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Proof. 1f i = 0, then T°(R;) = Ry and K(L™) = H°(X,L™). So (1.16) is true. By
definition

T(Ry) =TT (Ry)) = T Y(Ker[Rr(-1)®@x H*(X, L) — Ry)),

and

0 @KL L. L) KL L,... LoH (X, L) - @KL L ... L.
gg ( ‘ ) SZB ( g JRH'(X, L) g? ( g )

Therefore (1.16) holds, by induction on i. O

The next Lemma allows to reduce the property (N,) for L to the vanishing (1.13), in a
way that avoids the exterior power of Mj,.

Lemma 1.4.4. (1) For alln >0 and h > 1, one has
HY(X, MP®L") = K(L",L,... L),
——
iof L 1s basepoint-free.

et1 > 0 an > 1. 15 basepoint-free an , 1) = 0, then the
2) Leti > 0 and h > 1. If L is b ' d HY (X, M"'®@L") = 0, then th
multiplication map

K" L, . . L®H'(X,L)— K(L"' L .. . L)
1S surjective.
(3)(Rubei [79], p. 2578). Let i > 0. If the multiplication maps
K" L,...,L)eH(X,L) = K(L"" L,... L)
are surjective for all h > 1, then d'(R) =1+ 1.
Proof. (1): If n = 0, then by definition H°(X, L") = K (L") for all h > 1. Suppose n > 1.

Since L is basepoint-free, its evaluation map is surjective and the kernel bundle M, sits
in the short exact sequence

0— M, — H*(X,L)Ox — L — 0. (1.17)
Tensoring it by M} '®L" one has
0— MpeL"— H'(X, L)oM; 'oL" - M} 'eL"™ — 0. (1.18)
Taking global sections of (1.18) and using the inductive hypothesis, we obtain
0— HY(X,M}oL") - HY(X, LYo K(L", L,...,L) — K(L"™ L,... L).
—— ——

n—1 n—1
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Therefore, by definition, H*(X, Mr®L") = K(L" L,..., L).
——

2): Tensoring (1.17) by M:®L" we obtain
( ) g y L 9
0— Mi"'eL" — H'(X, L)®M;®L" — Mj®L"™ — 0. (1.19)

From the long exact sequence in cohomology associated to (1.19), and thanks to the point
(1), one has

HY(X,)@K(L", L,...,L) S K(L"™ L,...,L) — H' (X, Mi"'®L") = 0.
Therefore, the multiplication map « is surjective.

(3): By (1.16) and the hypothesis we have that T%(R},) is generated over Sy, by

This means that it is generated by the piece of degree m with m —i=1,1ie. m =17+ 1.
Therefore, d'(Ry) =i + 1. O

1.5 Syzygies of abelian varieties

Using the cohomological rank functions it is possible to introduce several invariants at-
tached to a polarized abelian variety (A, [). Let us recall that, given a line bundle L that
represents the class [, the kernel bundle M/, associated to L is by definition the kernel of
the evaluation map H°(A, L)®O4 — L. If L is basepoint-free, then M, sits in the exact

sequence
0— My — H°(A,L)@O, — L — 0.

Definition 1.5.1. Let (A, [) be a polarized abelian variety. Then we consider
e1(l) == Inf{zx € Q | h%p(x_l) =0},

where Z,, is the ideal sheaf of a closed point p € A and, if [ is basepoint-free,
(D) = Inf{o € Q | By, (a)) = 0},

where M is the kernel bundle associated to a line bundle L representing .

Remark 1.5.2. The above invariants are well-defined, i.e. €;(l) does not depend on the
point p, and k;([) is independent from the representing line bundle L. We point out that
— although there are no examples so far — € () and x1([) could be irrational. However, as
it will be clear later on, this does not cause any trouble.



28

We call € (]) the basepoint-freeness threshold of the polarization [ because of the
following property, that was observed by Jiang and Pareschi in [42]:

(*) €e1(l) <1 and e () < 1 if and only if the polarization [ is basepoint-free, i.e. any line
bundle L representing [ has no base points.

The relation between the two constants of Definition 1.5.1 was established by Jiang
and Pareschi, by using their transformation formulas with respect to the Fourier-Mukai-
Poincaré transform (Proposition 1.2.3):

Theorem 1.5.3 ([42], Theorem D). Let [ be a basepoint-free polarization. Then

61(_1)
)= ———.
Remark 1.5.4. From this result, in op.cit. it is derived that x;(l) < 1, i.e. [is projectively
normal, if and only if €,(]) < L (see in particular [42], Corollary 8.2 (b)). Our Theorem

2
A is an extension of the “if” implication to higher syzygies.

Significantly, these invariants are strongly related to the generic vanishing concepts
introduced in §1.3, as explained in [42, §8]. We have

Lemma 1.5.5 ([42], p. 25). Given two polarizations | and n on A — with n basepoint-free

— and a rational number x, the fact that e1(l) < x (resp. k1(n) < x) is equivalent to the
fact that the Q-twisted sheaf Z,(xl) (resp. Mn{xzn)) is IT(0).

For reader’s convenience we explicitly write down the case of €,([): assume that ¢, () <
r € Q and fix a sufficiently small n > 0 such that zq :== ¢;(I) + n € Q and zy < =x.
By (1.7), Z,(x0l) is GV, therefore Hacon’s criterion (Proposition 1.3.3(3)) implies that
Z,((zo + (x — x0))l) = Z,(xl) is IT(0). Conversely suppose that Z,(xl) is I17(0), then
Z,{(x — y)l) is still IT(0), for a sufficiently small y € QT (Proposition 1.3.3(4)). Then
€1(l) < x —y < x. For k1(n), the argument is similar.

The main result of the present chapter is:

Theorem 1.5.6 (= Theorem A of the Introduction). Let (A,l) be a polarized abelian
variety defined over an algebraically closed field K, and let p be a non-negative integer. If

1

< ——,
e1(l) D+ 2

then the property (N,) holds for l, i.e. it holds for any line bundle L representing .
Corollary 1.5.7. Let m € N. If

then the polarization ml satisfies the property (N,).
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Proof. By definition (see §1.2) we have hy /() = hy ,(mz), therefore

61(-).

€1 (m_l) = 7

Now Theorem 1.5.6 applies to ml, because €;(ml) < ﬁ. ]

As mentioned in the Introduction, Corollary 1.5.7 gives a very quick — and characteristic-
free — proof of Lazarsfeld’s conjecture. Indeed, by (*) above,

p+3
<1< ——.
ed)_ <p+2

Therefore, mi satisfies the property (N,), if m > p+ 3. Moreover, it also implies that the
polarization m/ satisfies the property (IV,), as soon as m > p + 2 and [ is basepoint-free
(see [70] for a more precise result). Indeed, if [is basepoint-free, then

_p+2

a(l) <1 et

once again thanks to (*) above.

More in general, defining
1
t(]) :=max{t e N | e (]) < ;},

we have

Theorem 1.5.8 (= Theorem B of the Introduction). Let p and t be non-negative integers
with p+ 1 > t. Let [ be a basepoint-free polarization on A such that t(l) > t. Then the
property (N,) holds for ml, as soon as m > p+3 —t.

Concerning the proof of the Theorem 1.5.6, the first — and most important — step is
the following

Proposition 1.5.9. Let p be a non-negative integer. If

then MY '@L" is IT(0) for all h > 1.

Proof. Let L be a line bundle representing [, and let M, be the kernel of the evaluation
morphism H°(A, L)®04 — L. The assumption on € (/) implies, in particular, that [ is
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basepoint-free and, using Theorem 1.5.3, we get

61(_5)

) =—12
51(-) 1—61(_[)
b
1 — 61(_[)
< -1+ pt2

p+1
1

By Lemma 1.5.5, this is equivalent to say that M (

=1+

zﬁ Iy is an IT(0) Q-twisted sheaf. Fix
now an integer i > 1 and write MP*'@L" = MPT'® Lo L" ! as the Q-twisted sheaf
+1 1 +1
M -y = (m D) @0A((h —1)).
P = 1D = (el D) 80k — 1)
Since L"~! is ample — hence IT(0) —if h > 1, or it is trivial if h = 1, and ML(ﬁ_D is IT(0),
we have that MPT'®@L" is IT(0) thanks to the “preservation of vanishing” (Proposition
1.3.3(2)). O

Proof of Theorem 1.5.6. Let L be a representative of the class I. For all 0 < ¢ < p, we
have ) ]
)< —— < :
al) < 3 <52
Therefore L is basepoint-free and, thanks to the Proposition 1.5.9, we know that MLt
is IT(0), for all h > 1. This implies, in particular, that H'(A, Mi"'@L") = 0 for all h > 1.
Hence, by Lemma 1.4.4(2) and (3), we obtain
Now, if j > p—i+d(Ry) =p+ 1, Kempf’s Lemma 1.4.3 implies that
Tor," (R, K); = 0.

