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Introduction

In algebraic geometry, the problem of constructing a variety whose points are in natural bijection
with a given set of equivalence classes of geometric objects is called moduli problem. If such a
variety exists, it is called a moduli space. Usually, the geometric objects which we are dealing with
come equipped with lots of automorphisms. As observed by Grothendieck, this is an obstruction
to the existence of the solution.

La conclusion pratique a laquelle je suis arrivé dés maintenant, c’est que chaque fois que
en vertu de mes criteéres, une variété de modules (ou plutot, un schéma de modules) pour
la classification des variations (globales, ou infinitésimales) de certaines structures (variétés
complétes non singuliéres, fibrés vectoriels, etc.) ne peut exister, malgré de bonnes hy-
potheses de platitude, propreté, et non singularité éventuellement, la raison en est seule-
ment 'existence d’automorphismes de la structure qui empéche la technique de descente de
marcher.

Grothendieck’s letter to Serre, 1959 Nov 5.

It is possible to overcome this technical difficulty in many ways. One of them is to include
the information of the automorphisms in the moduli problem. The new space is not a variety
anymore, but a new object which is usually called moduli stack.

The stacks were first defined in 1966 by Giraud ([Gir66], [Gir71]). They appear with the
French word champ, which means “field”. The term stack was proposed later by Deligne and
Mumford in [DM69]. As explained by Edidin (see [Edi03]), a possible reason of this choice is that
the stacks considered by Deligne and Mumford are related to a particular class of champs called
gerbes. Two possible translations for the French word gerbe are “sheaf” and “stack”. Since
the first one was already in use, it was chosen the last one. Deligne and Mumford, in the same
paper, introduced a new class of stacks, now called Deligne-Mumford stacks and with this new
machinery they proved the irreducibility of the moduli space of curves of fixed genus in arbitrary
characteristic. This is one of the first successful results obtained by using the idea of moduli
stack. Later, the more general concept of Artin stack was introduced by Artin in [Art73].

Roughly speaking, an Artin stack is a category with a geometric structure which allows to
define the basic properties coming from the algebraic geometry (i.e. smoothness, irreducibility,
etc). These properties reflect the inner structure of the underlying category. Since the Deligne-
Mumford’s work, this subject has been widely developed and nowadays the literature is quite
vast. Algebraic stacks have coherent sheaves, cohomology, and intersection theory all of which
have been extensively studied.

A very interesting invariant of a stack is its Picard group. It was introduced by Mumford
in his paper “Picard groups of moduli problems” [Mum65|], where he also computed the Picard
group of the moduli stack of elliptic curves. In the same way that the Picard group of a projective
variety contains important information about its geometry, especially birational geometry, the



Picard group of a moduli stack carries information on the geometry of the associated moduli
problem. A remarkable example where the Picard group is known is the moduli stack M, of
stable curves of genus g. There are several variations on this theme (by adding marked points,
level structure, polarizations, etc.). Another one is the Picard group of the moduli stack A, ,
of principally polarized abelian variety with level structure. Other examples, where the Picard
group is computed in high generality, are the moduli stacks of principal bundles over a fixed
smooth curve.

Following this tradition, in this thesis we present an explicit description of the Picard groups
of two moduli problems. In the first chapter we have studied the Picard group of the moduli stack
of vector bundles on movable semistable curves. In the second one, we have treated the Picard
group of the universal abelian variety over the moduli stack of principally polarized abelian
varieties with a symplectic level structure. Both the chapters have a paper-like form. We have
tried to make them self-contained and independent of each other. Moreover, any paper/chapter
has an abstract, a table of contents and an introduction. However, in the next two sections, we
will give a quick introduction to each problem and we refer the reader directly to the papers’
introductions for a more detailed overview of the results.

We assume the reader is familiar with the theory of moduli and of algebraic stacks.

Outline of Paper A: the Picard group of the universal mod-
uli space of vector bundles on stable curves.

Let C be a connected projective smooth curve of genus g > 1 over the complex numbers. The
Jacobian variety J¢(C) of degree d is a fine moduli space for the set of equivalence classes of
line bundles of degree d on C'. On the other hand, it is well-known that does not exist a variety
which parametrizes the set of isomorphism classes of vector bundles of rank greater than 1 and
fixed degree over C'. One of the reasons is that the moduli functor is not-separated. In other
words, the limit of a family of vector bundles over a punctured disk can be not unique (for
example we can construct a non-trivial extension of two line bundles as limit of the trivial one).
However, it has been proved that if we restrict to the subset of the stable vector bundles such a
variety U 4(C) exists and it is smooth and quasi-projective. It has a natural compactification
U, 4(C) obtained by adding semistable vector bundles. Since limits of families of semistable
vector bundles are not unique, the correspondence between the closed points of U, 4(C') and the
isomorphism classes of semistable vector bundles is not one-to-one (it is if we restrict to the
stable locus). We overcome this problem weakening the equivalence relation. More precisely, the
variety U, 4(C) is the moduli space of the, usually called, aut-equivalence classes of semistable
vector bundles of degree d and rank r (with this description we can include also the rank 1 case,
because any line bundle is stable). It is a projective normal variety. In general this moduli space
does not admit a universal object. It has been proved that it exists if and only if the rank and
the degree are coprime or equivalently all semistable vector bundles are stable. This fact was
proved by Drezet and Narasimhan in [DN89]. In the same work they also computed the Picard
group of U, 4(C). They showed that it is freely generated by the pull-back of the Picard group
of the Jacobian via the determinant morphism det¢ : U, 4(C) — J%(C) and a line bundle which
generates the Picard group of any closed fiber of detc.

The aim of the paper A is to compute the Picard group of the same moduli problem when
the curve C' moves in the moduli space of curves. We recall some known results in this topic.
There exists a quasi-projective variety U, 4, which parametrizes the aut-equivalence classes of
semistable vector bundles of rank r and degree d over smooth curves of genus g. It admits a
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proper forgetful map onto the moduli space M, of smooth curves of genus g. Kouvidakis in
[Kou91], using this map, gave a description of the Picard group of U, 44 in the rank 1 case.
He proved that it is torsion-free of rank 2 and it is generated by the pull-back of the Picard
group of M, via the forgetful map U, 44 — M, and a line bundle which generates a subgroup
of index % of the Neron-Severi group of a very general Jacobian variety of degree
d. Then, in another paper [Kou93|, he extended the computation to higher rank. He showed
that the Picard group of U, 4,4 is torsion-free of rank 3 and it is generated by the pull-back of
the Picard group of Uy 4,4 via the determinant morphism det : U, 4,4 — Ui 4,4 and a line bundle
whose restriction on the Picard group of any closed fiber of det generates a subgroup of finite
index (corresponding to the integer k, q at page 508 of loc. cit.).

Since all the results of the thesis are expressed in terms of moduli stacks, we now switch
to the language of stacks. This approach presents several advantages. For example, in the
moduli stack Vec?, | of semistable vector bundles of degree d and rank r over smooth curves of
genus g, differently from U,. 4 4, there is no identification between different isomorphism classes of
geometric objects. Other advantages are that it is smooth and the universal object always exists.
The disadvantage is that, as explained at the beginning, is not separated anymore. Anyway, the
forgetful morphism onto the moduli stack of smooth curves of genus g is universally closed, i.e. it
satisfies the existence part of the valuative criterion of properness. Unfortunately, if we enlarge
the moduli problem, adding slope-semistable (with respect to the canonical polarization) vector
bundles on stable curves, the morphism to the moduli stack Mg of stable curves is not universally
closed anymore. There exist two natural ways to make it universally closed. The first one is
adding slope-semistable torsion free sheaves (with respect to the canonical polarization) and this
was done by Pandharipande in [Pan96]. The disadvantage is that such a stack, as Faltings has
shown in [Fal96], is singular if the rank is greater than one. The second approach, which is
better for our purposes, is to consider vector bundles on semistable curves. Following this idea,
Gieseker in [Gie84] compactified the moduli space of vector bundles of rank 2 and degree odd over
a fixed irreducible curve with one node and he solved a conjecture of Newstead and Ramanan.
Then Nagaraj and Seshadri in [NS99] extended the construction to any rank and degree. The
generalization to the entire moduli space of stable curves was done by Caporaso in [Cap94] in the
rank one case and then by Schmitt in [Sch04], who, using a slight variation of the GIT problem
proposed by Teixidor i Bigas in [TiB9§], constructed a compactification in the higher rank case

over ﬂg. In our paper the Schmitt’s compactification is denoted with Wf ;fg and in the rank
one case it coincides with the Caporaso’s one. The advantages are that this stack is regular and
the boundary is a divisor with normal-crossings. But, for rank greater than one, we do not have
an easy description of the objects.