As explained in (1.12), this is equivalent to the property (N,) for L. ]

Proof of Theorem 1.5.8. Note that we have already proved the t = 0 case — even without
the basepoint-freeness assumption — and the t = 1 case (Corollary 1.5.7). Hence we may
assume ¢ > 1. By Theorem 1.5.6, it suffices to show that e;(ml) < 5. We have

[ [ 1
er(ml) = e1() < e1() < ’
m ~p+3—t tlp+3—1t)
where the last inequality follows by definition. Let us impose now the inequality
1 1
< )
tp+3—1t) p+2

or equivalently
t2—(p+3)t+p+2<0.

This is satisfied if and only if 1 < ¢ < p+ 2 and, by hypothesis, we have 1 <t < p+1. [
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1.5.1 An upper bound for the basepoint-freeness threshold

One of the main feature of Theorem 1.5.6 is the chance to be applied to primitive polar-
izations, i.e. those that cannot be written as a multiple of another polarization. This is
one of the reasons why it would be quite interesting to compute, or at least bound from
above, the invariant €;([) of polarized abelian varieties (A,[). As already mentioned in
the Introduction, by the work of Lazarsfeld-Pareschi-Popa ([54]), one is lead to consider
the threshold

r(l) ;= Inf{r € Q| 3 an effective Q-divisor F' on A s.t. r{—F is ample and J(A, F) = Z}.

The relation with the basepoint-freeness threshold is in the following Proposition, based
on Nadel’s vanishing.

Proposition 1.5.10. Assume K = C. Then e, (]) < r(l).

Proof of Proposition 1.5.10. Let r € QQ such that there exists an effective Q-divisor F' on
A with

rL — F ample, (1.20a)
Ty =J(AF). (1.20b)
In order to prove the Proposition, we need to prove that
L () = 0.
Writing r = ¢ with b > 0, this means that
Nyen(abL @ piyTy) = 0. (1.21)

But, by (1.20b), the left hand side is hl,,(abL ® ujJ (A, F)) = hl., (abL @ J(A, uiF)),

gen gen
where we used that forming multiplier ideals commutes with pulling back under étale

morphism (see [53, Example 9.5.44]). Since piF =, b*F, it follows from (1.20a) that
abL — pi F' is ample. Therefore (1.21) follows from Nadel’s vanishing. O

1.6 Positivity of polarized abelian varieties

1.6.1 A criterion for k-jet ampleness

Let X be a smooth projective variety, let L and P be line bundles on X, with L ample
and P arbitrary. Ein, Lazarsfeld and Yang noted in [28, Remark 1.8] that the asymptotic
vanishing of a certain cohomology group is related to the k-jet ampleness of P. A line
bundle P is k-jet ample, k > 0, if the restriction map

H°(X,P) - H(X,PR0x/IF'®... @I

is surjective for any distinct points xy, ..., 2, on X such that > . k; =k + 1.
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Theorem 1.6.1 (Ein-Lazarsfeld-Yang [28]). Let P be a line bundle on X such that
HY (X, P) = 0. Then the k-jet amplitude of P is equivalent to the vanishing

H'(X,Mf'®P) =0,

for d >0, where Ly := L%,

In op.cit. the authors work over the complex numbers. However, their proof of the above
result is still valid over an algebraically closed field of any characteristic.

Back to the case of a polarized abelian variety (A, [), we want to use Theorem 1.6.1
in order to relate the invariant €;(l) with the notion of k-jet ampleness. We prove, more
generally, the following

Proposition 1.6.2. Let F be a coherent sheaf on A such that FQLY is GV, where L is
a line bundle representing the class I. Assuming

1
€1 (_l) < ¥7
we have that My ®@F is an IT(0) sheaf, for d > 0.

Proof. Using the Q-twisted language, we write
M} ®@F = M} ® LQFRQLY

1
= (M, (1)) ®F& LY.
dt
Since FQLY is GV, if
iy =291
W d e (l)  dt

(i.e. Mp, (31 is IT(0) by Lemma 1.5.5), we conclude by applying the preservation of
vanishing (Proposition 1.3.3(2)). But (1.22) is equivalent to

d
e(l) < T ar (1.23)

(1.22)

and the right-hand side of (1.23) grows to %, as d goes to +00. Since we are assuming that
e(l) < %, it is certainly possible to take d big enough such that (1.23) is satisfied. ]

Remark 1.6.3. We point out that, if the stronger inequality €;(l) < t%l holds, then it

suffices to take d > 2 in the statement of the previous Proposition 1.6.2.

Corollary 1.6.4 (= Theorem D of the Introduction). Let (A,1l) be a polarized abelian
variety defined over an algebraically closed field K, and let k be a non-negative integer. If

1
l _
a(l) < R

then LON 1is k-jet ample, for any nef line bundle N on A.
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Proof. Let L be a representative of [ and denote P = LQN. It is clearly ample, hence
H'(A,P) =0. Since PQLY = N and a nef line bundle on an abelian variety is GV (see
Lemma 1.3.5), Proposition 1.6.2 gives, in particular,

H' (A, M}T'@P) =0,

for d > 0. So Ein-Lazarsfeld-Yang characterization (Theorem 1.6.1) implies that P is
k-jet ample. O]

Corollary 1.6.5. If e1() < {55, then ml is k-jet ample.

Proof. Since

210 1
l = —_— < E——
é1(ml) m E+1’
ml is k-jet ample thanks to the previous Corollary 1.6.4. [

Recall that we defined ¢() = max{t € N | ¢;() < 1}. We have the following immediate
application of Corollary 1.6.4:

Proposition 1.6.6. Let k > t be non-negative integers and let | be a basepoint-free
polarization on A such that t(I) > t. Then ml is k-jet ample, if m >k + 2 —t.

The Proposition (almost) recovers a result of Bauer-Szemberg ([5]) and it should be
compared with [70].

Proof of Proposition 1.6.6. The Corollary 1.6.5 already proves the ¢ = 0 case — even
without the basepoint-freeness assumption — and the ¢ = 1 case. Assume t > 1. By

Corollary 1.6.4, it suffices to show that e;(ml) < k:+r1 We have

al . _ald _ 1
m ~—k+2—t " t(k+2—1)

e1(ml) =

where the last inequality follows by definition. Let us impose the inequality

1 _ 1
ttk+2—t) k+1

or equivalently
2 —(k+2)t+k+1<0.

This is satisfied if and only if 1 <t < k4 1. O
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1.6.2 Relation with Seshadri constant
In this subsection we prove that the multiplicative inverse 1/e;(l) gives a sharp lower
bound for the Seshadri constant (A, L) of L.°

Let L be an ample line bundle on A. Denote by €(A, L) the Seshadri constant of L
and recall that it is always > 1 (see [53, §5.3] for a survey on the theory). We establish
the following elementary relation between €(A, L) and €;({):

Proposition 1.6.7. (1) - €(A, L) > 1.
Remark 1.6.8. The above inequality is sharp. Indeed a principally polarized elliptic
curve (F,0) has ¢,(0) = 1, and ¢(E,0) = 1 too (see [53, Example 5.3.10]).

For our purposes, it is more useful to consider the multiplicative inverse of €(A, L). Let
v : BL,(A) — A be the blowing-up of A at a point p, with exceptional divisor £. The
s-invariant of I, with respect to L is

sp(Z,) == Inf{s € R | v"(sL) — E is a nef R-divisor on BlL,(A4)}.
Since the Seshadri constant €(A, L) equals
Sup{e € R | v*(L) — €E is a nef R-divisor on Bl,(A)},

we have, by definition,

Proof of Proposition 1.6.7. We prove the inequality €;(/) > s.(Z,). Remember that
e1(l) <x = ¢ € Qif and only if Z,(zl) is IT(0) (Lemma 1.5.5). This means that

(iZ,)®L™ is an IT(0) sheaf,

hence it is ample by Debarre ([21]). Therefore, Z,(z]) is an ample Q-twisted sheaf, because
pi(Zy(xl)) = (13 Z,)(abl) and p, is a finite surjective morphism (see [53, Lemma 6.2.8(ii)],
and [21, §2(c)]). Therefore, v*(Z,(x])) is nef and its quotient v*(x])®Og), (a)(—F) is nef
too ([53, Theorem 6.2.12(i) and (v)]). This implies, by definition, that s;,(Z,) is less than
or equal to € (). O

Corollary 1.6.9. (1) If [ is basepoint-free, then ¢(A, L) > 1.
(2) If 1 is projectively normal, then (A, L) > 2.