Using the Kouvidakis’ result in rank one case, Melo and Viviani in [MV14] gave an explicit
computation of the the Picard group of the Caporaso’s compactification Jacq,y. They proved
that it is freely generated by the Picard group of M,, the boundary divisors (the irreducible
substacks of codimension 1 which parametrizes the singular curves) and the determinants of
cohomology of the following line bundles over the universal curve on Jacq4: the universal line
bundle and the universal line bundle twisted by the relative dualizing line bundle. In this thesis,
using the Melo-Viviani’s result, we have computed the Picard group of Schmitt’s moduli stack
Velr.iy

A motivation for this work comes from the study of the modular compactifications of the
moduli stack Vec;%, - and of the moduli space Uy 4,4 from the point of view of the log-minimal
model program (LMMP). One would like to mimic the so called Hassett-Keel program for the
moduli space Mg of stable curves, which aims at giving a modular interpretation to every step of
the LMMP for Mg. In other words, the goal is to construct a compactification of the universal
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moduli space of semistable vector bundles over each step of the minimal model program for Mg.
In the rank one case, the conjectural first two steps for the Caporaso’s compactification J4 , have
been described by Bini-Felici-Melo-Viviani in [BEFMV14]. From the stacky point of view, the
first step (resp the second step) is constructed as the compactified Jacobian over the Schubert S
moduli stack M ®of pseudo-stable curves (resp. over the Hyeon-Morrison’s moduli stack MP

weakly-pseudo- stable curves). For higher rank, Grimes in [Gri] constructed, using the torsion free
approach, a compactification ﬁf 27 p of the moduli space of slope-semistable vector bundles over

Mzs. In order to construct birational compact models for the Pandharipande compactification
of Uy.q,q, it is useful to have an explicit description of its rational Picard group, which naturally
embeds into the rational Picard group of the moduli stack TF% g of slope-semistable torsion
free sheaves over stable curves. Indeed our first idea was to study directly the Picard group of
TF?3,, For technical difficulties due to the fact that such stack is not smooth, we have preferred

—H
to study first Vec,

rd,q» Whose Picard group contains Pic(TE.3 ).

Since it is not easy to describe the geometric objects at the boundary of %f ;,Sg, we have
introduced a bigger stack which contains the Schmitt’s one as open subset: the universal moduli
stack %nd,g of properly balanced vector bundles of rank r and degree d on semistable curves of
genus g. It can be seen as the “right” stacky-generalization in higher rank of the Caporaso’s
compactification. The main result of the paper is computing and giving explicit generators

for the Picard groups of this moduli stack and of its open subset Vec, 4, of vector bundles

—Hss
on smooth curves. It turns out that they are isomorphic to the Picard groups of Vec, ; , and

Vecy?, , respectively. Roughly speaking, they are generated by the boundary line bundles and
the determinant of cohomology of four suitable line bundles over the universal curve on %7"#179'
We have also proved some results about the gerbe structure of the moduli stack Vec,. 4, over its
rigidification by the natural action of the multiplicative group. In particular, we have obtained
a new proof of the Kouvidakis’ computation of the Picard group of U, g4 together with a
criterion for the existence of the universal object over an open subset of the moduli space U, 4,4,
generalizing a result of Mestrano-Ramanan.

Outline of Paper B: The Picard group of the universal abelian
variety and the Franchetta conjecture for abelian varieties.

In algebraic geometry, the abelian varieties play an important role. They have roots in the theory
of abelian functions. The first who used the term ”abelian variety” was Lefschetz in the 1920s.
The modern foundations in the language of algebraic geometry is due to Weil in the 1950s. For
a detailed history of the subject in relation to Grothendieck’s theory of the Picard scheme, we
suggest the introduction of the Kleiman’s survey ”The Picard scheme” contained in [FGIT05].
Moreover, by the Torelli theorem, the Jacobian of a curve together with its theta divisor encode
all properties of the curve itself. Then it is reasonable to study curves through their Jacobians
and moreover determine when an abelian variety is a Jacobian (the so-called Schottky problem).
In the moduli language, it corresponds to study the image of the Torelli morphism 7, : My — A,
from the moduli of smooth curves to the moduli of (principally polarized) abelian variety, which
sends a curve to the associated Jacobian polarized by the theta divisor. This makes the study
of the moduli stack A, very important.

An important object attached to A, is its universal object: the universal abelian variety
Xy, — Ay, A motivation for the study of this space comes from the Schottky problem. Andreotti
and Mayer studied the problem by looking at the properties of the singular locus of the divisor
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defining the polarization. This approach has led to the introduction of new loci inside A, defined
by imposing some conditions on the singularities of this divisor. A successful approach to the
study of these loci is via degeneration techniques. In other words, we look at the intersection of
their closure with the boundary of a suitable compactification of .A4. An important class of com-
pactifications of A4, are the so-called toroidal compactifications, introduced by Ash, Mumford,
Rapoport and Tai in [AMRI75]. There is not a canonical choice of a toroidal compactification.
However they coincide along a subspace, which is known with the name of Mumford’s partial
compactification. As stack is the disjoint union of A, and the universal family X,_;. Thus
the knowledge of the universal abelian variety plays an important role in the application of the
degenerations methods.

The paper B is a joint work with Roberto Pirisi started at June 2015 during the Research
School Pragmatic: Moduli of Curves and Line Bundles at University of Catania (Italy). The main
result is an explicit computation of the Picard group of the universal abelian variety &, over
the moduli stack A, ., of principally polarized abelian variety of dimension g with a symplectic
level n-structure. We resume some known facts on this topic. The Picard group of A, is freely
generated by the Hodge line bundle. Some result about the higher level case was obtained by
Putman in [Puti2]. It is well-known that the Picard group of X, , with rational coefficients is
generated by the Hodge line bundle and the universal theta divisor. On the other hand, if we
restrict to the integer coefficients the things become unclear. The Picard group with integral
coefficients seems well-understood when A, ,, is a variety (i.e. when the level structure is greater
than 2). In this case, by a theorem of Silverberg, we know the torsion of Pic(X} ). Moreover,
when n is even the universal theta divisor exists over the family X, , — Ay .

The paper B completes the picture. Roughly speaking, we have showed that if n is even
(resp. if n is odd) the Picard group of X, decomposes as direct sum of the Picard group of
Ag n, of the group of line bundles which are n-roots of the trivial bundle and the group freely
generated by the universal theta divisor (resp. 2-times the universal theta divisor). This also
answers to a question posed by Schréer in [Sch03].

Open questions.

We list some open problems, related to the results of this thesis, which we are planning to solve
in the near future.

The Schmitt’s compactification of the moduli space of semistable vector

bundles over M.

Schmitt’s moduli space is obtained as a GIT quotient of a suitable Hilbert scheme H, parametriz-
ing curves inside a suitable Grassmannian, by the natural action of the general linear group GL
(with a choice of a linearization). The points at the boundary are vector bundles over semistable
curves. At the best of our knowledge, we do not have an easy description of when a vector bundle
over a semistable curve is in such space or not. Motivated by the study of the G L-orbits of H, we
are trying to give an answer to this problem (see [Sch04], [TiB98| and Paper A for some partial
results in that direction).



The divisor class group and the Picard group of the Schmitt’s compact-
ification as variety.

Another motivation to study the previous problem is the description of the divisor class group
and of the Picard group of Schmitt’s moduli variety. At first sight, some boundary divisors on
the moduli stacks, which we are called extremal, collapse when we pass to the moduli variety.
This give some difficulties to complete the description of the divisor class group (and in particular
the Picard group) of the moduli variety. A good understanding of the GIT orbits would allow
to complete the picture.

The Picard group of the universal moduli stack of torsion free sheaves

over M,.

Pandharipande in [Pan96], using GIT, constructed a compactification of the moduli space of
semistable vector bundles on M,. Except in the rank one case, this space is not isomorphic to
the Schmitt compactification. The Schmitt space, as stack, is smooth, but we do not have an
easy moduli interpretation of its points. Instead the Pandharipande’s space has a good modular
interpretation and we know exactly the behavior of its orbits. Using deformation theory, Faltings
in [Fal96, §4] gave an explicit description of the complete local rings of the stack associated to
the Pandharipande’s space. From this, one can see that, also as stack, this space is singular. Its
integral divisor class group (in the sense of Edidin-Graham [EG98]) is isomorphic to the Picard
group of Vec, 4.4, which was computed in the Paper A. Using this relation, we are planning to
study the Picard group of the Pandharipande’s compactification.