Proof. (1) is clear. For (2), the projectively normality of [ is equivalent to €;(l) <
Remark 1.5.4). Therefore

5 (see

€(A, L) > 2¢ () - (A, L) > 2.

®Let us remind that, by definition, €(A4, L) only depends on the numerical equivalence class of L.
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The following Proposition gives a lower bound for €;(l) in terms of x(I) and of the
dimension of A.

Proposition 1.6.10. Let [ be a polarization on a g-dimensional abelian variety A. Then

€1 [ =i}
0= x() - ¢g!

Proof. We just saw that € (I) > ——. On the other hand it is well known (see [53,
e(A,L)
Proposition 5.1.9]) that

o(A,L) < {/(T7) = /XD -9
Therefore

1 1
e() > (A1) > SO







Chapter 2

Derived invariants arising from the
Albanese map

We will work over C. All varieties appearing in this chapter are assumed to be projective.
A variety without further specification is a smooth complex projective variety. Normal
variety means normal projective variety. An Albanese morphism means an universal
morphism from a fixed variety X to abelian varieties. We will call such a morphism the
Albanese morphism or also the Albanese map of X, and we will denote it ax : X — AlbX.

2.1 Preliminary material on generic vanishing, Chen-
Jiang decomposition and 0-regularity of the canon-
ical module

In this section we recall material used in the sequel, referring to the appropriate sections of
papers as [68], [36], [77], [74], [69] for more thorough surveys. For a morphism of abelian
varieties m : A — B, we will denote

7: Pic’B — Pic’A
the dual morphism.

Generic vanishing. Let A be an abelian variety. A coherent sheaf G is said to be a
generic vanishing sheaf, or G'V-sheaf for short, if

codimp;04V*(A,G) >4 for all i > 0.
The sheaf G is said to be M-regular if
codimp;04V*(A,G) >i foralli > 0.

Remark 2.1.1. If G is GV, then x(G) > 0 and x(G) > 0 if and only if V°(A, G) = Pic’A.

37
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We have the following well known non-vanishing results (see e.g. [35, Corollary 3.2]
for (a) and [68, Lemma 1.12] for (b) and (c))

Proposition 2.1.2. Let G be a non-zero coherent sheaf on an abelian variety A.
(a) If G is GV, then V7Y (A, G) C V' (A,G) for alli > 0.

(b) If G is GV, then VO(A,G) # 0.

(c) If G is M-regular, then V°(A,G) = Pic’A.

Chen-Jiang decomposition. This concept was introduced by J. A. Chen and Z. Jiang
([19, Theorem 1.1]). The following theorem was proved in [74]. Here we will use only the
case 7 = 0.

Theorem 2.1.3 (Chen-Jiang decomposition). Let a : X — A be a morphism from a
variety to an abelian variety and let j > 0. Then the sheaf R'a,wx decomposes canonically
as

Rla,wy = @W;‘]—} ® P,,,

where w; : A — B; are quotients of abelian varieties with connected fibres, JF; are M-
reqular sheaves on B; and «; are torsion points of Pic’ A.

Note that in the above decomposition we can arrange that 7;(Pic’ B;)—ay; # 7 (Pic’By,) —
ay, for i # k. With this normalization the decomposition is canonical up to permutation
of the summands.

Remark 2.1.4. Theorem 2.1.3 has the following consequences:

(1) For all j > 0, the sheaf Ria,wx is a GV-sheaf on A (Hacon [35]).

This is because, by projection formula, the pullback of a GV-sheaf via a morphism of
abelian varieties is still GV.

(2) VA, Rlawx) = J,(7(Pic’ By) — ;).

This last equality again follows from projection formula:

BT F, % P ® P) = {HO(BZ-,E@ Ps) if o = 7(B) — a; with B8 € 73(PicB;)
0 otherwise
(2.1)
This, together with Proposition 2.1.2(c), shows that the locus VO(A, R/a,wx) is the union
of translates of the abelian subvarieties 7;(Pic’ B;) of Pic” A by points of finite order.}

(3) Keeping the notation of Theorem 2.1.3; let ¢(i) = dim A — dim B;. Again from
projection formula, combined with Proposition 2.1.2(c), it follows that the support of
VO (A 7 F; ® P,,) is equal to the support of VO(A, n*F; ® P,,), namely 7;(Pic’B;) — a.
This implies a result originally due to Ein-Lazarsfeld ([26]): the irreducible components
of the locus V(A, Ria,wx) of codimension ¢ > 0 are also components of the locus
V(A Rlawy).

!By a theorem of Green-Lazarsfeld and Simpson this is actually true — and of fundamental importance
— for all loci V*(A, R7a,wx) for all 4,5 and r, see §2.3.
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Remark 2.1.5. Theorem 2.1.3 and its consequences hold more generally for the sheaves
Ria, (wx ® P,), where « is a torsion point of Pic®X. This is because wy ® P, is a direct
summand of f.wg, for a suitable étale cover f: X — X.

Strong linearity and Castelnuovo-Mumford regularity. The relation between
the theory of generic vanishing and the Bernstein-Gel’fand-Gel’fand correspondence was
pointed out in the paper [55], and further developed in [56] and [77].

For a sheaf G on an abelian variety A, let us consider its cohomology module

H*(A,G)=EDH'(A Q). (2.2)

which is a graded module over the exterior algebra E4 := A*H'(A, O4). By definition,
each piece H'(A,G) has degree —i. For such a graded module there is the notion of
Castelnuovo-Mumford regularity: H*(A,G) is said to be m-regular if it is generated by
elements in degrees 0 up to —m, the relations among these generators are in degrees —1
up to —(m + 1), and more generally its &*" module of syzygies has all its generators in
degrees —k up to —(m + k). Equivalently,

TOI'EA (H* (A7 g)7 C)—(t—l-k) = 07

for all k > 0 and t > m + 1 (see [29], p. 124). It has (Castelnuovo-Mumford) regularity
reg(H*(A,G)) = m if m is the least non-negative integer such that it is m-regular. In
particular, reg(H*(A,G)) = 0 if and only if it is generated in degree 0 and it has a linear
graded free resolution. In the sequel we will use the case j = 0 of the following Theorem
of Lazarsfeld, Popa and Schnell ([56, Theorem 2.1])

Theorem 2.1.6 (Lazarsfeld-Popa-Schnell). Let a : X — A be a morphism from a variety
X to an abelian variety A. Let o € Pic®X be a torsion point, and let B € Pic®A. Then,
for all 7 >0,

reg(H*(A, Rla.(wx ® Py) ® P3)) = 0.

Note that this theorem is stated in [56] in a more restrictive setting, namely only for
Riax,wx, where ax denotes the Albanese morphism of X. However the proof of the
result goes through without any change. The point here is that the Green-Lazarsfeld’s
theorem about computing the higher direct images of the Poincaré bundle by means of
the derivative complex ([33, §3]) holds in the neighborhood of every point in Pic’A, so
that the machinery in [55] and [56] applies.

2.2 Proof of Theorem F

Preliminaries: two results of Lombardi. Again, for sake of brevity, we will state
only those results strictly needed for our arguments, referring to the paper [57] for the
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complete story. Let ¢ : D(X) — D(Y') be an exact equivalence and
% Aut® X x Pic’X — Aut’Y x Pic’Y

its Rouquier isomorphism. The following result (|57, Proposition 3.1]) will be fundamental
for our arguments.

Theorem 2.2.1. Let m be an integer, and assume that h°(X,w% ® P,) > 0. Then
?(idy, P,) is of the form (idy, Pg), for 8 € Pic"Y. If this is the case, we will abusively
denote

p=o(). (2:3)

Let us denote by 6 : X — X x X the diagonal morphism. Again, following Lombardi
([57]), for fixed m € Z and a € Pic’X, we consider the twisted (generalized) Hochschild
homology?

HH(X,0) = @ Eat,,  (6.0x,6.(wy @ Pn)). (2.4)
k
It is a graded module over the Hochschild cohomology algebra

HH*(X) = P Extf,  (6.0x,0,0x).
k

A classical result of Orlov and Caldararu ([66], [10]), generalized by Lombardi to the
twisted case ([57, Theorem 1.1]), proves

Theorem 2.2.2. In the above notation, let m € Z and o € Pic’X such that h°(X, wy &
P,) > 0. Then the derived equivalence ¢ induces a canonical graded-algebra isomorphism

" HH*(X) - HH*(Y)
and, using notation (2.3), a compatible graded-module isomorphism
oV, HHM(X,a) = HH"(Y,P(a)). (2.5)
In particular, in degree 0, HHJ'(X, o) = H*(X,wg®P,), hence we have the isomorphism

o, HO(X, Wi @ P,) 5 HOY, Wi @ Pa)). (2.6)

Going back to the Rouquier isomorphism, it follows that, for all m € Z and r > 1,

o({idx} x V2(X,wy)) = {idy} x V(Y,wi). (2.7)

For m = 1 we will suppress, as it is customary, the index 1 in (2.4) and in (2.5).