The Picard group of the universal moduli space of G-bundles over M,.

The Picard group of the moduli space of G-bundles over a fixed smooth curve has been studied
intensively, also motivated by the relation to conformal field theory and the Verlinde formula.
When G is a simply connected, almost simple group over the complex number the problem
was solved by Kumar-Narasimhan [KN97] (for the coarse moduli space of semistable G-bundles)
and by Laszlo-Sorger [LS97], [Sor99] (for the entire moduli stack of G-bundles). Then Faltings
[Fal03] has generalized the result to families of curves over an arbitrary noetherian base scheme
with sections, in particular to positive characteristic. Finally Biswas-Hoffmann [BHI2| solved
the problem when G is a reductive algebraic group over an algebraically closed field of arbitrary
characteristic. The strategy adopted in the Paper A seems to work for the universal moduli stack
of G-bundles over the moduli of smooth curves when G is simply connected and almost simple.
With that in mind, we are planning to generalize the result to the case of G-bundles, when G is
any reductive algebraic group.
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THE PICARD GROUP OF THE UNIVERSAL MODULI SPACE
OF VECTOR BUNDLES ON STABLE CURVES.

ROBERTO FRINGUELLI

ABSTRACT. We construct the moduli stack of properly balanced vector bundles on semistable
curves and we determine explicitly its Picard group. As a consequence, we obtain an explicit
description of the Picard groups of the universal moduli stack of vector bundles on smooth
curves and of the Schmitt’s compactification over the stack of stable curves. We prove some
results about the gerbe structure of the universal moduli stack over its rigidification by the
natural action of the multiplicative group. In particular, we give necessary and sufficient
conditions for the existence of Poincaré bundles over the universal curve of an open substack
of the rigidification, generalizing a result of Mestrano-Ramanan.
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2 ROBERTO FRINGUELLI

INTRODUCTION.

Let Vec( )s be the moduli stack of (semi)stable vector bundles of rank r and degree d on
smooth curves of genus g. It turns out that the forgetful map Vecys; - — My is universally closed,
i.e. it satisfies the existence part of the valuative criterion of properness. Unfortunately, if we
enlarge the moduli problem, adding slope-semistable (with respect to the canonical polarization)
vector bundles on stable curves, the morphism to the moduli stack Mg of stable curves is not
universally closed anymore. There exist two natural ways to make it universally closed. The
first one is adding slope-semistable torsion free sheaves and this was done by Pandharipande in
[Pan96]. The disadvantage is that such stack, as Faltings has shown in [Fal96], is not regular
if the rank is greater than one. The second approach, which is better for our purposes, is to
consider vector bundles on semistable curves: see [Gie84], [Kau05], [NS99] in the case of a fixed
irreducible curve with one node, [Cap94], [Mel09] in the rank one case over the entire moduli
stack M, or [Sch04], [TiB98] in the higher rank case over M,. The advantages are that such
stacks are regular and the boundary has normal-crossing singularities. Unfortunately, for rank
greater than one, we do not have an easy description of the objects at the boundary. We will
overcome the problem by constructing a non quasi-compact smooth stack Vec,. 4 4, parametrizing
properly balanced vector bundles on semistable curves (see §1.1 for a precise definition). In some
sense, this is the right stacky-generalization in higher rank of the Caporaso’s compactification
jd,g of the universal Jacobian scheme. Moreover it contains some interesting open substacks,
like:

- The moduli stack Vec, 44 of (not necessarily semistable) vector bundles over smooth
curves.

- The moduli stack Vecr d g * of vector bundles such that their push-forwards in the stable
model of the curve is a slope (semi)stable torsion free sheaf.

- The moduli stack Vecrd
[Sch04].
- The moduli stack of Hilbert-semistable vector bundles (see [TiB98]).

The main result of this paper is computing and giving explicit generators for the Picard groups
of the moduli stacks Vec, 44 and Vec, q 4 for rank greater than one, generalizing the results in
rank one obtained by Melo-Viviani in [MV14], based upon a result of Kouvidakis (see [Kou91]).
As a consequence, we will see that there exibt natural isomorphisms of Picard groups between

e * of H- (semi)stable vector bundles constructed by Schmitt in

5 ——Ps ——Hs
SS
Veces, , and Vec, 4 4, among Vecr. Vecr oy ¢ and Vec, g 4 and between Vec, 4 . and Vec, ;4

T, d g7

The motivation for this work comes from the study of the modular compactifications of the
moduli stack Vec;?, - and the coarse moduli space Uy, 4,4 of semistable vector bundles on smooth
curves from the point of view of the log-minimal model program (LMMP). One would like to
mimic the so called Hassett-Keel program for the moduli space Mg of stable curves, which aims
at giving a modular interpretation to the every step of the LMMP fot Mg. In other words, the
goal is to construct compactifications of the universal moduli space of semistable vector bundles
over each step of the minimal model program for M,. In the rank one case, the conjectural
first two steps of the LMMP for the Caporaso’s compactification jd,g have been described by
Bini-Felici-Melo-Viviani in [BFMV14]. From the stacky point of view, the first step (resp. the
second step) is constructed as the compactified Jacobian over the Schubert’s moduli stack Mﬁs
of pseudo-stable curves (resp. over the Hyeon-Morrison’s moduli stack ./\/l Pof weakly-pseudo-
stable curves). In hlgher rank, the conjectural first step of the LMMP for the Pandharipande’s
compactification Ur’d7g has been described by Grimes in [Gri]: using the torsion free approach, he
constructs a compactification ﬁf 27 9 of the moduli space of slope-semistable vector bundles over
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MZS. In order to construct birational compact models for the Pandharipande compactification
of Uy, q,q, it is useful to have an explicit description of its rational Picard group which naturally
embeds into the rational Picard group of the moduli stack TF5 / of slope-semistable torsion free
sheaves over stable curves. Indeed our first idea was to study dlrectly the Picard group of TE' |
. For technical difficulties due to the fact that such stack is not smooth, we have preferred to
study first %r’d’g, whose Picard group contains Pic(7T i, g), and we plan to give a description
of TE:Y , in a subsequent paper.

In Section 1, we introduce and study our main object: the universal moduli stack %nd,g of
properly balanced vector bundles of rank r and degree d on semistable curves of arithmetic genus
g. We will show that it is an irreducible smooth Artin stack of dimension (r? + 3)(g — 1). The
stacks of the above list are contained in Vec, 4 ¢ in the following way

Vecr dg C Vec s C Vecr d g C Vec g C Vecrayg
(0.0.1) U u U
Vece; 44 C Vec® o - Vecrd.g-

The stack %r,d,g is endowed with a morphism qST) 4 onto the stack ﬂg which forgets the vector
bundle and sends a curve to its stable model. Moreover, it has a structure of G,,-stack, since the
group G, naturally injects into the automorphism group of every object as multiplication by
scalars on the vector bundle. Therefore, Vec, 4., becomes a G,,-gerbe over the G,,-rigidification
Vr’d’g = Wr’d’g [Gp. Let vy q: Wr’d,g — Vr’d,g be the rigidification morphism. Analogously,
the open substacks in (0.0.1) are G,,-gerbes over their rigidifications

—H
vrdgc vrdg Vyay C vrdgc Vid.g
(0.0.2) U U U
ﬁ,d,g - V;,ii,g - Vr7d7g-

The inclusions (0.0.1) and (0.0.2 give us the following commutative diagram of Picard groups:

(0.0.3) Pic (Vecy,q,y) ———» Pic (Vec

" ' ‘

Pic (Vi) ————— Pic (V)5 ————— Pic (V3

i g) —  »Pic (vec, y g)

Pic (Vecr d g) ——|— Pic (%f;,g)
7 ‘ 7
Pic (V55— Pic (V11,)
Pic (Vecy,4,y) ——|— Pic (VecT g q) ——|— Pic (VeCT d q)
e T &

Pic (Vy,q,) ——  » Pic ( iyt g) —— % Pic (Vﬁ,d,g)

where the diagonal maps are the inclusions induced by the rigidification morphisms, while the
vertical and horizontal ones are the restriction morphisms, which are surjective because we are
working with smooth stacks. We will prove that the Picard groups of the diagram (0.0.3) are
generated by the boundary line bundles and the tautological line bundles, which are defined in
Section 2.