2As already mentioned, the setting of Lombardi is more general. Here we are stating only what is
necessary for our purposes.
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Preliminaries: the Iitaka fibration of irregular varieties. Assume that the
Kodaira dimension of X is non-negative. Then the loci V°(X,w%) are tightly connected
with the litaka fibration of X.

After a birational modification of X, we can assume that the Iitaka fibration of X is
a morphism X — Zx with Zx smooth. There is the commutative diagram

X5 AlbX (2.8)

b

T —ZX Alb Zx

where ay, is a surjective morphism of abelian varieties with connected fibres ([36, Lemma
1.11(a)]). We will make use of the following results of Chen-Hacon and Hacon-Popa-
Schnell:

Theorem 2.2.3. (a) ([36, Theorem 11.2(b)]). For m > 2, the irreducible components of
the locus VO(X,wq) are translates of ar, (Pic’Zy) by torsion points of Pic’X.

(b) ([18, Lemma 2.2], see also [36], (2) after Lemma 11.1). The irreducible components
of the locus V°(X,wx) are translates by torsion points of Pic’ X of abelian subvarieties of
the abelian subvariety ay, (Pic"Zx).

Due to the slightly different properties satisfied by the pushforwards of canonical and
pluricanonical bundles (see e.g. the above Theorem 2.2.3), we prefer to distinguish the
proof of Theorem F and to separately deal with the two cases.

Proof of Theorem F — Canonical case. Let o € Pic’X and i > 0 such that

h'(AIbX, ax,wxy @ P,) > 0. (2.9)
Step 1. The Kodaira dimension of X and Y are non-negative.

Proof. Indeed, by (2.9), V/(AIbX, ax,wx) # 0. Therefore, VO(AIbX, ax,wx) # 0
by Proposition 2.1.2(a). By Remark 2.1.4(2), this yields that V(AIbX, ax,wx) =
VO(X,wx) contains some points o of Pic’X of finite order, say k. This implies that
h(X, (wx ® P.)¥) = h°(X,w%) > 0. Therefore, k(X) > 0. Since the Kodaira dimension
is a derived invariant, the same holds for Y. O

We have natural embeddings
H'(Zx,0z,) C H'(X,0x) C HH'(X) = Extp, (6.0x,6.0x).

The same holds for Y.

Step 2. The second step is the following
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Lemma 2.2.4. (lel(Zx, OZX) = H1<Zy, OZy)'

Proof. This follows at once from the above results. Indeed, combining Theorem 2.2.3(a)
and (2.7), we get that
P(as, (Pic"Zx)) = ap, (Pic’ Zy). (2.10)

On the other hand, it is well known that the isomorphism ®!, i.e.?

Extl, y(0.0x,0,0x) 2= ExtL ,(6.0y,5.0y)

3 |-

HO(Tx)® H'Y(Ox) HY(Ty) ® H'(Oy)

is the first order version of the Rouquier isomorphism (see e.g. [38], discussion after
Proposition 9.45, p.218). Therefore, Step 2 follows from (2.10). O

Next, we note that, by Theorem 2.2.3(b), we can gather those irreducible compo-
nents of VO(X,wx) = V°(AlIbX, ax,wx) which are contained in the same translate of
as, (Pic’Zy). Hence, using Remark 2.1.4(2), we can gather the corresponding sheaves
appearing in the Chen-Jiang decomposition of ax,wx, yielding another canonical decom-

position
X

ax . Wy = @(Q}XHXJ) & PX,5j (211)
j=1

defined by the following properties:
the Hx ;’s are GV-sheaves on AlbZx (in fact, the direct sum of some pullbacks of M-
regular sheaves from quotient abelian varieties appearing in the Chen-Jiang decomposition
of ax,wx), the §; are torsion points of Pic’X, and ry is the number of translates in
Pic’X of the abelian subvariety a/f;(PicOZX) containing at least one component of the
locus VO(AIbX, ax,wx).

The same sort of decomposition holds for ay ,wy:

TY

Ay Wy = @(G;YHYJC) & PY,’yk'
k=1

We claim that

rx =Ty (=T

and, up to reordering, for all j =1,...,7r,
(VX wx) N (@7 (PicZx) = 8)) = VO(Ywy) N (a7, (Pic" Zy) — 35).

In fact each component of V(X wx) (which is a translate of an abelian subvariety of
as, (Pic’Zy)) is contained in a unique translate of @y, (Pic’Zx). The same happens

3The spectral sequence abutting to Ext’,, (6,0x,6.0x) degenerates, see [84, Corollary 2.6].
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on Y. From (2.10) and Lombardi’s theorem (2.7), it follows that the algebraic group
isomorphism @ sends such a translate of ay, (Pic”Zx) to the corresponding translate (in
Pic’Y) of ay, (Pic”Zy). This proves what claimed.

In fact, since two different translates have empty intersection, we have that:
(*) fori >0 and for a fizred o € Pic’X, in the decomposition

X
H'(ax,wx ® Po) = @ H' (¢}, Hx;) ® Py 1a)

Jj=1

at most one summand is non-zero.

For ¢ = 0 this holds by definition of the above decomposition, and for ¢ > 0, it follows
as above from Proposition 2.1.2(a). Moreover, from projection formula and the fact that
the quotient AlbX — AlbZx has connected fibres, it follows that

HY(AIbZy, Hx,; ® P,) if §; + o = ay,(n) with ) € Pic’Zx

0 otherwise

HO(AIbX, (a5, Hx ) )OPs,10) = {

The same holds for Y. This, combined with (2.6), proves:

Step 3. Keeping the above notation, let « € VO(AIbX, ax,wx) andn € Pic’Zy such that
are(n) = a+9;. Then

Do H'(AIbZx, Hx; @ P,)) = H (AlbZy, Hy; @ Psy)

where, via a slight abuse of language, we are denoting B(n) € Pic’Zy the element v €
Pic’Zy such that, by (2.10), ap, (v) = @(as. (n)).

Next, we recall that for all @ € Pic’ X the local to global spectral sequence computing
each graded component H H;(X, ) degenerates ([84, Corollary 2.6]). It follows that the
canonical map from H'(X,wx ® P,) to HH;(X,a) is an embedding. More, for a €
VO(AIbX, ax,wx) and n € Pic’Zx such that ay, () = a+4;, we have the following chain
of canonical embeddings of vector spaces

H'(AbZx, Hx; ® P,) < H'(AIbX, ax,wx ®@ Py) — H'(X,wx ® P,) — HH;(X, a)
(2.12)
(and the same things hold for Y').* The first inclusion follows from (2.11) via projection
formula, and the second one follows from Kollar’s theorem on the degeneration of the Leray
spectral sequence of the canonical bundle ([49]), once again combined with projection
formula.

Step 4. Let a € VO(AIbX, ax,wx) and n € Pic’Zyx such that a; (n) = a + 6;. Then,
for alli >0,
;0 HI(AlbZx, Hx; ® By) = H(AbZy, Hyj ® Pyiy)-

4In the second space P, denotes a line bundle on AlbX, while in the third space P, denotes a line
bundle on X, i.e., strictly speaking, the pullback via the Albanese map of the previous P,.
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Proof. 1t is here that we use the multiplicative structure and the Bernstein-Gel’'fand-
Gel'fand correspondence. We have the following morphisms of graded algebras:

ANHYZx,02,) — NH'(X,0x) — H(X,0x) — HH*(X).

Therefore, the Hochschild cohomology HH, (X, «) is a graded module also on all the
graded algebras appearing above. The similar result holds for HH, (Y, 3). From Step 2,
it follows that:

(**) the graded module isomorphism ®,, : HH.(X,«a) = HH.(Y,9(a)) of Theorem
2.2.2 is compatible with the isomorphism N*(®') : A*HY(Oz,) = N HY(Ogz,).

The inclusions (2.12) fit into inclusions of graded modules over the exterior algebra
A*H 1(02)():

H*<A1bZX,HX7j X PU) — H*(AIbX, ax,wWwx & Pa) — H*(X,(UX X Pa) — HH*(X,(J&)

For o € VO(AIbX, ax,wx) and 1 € Pic’Zy such that as, (1) = a + d;, let us denote

H*(AbZx, Hx,; ® P,)

the graded A*H'(Oy, )-submodule of HH,.(X,«) generated by H°(AlbZx, Hx,; ® B,).
Clearly B
H*(AlbZy, Hx,; ® P,) C H*(AIbZy, Hx,; ® P,) (2.13)

(in fact, the first is a submodule of the second). By Step 3 and (**) it follows that
O, H* (AbZx,Hx,; ® P,) = H* (AbZy, Hy; ® Pa). (2.14)

By projection formula on the decomposition (2.11) it follows that the sheaf Hx; ®
P, is a direct summand of the sheaf ay, (ax.wx ® Pé\; ) ® P,. Therefore the module
H*(AlbZx,Hx; ® P,) is a direct summand of the module H*(AlbZy,ay, (ax.wx ®
Pd\;) ® P,), which is 0-regular by Theorem 2.1.6, hence, in particular, generated in degree
0. Hence, the module H*(AlbZx,Hx ; ® P,) is generated in degree 0 as well, and we have
equality in (2.13). By the same reasoning, the same thing happens for Y. Hence, Step 4
follows from (2.14). O

Step 5. Conclusion of the proof. Let ¢ = dim AlbX = dim AlbY (Theorem of Popa-
Schnell, [76]), and let ¢ = dimAlbZx = dim AlbZy (Step 2). Note that, since the
quotient map ay, has connected fibres, RFar, Oy is a trivial bundle of rank (q;ql).
Therefore, for n € Pic’Zx such that a;, (n) = a + §;, we have that

!

R (AIbX, ax,wx ® P,) = h'(AbX, as*(Hx,;®P,))
q

Q

= P hHADZy, Hy, ® P)P)
k=0

where the first equality is (*), and the second equality follows from the Kolldr decompo-
sition (plus projection formula) applied to the morphism ay, ([49, Theorem 3.1]). The
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same formula holds for Y. Therefore, Theorem F (case m = 1) follows from Step 4 applied
to the last quantity.

Preliminaries for the pluricanonical case: a result of Lombardi-Popa-Schnell.
To deal with the pluricanonical case (m > 2) of Theorem F, we apply recent results of
Lombardi-Popa-Schnell ([60]) on pushforwards of pluricanonical bundles under morphisms
to an abelian variety, whose proofs make use, among other things, of the analytic tech-
niques introduced into algebraic geometry by Cao and Paun ([12], see also [36]), namely
the existence of positively curved singular hermitian metrics on pushforwards of relative
pluricanonical bundles.

Given a morphism a: X — A from X to an abelian variety A, Lombardi, Popa and
Schnell proved that, for any m > 2, a.w% shares similar properties with a,wx (see op.cit.,
Theorem A and the comment below it):

(1) a.w¥ is a GV sheaf and, moreover, it has a Chen-Jiang decomposition, i.e.
AWy = @ W;.Fj@Paj,
J

where each m;: A — A, is a quotient morphism of abelian varieties with connected fibers,
cach Fj is an M-regular sheaf on A; and «; € A are torsion points.

(2) VO(A, aw) = U, (@ (Pic®4;) — ).
(3) Let a € Pic’X be a torsion point, and let 3 € Pic’ A. Then
reg(H* (A, a,. (WY RP,)®P;s)) =0,

as a module over A*H*(A, Oy4).

Proof of Theorem F — Pluricanonical case. We closely follow the proof of the case
m = 1. However, the pluricanonical case is easier to treat because of the fact that the
sheaves ax,w%, with m > 2, are more “positive” than ax,wx. Let a € Pic®X, m > 2
and ¢ > 0 such that

h'(AIbX, ax,w ® P,) > 0. (2.15)

As before, we divide the proof in several steps.

Step 1. The Kodaira dimension of X and Y are non-negative.

Proof. By (2.15), VY(AIbX, ax,w) # 0. Therefore, by Proposition 2.1.2(a) together
with (1) and (2) above, VO(AIbX, ax,w®) = VO(X,w) contains some points a of Pic’ X
of finite order, say k. This implies that h°(X, (W@ @ P,)*) = h%(X,w@*) > 0. Therefore,
k(X) > 0. The same holds for Y. O

In particular, taking notations as in (2.8) and using Theorem 2.2.3(a), together with the
properties (1) and (2) above, we see that ax,w% has the following canonical decomposi-
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tion:
rXx

ax,wi = P (@ Gxms) © Ps,, (2.16)

J=1

where the Gx . ;’s are GV sheaves on AlbZx (in fact they are I7(0) sheaves, as noted in
[60, Theorem D)), the 0,, ; are torsion points of Pic’ X, and rx is the number of translates
in Pic X of the abelian subvariety @(PiCOZx) providing the irreducible components of
the locus VO(AIbX, ax,w'g).

The same sort of decomposition holds for ay ,wy*:

Ty

ay*w?} = @(a}yg}f,m,k) ® P’Ym,k'
k=1

From (2.10) and Lombardi’s theorem (2.7), we have that
rx =Ty =T

and, up to reordering,
P(Om.j) = Ym.j
for all j = 1,...,r. In fact, since two different translates have empty intersection, we

have that:
(**%) fori > 0 and for a fired o € Pic’X, in the decomposition

X
H'(ax,wy @ Po) = @ H'((a},Gxmi) @ Ps,, +a)

J=1

at most one summand 1S non-zero.

For ¢ = 0 this holds thanks to Theorem 2.2.3(a) and the definition of the above decompo-
sition, and for ¢ > 0, it follows from (1) above and from Proposition 2.1.2(a). Moreover,
from the projection formula and the fact that the quotient AlbX — AlbZx has connected
fibres, it follows that

HY(AIbZx,Gxmj ® Py) if 6 +a =az(n), n € Pic’Zy

0 otherwise

HY(AIbX, (0}, Gxm;)®Ps,, 1a) = {

The same holds for Y. This, combined with (2.6), proves:

Step 2. Keeping the above notation, let o € VO(AIbX, ax,w%) and n € Pic’Zx such that
ase(n) = a+ 0y . Then

Oy, H(AIbZx, Gx nj @ Py) = H(AIbZy, Gy mj @ Ppy)

where, via a slight abuse of language, we are denoting, as before, B(n) € Pic’Zy the
element v € Pic"Zy such that, by (2.10), az, (v) = B(az, (n)).
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The next step follows from Theorem D of [60]. For the sake of self-containedness we
give a slightly different proof, that is natural in our context and uses the BGG correspon-
dence.

Step 3. Let a € VO(AIbX, ax,w) and n € Pic’Zx such that a;,(n) = a+ 6 ;. Then,
for all i > 0,

H' (AIbZx,Gxm; ® Py) = H(AbZy, Gy ; @ Psy) = 0.

Proof. By projection formula on the decomposition (2.16), it follows that the sheaf Gy ,,, ;®
P, is a direct summand of the sheaf (as, o ax).(w¥ ® Py ) ® P,. Therefore, the module
H*(AIbZx,Gx m,; ® P,) is a direct summand of the module H*(AlbZy, (afy cax)(WR®
P(Svmj) ® P,), which is generated in degree 0 by (3) above. This implies that the mod-
ule H* (AlbZx,Gxm; ® P,) is generated in degree 0 as well. So we obtain the stated
vanishing from the fact that the cup product between elements of H'(Zx, Oy, ) and
HO(AIbZx,Gx m j®PF,) is zero (see [36], Theorem 11.2(c) and the reference therein). The

same thing happens for Y. O

Step 4. Conclusion of the proof. Let ¢ = dimAlbX = dim AlIbY, and let ¢ =
dim AlbZy = dim AlbZy. Similarly to the canonical case, for n € Pic’Zx such that
apy (n) = a+ dy,;, we have that

W (AIbX, ax,wy ® Py) = h'(AIbX,a} (Gxm; ® Py))
q—q' ,
— P HADZy Gy © P

k=0

—  hO(AIDZx, Gy @ P)F (")

where the first equality follows from (***), the second equality is the Kolldr decomposition
(plus projection formula) with respect to the morphism a;, applied to the trivial line
bundle Oy, , and the third one follows from Step 3. The same formula holds for Y.
Therefore, we conclude by applying Step 2 to the last quantity.

2.3 Application to irregular fibrations

Fibrations: terminology. Let X be a variety. A fibration of X is an algebraic
fiber space g : X — S, where S is a normal variety, called base of the fibration. If a
non-singular model of S (hence all of them) has maximal Albanese dimension, such a
fibration is said to be irreqular. A non-singular representative of a fibration of X is a
fibration ¢’ : X’ — S" with both X’ and S’ smooth, equipped with birational morphisms
p: X — X and ¢: S — S such that gop = go ¢’. Two fibrations of X are equivalent
if there is a fibration X’ — S’ which is a birational representative for both of them. Let
g be a fibration of X. We denote Pic’(g) the kernel of the restriction map from Pic®X
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to Pic” of a general fibre. Notice that if ¢’ is any non-singular representative of g then
Pic’(g) = Pic%(¢'), therefore Pic’(g) depends only on the equivalence class of g. Pic’(g)
is an extension of ¢g*Pic’S by a finite subgroup I' of Pic’ X/g*Pic’S (see e.g. [69]), hence
it is disconnected, unless I' = 0.°

Definition 2.3.1. Let ¢ : X — S be an irregular fibration of X and let us set i =
dim X — dim S.

(a) g is cohomologically non-detectable if S is birational to an abelian variety and Pico(g)
is connected, and cohomologically detectable otherwise. The explanation for such termi-
nology is in Remark 2.3.7 below.

(b) g is weakly-x-positive if there is a point a@ € Pic’X such that for a non-singular
representative ¢’ : X’ — S’ (hence for all of them, see Remark 2.3.2 below)

X(Rigl(wxr ® P.)) > 0. (2.17)

Note that an a € Pic’X as in the definition must belong to Pic’(g). Therefore, one can
always assume that « is a torsion point.

(c) g is x-positive if for a non-singular representative ¢’ as above (hence for all of them),
X(wg) > 0.

Note that, since wg = R'glwyx: ([48], Proposition 7.6), a x-positive irregular fibration
is weakly-y-positive.

Remark 2.3.2. We keep the notation of the above Definitions. From Hacon’s generic
vanishing (see Remark 2.1.4(1)) and an étale covering trick it follows that R(ag o
J)s(wx ® P,) is a GV-sheaf on AlbS’. On the other hand, since ag is generically fi-
nite, by the combination of Kolldr’s vanishing and decomposition ([49, Theorem 3.4]),
RFag R (wxr @ P,) = 0 for all k > 0 and h > 0, hence R'(ag o ¢').(wx ® P,) =
asi R'g.(wxs ® P,). Therefore, having in mind Remark 2.1.1, the condition (2.17) is
equivalent to the condition

VO(S/7 Rig>/k<wX’ ® Pa)) == PiCOS/-

This in turn implies that the condition (2.17) does not depend on the non-singular rep-
resentative.

We denote by b(X) the minimal base-dimension (namely dim S) of the cohomologically
detectable fibrations of X (if there are no such fibrations, we declare that b(X) = 0). The
main result of this section is the following

Theorem 2.3.3. Let X and Y be d-dimensional derived equivalent varieties of mazximal
Albanese dimension. Then:
b(X)=bY):=0.

5For fibrations ¢ onto curves the subvariety Pic® (9) is completely described in the work of Beauville

[6].
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Moreover there is a base-preserving bijection of the sets of the equivalence classes of coho-
mologically detectable irreqular fibrations of X and Y of base-dimension equal to b. Such
bijection takes x-positive fibrations to x-positive fibrations.

Preliminaries: the linearity theorem of Green and Lazarsfeld. The relation
between the loci V(X wy) and irregular fibrations follows from the following fundamental
theorem of Green and Lazarsfeld, with an addition of Simpson:

Theorem 2.3.4 ([33], [83]). Every irreducible component W of the loci V'(X,wx) is a
linear subvariety, i.e. a translate of an abelian subvariety T C Pic®X by a torsion point.
More precisely, let 7 : AlbX — B := Pic’T be the dual quotient. This defines the
composed map f : X — B

X2 AbX (2.18)

~

Then there is a torsion® element o € Pic®X such that
W =7(Pic’B) + a. (2.19)

Moreover,
dim X — dim f(X) > i. (2.20)

Taking the Stein factorization of the map f, one gets a fibration g : X — S, where
S is a normal projective variety of maximal Albanese dimension, and a finite morphism
a: S — B such that a o g = f. Therefore, in our terminology, ¢ is an irregular fibration
of X. We will refer to it as the fibration of X induced by the component W of V{(X, wx),
or also the fibration of X induced by the abelian subvariety T of Pic’X parallel to the
component W. In [69, Lemma 5.1], it is shown, in particular, the following

Proposition 2.3.5. The above abelian variety B is the Albanese wvariety of any mon
singular model S’ of S, and the morphism a, composed with the desingularization S — S,
is an Albanese morphism of S'. In particular W = 7(Pic’S’) + a.

In conclusion, for a non-singular representative ¢’ : X’ — S’ of the induced fibration,
we have the commutative diagram

axr

X' ==X —<AlbX (2.21)

b N
g g ™
S S AIbS

agr

6This is due to Simpson.
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Preliminaries: standard components and (weakly)-y-positive irregular fibra-
tions. We will suppose henceforth that X has mazimal Albanese dimension. An
irreducible component W of V*(X,wx) is said to be standard (see [69]) if there is equality
in (2.20), i.e.

dim X —dim S = 1.

The relation between standard components and their induced fibrations is almost canon-
ical. This is the content of the following Lemma, inspired by [58, Theorem 16]. In the
statement we consider the following sets:

- A(X) denotes the set of abelian subvarieties T of the abelian variety Pic’X such that
some of their translates is a standard component of V(X,wx) for some index i (clearly
this can happen for only one index i, denoted i(7)).

- G(X) denotes the set of equivalence classes of weakly-x-positive irreqular fibrations of X.

Lemma 2.3.6. The function o : A(X) — G(X) taking an abelian subvariety to the class
of its induced fibration (see the above paragraph) is a bijection. Moreover,
(1) o takes those abelian subvarieties which are themselves (standard) components of

Vi(X,wx) to the equivalence classes of x-positive fibrations .
(2) the base-dimension of o(T) is < dimT.

Proof. First, we need to prove that if T' € A(X), then its induced fibration g : X — S
is weakly-x-positive. Let ¢ = i(T"), and let W be a component verifying (2.19), with
T = Pic’B = Pic’S’ (see Proposition 2.3.5 and (2.21)). By definition of standard compo-
nent, dim X — dim S = ¢. Thanks to Kollar vanishing theorem ([48, Theorem 2.1]) and
decomposition ([49, Theorem 3.1]), for a non-singular representative ¢’ : X’ — S’ of the
fibration ¢, one has that

VX wx @ Poy) = | JR(VIT(S, Rg(wx @ P_y))), (2.22)

J=0

where o € Pic’X is the torsion point appearing in (2.19). Again by Hacon generic vanish-
ing theorem (Remark 2.1.4(1)) and an étale covering trick, codimp;.0q V7 (S", Rig.(wx ®
P_,) >i— j. Since, as we see using also Proposition 2.3.5, the left hand side must contain
7(Pic’B) = 7(Pic’S’), we have

VoS, R (wx @ P_y)) = Pic’S’, (2.23)
i.e., by Remark 2.3.2, '
X(R'g.(wx ® P-a)) > 0.

This proves the desired assertion. By the same steps in the reverse order one proves that,
if g: X — S is a weakly-x-positive irregular fibration such that dim X —dim .S = ¢, then
(the equivalence class of) ¢ induces standard components W in V¢(X,wy) as follows.
Assume that —a € Pic%(g) is such that x(R'¢.(wx ® P_,)) > 0. Then

7(Pic’S") +a =7(V(S', Ry (wx © P_o))) +
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is a standard component of V(X,wx). It is clear that the two constructions above are
inverse to each other. Properties (1) and (2) are clear. O

Remark 2.3.7 (Cohomologically non-detectable fibrations). The above argument with
the Kollar decomposition also proves that a cohomologically non-detectable irregular fi-
bration g : X — S can’t be induced by a component W of V¢(X,wx) of dimension
> dim X — i. Indeed, for such a fibration, we have V(S ,wg/) = {0} because S is bira-
tional to an abelian variety. Therefore, since Pic’(g) = ¢"*Pic’S’, equality (2.23) can’t
hold. Since we know that (2.23) holds as soon as dim X — dim S = i, it follows that
dim X — dim.S > 4, i.e. a component W inducing such a fibration is non-standard.
Moreover, since dim AlbS” = dim S, for such a component

dim W < dim X —i. (2.24)

This explains the terminology cohomologically non-detectable irregular fibration: such a
fibration either it is not induced by any component of V(X wy) for some i (as for example
the projections of a product of elliptic curves) or such a component is non-standard.

At the opposite end, y-positive fibrations are the easiest to detect. The following
proposition shows that equivalence classes of y-positive fibrations are derived invariants.

Proposition 2.3.8. Let X and Y be varieties of mazimal Albanese dimension with equiv-
alent derived categories. Then there is a base-preserving bijection between the sets of
equivalence classes of x-positive irreqular fibrations of X and Y .

Proof. By Lemma 2.3.6, all x-positive fibrations on a variety X of maximal Albanese di-
mension are induced by abelian subvarieties which are (standard) components of V*(X, wx)
for some 7. By Proposition 2.1.2(a), such components are contained in V°(X,wx), hence
in as, (Pic’Zx) (Theorem 2.2.3(b)). Therefore y-positive fibrations, as all fibrations in-
duced by components of V(X wx) for some i, factor, up to equivalence, through the Iitaka

fibration X &% Zy. But, by Orlov’s theorem, a derived equivalence ¢ : D(X) — D(Y)
induces an isomorphism of the canonical rings. Hence the bases of the litaka fibrations
Zx and Zy are birational. As we are considering equivalence classes of fibration, we can
assume that Zx = Zy := Z. Therefore the sets of equivalence classes of x-positive irreg-
ular fibrations of X and Y are both naturally bijective with the set of equivalence classes
of x-positive fibrations of Z. O]

Proof of Theorem 2.3.3.

Let us recall that b(X) denotes the minimal base-dimension of the cohomologically
detectable irregular fibrations of X. In general there is no easy way to distinguish the
standard components from the non-standard ones. However, we show that this can be
done in the locus V¥ *X)(X wy), and in this case the weakly x-positive fibrations coin-
cide with the cohomologically detectable ones. In this way Theorem 2.3.3 follows from
Corollary H.
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Step 1. Assume that b(X) > 0.

(a) An irreqular fibration g of base-dimension equal to b(X) is cohomologically detectable
if and only if it is weakly-x-positive. Moreover, it is x-positive if and only if its base is
not birational to an abelian variety.

(b) Conwersely, every irreducible component W of VX)X wx) such that dimW >
b(X) is standard. If this is the case the abelian subvariety parallel to W is also a component
of V&YX X wy) if and only if the corresponding fibration (via Lemma 2.3.6) is x-
positive.

The argument for Step 1 is well known to the experts (see e.g. [68, proof of Lemma 4.2]).
We start with the following

Claim 2.3.9. Let g : X — S be a cohomologically detectable irregular fibration such that
dim X — dim S = i. Then, keeping the notation above, for at least one o € Pico(g), the
locus

VoS Rigl(wx @ P,)) (2.25)

1s positive-dimensional.

Proof. We first observe that if a belongs to a component of Pic(g) different from the
neutral one, then the locus (2.25) is positive dimensional. In fact, it must be non-empty
thanks to Proposition 2.1.2(b), and if it was 0-dimensional, this would induce via Remark
2.1.4(3) a (0-dimensional) component of the locus V45 (Rig (wx® P,). This implies that
dim S" = ¢(5’) and, via the ever-present Kollar decomposition as in (2.22), this would
induce some elements different from {0} in the locus V4(X,wx), which is impossible.

Therefore we are left with the case when Pic’(g) is connected and V(S', w}) is zero-
dimensional (recall that R'g.wx = wg). But this, by a Theorem of Ein-Lazarsfeld ([17,
Theorem 1.8]) is equivalent to the fact that S’ is birational to an abelian variety, i.e. the
fibration would be non-detectable. [

We now turn to Step 1(a). Let g : X — S be a cohomologically detectable fibration
with dim S = b(X). We claim that, if it is not weakly-x-positive, then there is another
cohomologically detectable fibration of lower base-dimension factoring (up to equivalence)
through ¢, in contradiction with the definition of b(X). Let a € Pic’(g) be as in the
Claim. Then, again by Remark 2.1.4(3), the irreducible components of codimension c,
with 0 < ¢ < ¢q(9’), of (2.25) are also irreducible components of V¢(S’, Rig.(wx: ® P,)),
where ¢ = d — dim S. Via the Kollar decomposition, they induce positive dimensional
components of the locus V™¢(wx). Via the linearity theorem and Remark 2.3.7, such
a component induces another cohomologically detectable irregular fibration of X, say h,
with d —dimh(X) > i+c¢=d—dim S + ¢. Hence dimh(X) < dim S — ¢, as asserted.
This proves the direct implication of the first equivalence of (a). The other implication is
clear. Passing to the second equivalence, the direct implication is clear. Conversely, let
us suppose that the base is non-birational to an abelian variety. Then, by the Theorem of
Ein-Lazarsfeld as above, VY(S’, wg/) is positive-dimensional. If it was strictly contained in
Pic’S’, then, as above, its components would induce a cohomologically detectable fibration



53

h of smaller base-dimension, against the definition of b(X'). This completes the proof of
(a).

Passing to Step 1(b), let W be a positive-dimensional component of V4=X) (X, wy) such
that dim W > b(X). The statement to prove is that the induced fibration g has base-
dimension equal to b(X). If the base-dimension was < b(X) then, by definition of the
integer b(X), the fibration g would be cohomologically non-detectable. This means that
the base would be birational to an abelian variety of dimension < b(X), and therefore, by
(2.19), the component W would have dimension < b(X'). The last assertion follows from
the second equivalence of (a) via Lemma 2.3.6. This concludes the proof of Step 1.

Step 2. Conclusion of the proof of Theorem 2.3.3. We make the following

Claim 2.3.10. b(X) > 0 if and only if dim V (X, wx) > d — i for some 0 < i < d. If
b(X) >0, then d—b(X) is the mazimal index i with 0 < i < d such that dim V* (X, wx) >
d—1.

Proof. Concerning the first equivalence, if b(X) > 0, then by (a) of Step 1 there is a
weakly-y-positive fibration g of base dimension b(X), and therefore, by Lemma 2.3.6,
there is a component of V¥ *X)(X wy) of dimension > b(X). The other implication
follows from Remark 2.3.7. The last assertion follows by the same reasons. O

Now let X and Y be derived-equivalent varieties. By Claim 2.3.10 the integers b(X)
and b(Y) are respectively determined by the dimensions of the various loci V*(X,wx) and
Vi(Y,wy). Therefore, Corollary H yields that b(X) = b(Y') := b. From Step 1, cohomo-
logically detectable fibrations of base dimension equal to b are weakly y-positive and their
equivalence classes correspond to all components of dimension > b of V47°(X wy) and
such components are standard. Therefore by Lemma 2.3.6 they are in 1-1 correspondence
with the corresponding subset of abelian subvarieties of Pic’X. The same holds for Y.
Therefore by Corollary H the Rouquier isomorphism induces a bijection between the sets

of equivalence classes of cohomologically detectable fibrations of base dimension b on X
and Y.

It remains to prove that there is a bijection preserving, up to equivalence, the bases of
the fibrations.” To begin, we note that the above-constructed bijection is base-preserving
on the subset of fibrations whose bases are birational to abelian varieties. Indeed, Step
1 shows that they correspond to components of dimension greater or equal than b of
Va=b(X wy) such that their parallel abelian varieties, namely ¢’ *Pic’S’, are not compo-
nents of V47(X,wy). The same holds for Y. The Rouquier isomorphism sends isomor-
phically such components of V4 (X, wx) to components of VZ°(Y,wy), say h""Pic’R’,
with the same property. Both S’ and R’ are birational to abelian varieties, and their
Picard tori are isomorphic. Therefore S’ is birational to R’. Concerning the remaining

"Our notion of equivalence of fibrations is weaker than Lombardi’s notion of isomorphism of irrational
pencils ([58]). However, as in Lombardi’s paper, it can be proved that the bijection of Theorem 2.3.3
is base-preserving not only up to equivalence, but also up to isomorphism of the bases of the Stein
factorizations of the maps f of (2.21).
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fibrations, namely those whose bases are not birational to abelian varieties, by Step 1(a)
they are y-positive. Therefore Proposition 2.3.8 applies.®

8Here we are not claiming that this bijection coincides with the one constructed above, namely the
one induced by the Rouquier isomorphism. However this is true, but the proof of this fact requires some
tools not in use here.






Chapter 3

Stability of syzygy bundles on an
abelian variety

The content of this chapter is a joint work (in progress) with M. Lahoz. We will freely
use the notation and terminology of [39]. In particular, a (semi)stable sheaf is a Gieseker
(semi)stable sheaf.

We prove the following

Theorem 3.0.1 (= Theorem I of the Introduction). Let (X, L) be a polarized abelian
variety defined over an algebraically closed field k and let d > 2. Then the syzygy bundle
M;a is semistable with respect to L.

When the line bundle L is clear from the context, for any d > 0 we may use the
notation My := Mpa. Moreover, given a sheaf F on X, we denote by F* = Hom(F, Ox)
the dual sheaf of F.

Remark 3.0.2 (Slope stability). If g! divides d?!, where g = dim X, then the rank and
the degree of M4 are coprime,® so semistability coincides with slope stability (see e.g. [39,
Lemma 1.2.14]). As already mentioned in the Introduction, this settles Ein-Lazarsfeld-
Mustopa conjecture ([27, Conjecture 2.6]) in the case of abelian varieties.

Remark 3.0.3 (Positive characteristic). If chark = p > 0, then we can conclude that
M is strongly slope semistable, if d > 2, by [62, Theorem 2.1] (see also [51, Section 6]).

'Proof: let m := ged(rk(My), deg; (My)), where deg; (My) := (det(My)- L9~ 1). Then, by the hypoth-
esis, m also divides the integer

ds=t  qs

T

—deg; (My) (L9) = h°(A, Lg) = rk(My) + 1.

Here the equalities come from (3.2), Riemann-Roch, and (3.3), respectively. So m = 1.

26
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3.1 Proof of Theorem I

Let (X, L) be a polarized abelian variety of dimension g. If the polarization L is globally
generated, the syzygy bundle My, sits in the exact sequence

0— M, — H(X,L)® Ox — L =0, (3.1)
therefore

det(ML) = L*,
rk(Mp) = KO(X, L) — 1

and, using Riemann-Roch, the slope of M with respect to L is

_ (det(My) - L) - g'x(X, L)
R A AR

3.1.1 Stability for simple abelian varieties

We have the following stronger version of Theorem I in the case of simple abelian varieties.
Proposition 3.1.1. Assume X simple and L globally generated. Then the syzygy bundle
My, is slope stable with respect to L.

Recall the following well known lemma:

Lemma 3.1.2. Let (X, L) be a polarized n-dimensional smooth variety over k. Let E be
a vector bundle on X. Suppose that for any integer r and any line bundle G on X such
that

0<r<rtk(E) and (G-L"Y)>r uy(E), (3.4)

one has
HO(X, NE®G") =0.

Then E is slope stable with respect to L.

Proof. If T is a non-trivial destabilizing subsheaf of E of rank r, then
(det(T) - L")

r

pr(T) = > un(E).
Therefore, by hypothesis, H*(X, A"E ® det(T)*) = 0. Since det(T) C A"E, we have
Ox CANE® det(T)*

and this gets a contradiction. O]
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If E satisfies the condition of Lemma 3.1.2, it is said to be cohomologically stable with
respect to L. In order to prove that a vector bundle is cohomologically stable, we will use
the following vanishing result of M. Green:

Lemma 3.1.3 ([30, Theorem 3.a.1], see also [20, Lemma 2.2]). Let L and @ be line
bundles on a smooth projective variety X, with L globally generated. If r > h%(X,Q),
then

H°(X,A"M;®Q) = 0.

Proof of Proposition 3.1.1. We want to prove that M, satisfies the hypothesis of Lemma
3.1.2, that is, M|, is cohomologically stable. Let r > 0 and G satisfying Condition (3.4).
If h°(X,G*) < 1, then, by Green’s vanishing Lemma 3.1.3, we are done. Hence we assume

RY(X,G*) > 1,

and, since X is simple, G* needs to be ample. Indeed, on a simple abelian variety every
non-trivial effective line bundle is ample.? Now we can rewrite (G - LI™) > rup(My) as

X(Xv L) -1 * -1
r>>=———_(G*-L97).
— ogx(X, D) ( )
Note that we have
(G*- L9717 > (G (L) = gIx(X, G (g!x(X, L))"

where the first is the generalized Hodge-type inequality (see [53, Theorem 1.6.1 and Re-
mark 1.6.5]). So we obtain

=D T KGR DI (39)

If x(X,G*) > x(X, L), then (3.5) becomes r > x(X, L) — 1 contradicting r < k(M) in
Condition (3.4). Thus x(X, L) > x(X,G*) and (3.5) becomes
X(XaL) —1 X(X7 G*)

TR, Dy ) =) =

(G L7 >

Since x(X,L) > x(X,G*), this is equivalent to r > x(X,G*) = h°(X,G*), where the
equality comes from the fact that G* has no higher cohomology, being ample ([65, §16]).
By Green’s vanishing Lemma 3.1.3, we are done. [

Note that the proof is valid in any characteristic.

2Proof: Consider the homomorphism
do: X = X, s t5(GH)RG

where t,: X — X is the translation morphism by the element x € X. The connected component of
Ker(¢g+) containing 0 is an abelian subvariety of X, denoted by Ker(dg+)o. If it is {0}, then G* is ample
(see [65], p. 60). Otherwise Ker(¢g-)o = X, because X is simple. This means that G* € Pic’X. Since
by hypothesis G* is effective, it is forced to be equal to Ox and this gets a contradiction.
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3.1.2 Stability for non-simple abelian varieties

We start with the following remark. We thank Gerald E. Welters for pointing us the
argument in positive characteristic.

Remark 3.1.4. Given g > 0 and k an algebraically closed field, the set of (dy, ..., d,)-
polarized simple abelian varieties of dimension g over k is dense in its moduli space A o (k).

For fields k of characteristic 0, this is a classical result. In positive characteristic, we
can argue as follows. Given (X, L) an ordinary (di, ..., dy)-polarized abelian variety, the
set of (X', L) isogenous to (X, L) is dense in the moduli space A, (k) (see [16, Theorem
2, p. 477]). Hence, if we can produce an ordinary and simple abelian variety (X, L) over
k, we are done. In order to achieve that, we can reduce ourselves to the case of k = Fp,
since both properties are preserved by base change from Fp to our starting k. Finally,
from [37] we get the existence of ordinary and geometrically simple abelian varieties of
any dimension over F,,.

Let (X, L) be a polarized non-simple abelian variety of dimension g. Consider X — T'
a family of abelian varieties polarized by a relatively ample line bundle £, such that

(X, L) = (X,L), for 0 € T. We will denote by
S:={seT | X is a simple abelian variety}

the corresponding dense subset in 7.

Proof of Theorem 3.0.1. By Proposition 3.1.1, for any d > 2 and any polarized simple
abelian variety (X, L), the corresponding syzygy bundle My, as defined in (3.1), is slope
stable with respect to L,. Let Py(m) := x(Mpa ® L™) be the Hilbert polynomial of M.
By [51, Theorem 0.2], we have a projective relative moduli space My r(P;) — T. Since

M, € MXS(Pd) = MX/T(Pd>s

for any s € S and S is dense in T, there is a family F € My r(P;) such that Fy = M a
for s € S, by the properness of the relative moduli space. Since S is dense, we have

dim Hom(Fy, Ox) > h°(X,, Mzq) = h° (X, L) = h°(X, L),

by semicontinuity. Thus, we can consider the following commutative diagram with exact

[ H j (3.6)

0 — Fy* — H(X, LY)®0x —— Q**

where 9 is injective, since it is generically of maximal rank and JF; is torsion-free, and
Q := coker v has the same numerical class of L¢. Let T(Q) C @ be the torsion subsheaf
of @, and take the resulting short exact sequence

0->TQ)—Q—Q :=Q/T(Q) — 0. (3.7)
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We have that T'(Q) = ker[Q — Q**] = coker[Fy — F;*] has codimension greater than or
equal to 2, because Fy is torsion-free. Therefore det(7(Q)) = Ox and det(Q) = det(Q’)
(see e.g. [46, Chap. V, (6.14) and (6.9)]). Moreover, by applying Hom(-, Ox) to (3.7), we
get

0= (Q) = Q —=T(Q),
and T(Q)* = 0 ([39, Proposition 1.1.6(i)]). Hence (Q')** = Q**, and

det(Q') = (det(Q))™ = det((Q)™) = det(Q™),

where in the second equality we used that ()’ is torsion-free ([46, Chap. V, (6.12)]).
Being a reflexive sheaf of rank 1, Q** is a line bundle, and, by the above discussion, it is
algebraically equivalent to L%, say Q** = LY® a = t: L%, for some a € Pic’X and z € X,
where t, : X — X is the translation by z. Thus the map 7 is surjective. If not, indeed,
we would have

0— F* = H(X, L)@ Ox > T, 0t L4 — 0,

where Z C X is a closed subscheme. From our hypothesis on d, the (pullback along t, of
the) evaluation map for L¢ is surjective, so the map 7 is forced to factor via a non-trivial
linear quotient V' of H°(X, L9):

0 For H(X, LY®Ox ——=T, @ t*L —0

| |

VoOx T, @t L —=0.

Hence, if we denote W := ker[H°(X, L?) — V], then W ® Ox < F¢*. This contradicts
the fact that FJ* is slope semistable with respect to L, because it has negative slope.
From the commutativity of the diagram (3.6), we get that the map Q) — @Q** is surjective
too, and, since () and Q** have the same numerical class, it is also injective. Therefore,
Q = Q™ and Fy = Fi* = t: Mpa. In particular, M;a is semistable.

]
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