In the same section we also describe the irreducible components of the boundary divisor Vec,. 4,4\ Vec, a,g-
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Obviously the boundary is the pull-back via the morphism ar) i %T’d,g — ﬂg of the boundary

of M. It is known that My,\M, = UZ-L%QJ d;, where Jg is the irreducible divisor whose generic
point is an irreducible curve with just one node and, for i # 0, §; is the irreducible divisor
whose generic point is the stable curve with two irreducible smooth components of genus ¢ and
g — ¢ meeting in one point. In Proposition 2.6. 2 we will prove that gi = 5:701 (6;) is irreducible

if © = 0 and, otherwise, decomposes as |J , where J; is a set of integers depending on 14

e, O
and 6] are irreducible divisors. Such 5J will be called boundary divisors. For special values
of 4 and j, the corresponding boundary divisor will be called extremal boundary divisor. The
boundary divisors which are not extremal will be called non-extremal boundary divisors (for a
precise description see §2.6). By smoothness of Vec,. 4.4, the divisors {87} give us line bundles.
We will call them boundary line bundles and we will denote them with {O(gj )}. We will say that
O(gj) is a (non)-extremal boundary line bundle if 5j is a (non)-extremal boundary divisor. The
irreducible components of the boundary of VT d,g are the divisors v, d((SJ ). The associated line
bundles are called boundary line bundles of V,. 4 ,. We will denote with the the same symbols
used for %nd,g the boundary divisors and the associated boundary line bundles on Vhd,g.

In §2.7 we define the tautological line bundles. They are defined as determinant of cohomology
and as Deligne pairing (see §2.2 for the definition and basic properties) of particular line bundles
along the universal curve 7 : Vec, 9.1 — Vecy 4. More precisely they are

Kioo = (wrws),
K07170 = <w;, det €>,
K,LQ’O = (det €,det g>,
A(m,n,l) = de(w?® (detE)" @ &Y.

where wz is the relative dualizing sheaf for 7 and &£ is the universal vector bundle on %7-@@,1-
Following the same strategy of Melo-Viviani in [MV14], based upon the work of Mumford in
[Mum83], we apply Grothendieck-Riemann-Roch theorem to the morphism 7 : Vec,q41 —
Wndg in order to compute the relations among the tautological line bundles in the rational
Picard group. In particular, in Theorem 2.7.1 we prove that all tautological line bundles can be
expressed in the (rational) Picard group of Vec, 4, in terms of A(1,0,0), A(0,1,0), A(1,1,0),
A(0,0,1) and the boundary line bundles.

Finally we can now state the main results of this paper. In Section 3, we prove that all
Picard groups on diagram (0.0.3) are free and generated by the tautological line bundles and the
boundary line bundles. More precisely, we have the following.

Theorem A. Assume g > 3 and r > 2.
(i) The Picard groups of Vecy q,q, Vecs?

A(0,1,0) and A(0,0,1).
(i) The Picard groups of Vec, 4.4, Vecr d g7 Ve, dsg are freely generated by A(1,0,0), A(1,1,0),

A(0,1,0), A(0,0,1) and the boundary line bundles.

(i) The Picard groups ofVecT dg VecT d,g are freely generated by A(1,0,0), A(1,1,0), A(0,1,0),

A(0,0,1) and the non-eztremal boundary line bundles.

g Vec, g, are freely generated by A(1,0,0), A(1,1,0),

Let vy q,4 and n, 4 be the numbers defined in the Notations 0.0.1 below. Let o and 8 be (not
necessarily unique) integers such that a(d+1—g)+ p(d+g—1) = —ﬁ . Zl Z 2(d+7r(l—g)).
We set Y

d+g—1 d—g+1 Vi,d,g

== A0,1,0) "tas @A(1,1,0) "Taw, ©:=A(0,0,1)7d Tras @ A(0,1,0)" ® A(L, 1,0)P.
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Theorem B. Assume g > 3 and r > 2.
(i) The Picard groups of Vy.a.g. Vi 40 Vi

(ii) The Picard groups of Vy.a4, V fflsg, Vf;; are freely generated by A(1,0,0), =, © and the
boundary line bundles.
(iii) The Picard groups of Vrdq and Vi

non-extremal boundary line bundles.

d4,g are freely generated by A(1,0,0), E and ©.

qu are freely generated by A(1,0,0), 2, © and the

If we remove the word ”freely” from the assertions, the above theorems hold also in the genus
two case. This will be shown in appendix A, together with an explicit description of the relations
among the generators.

We sketch the strategy of the proofs of the Theorems A and B. First, in §3.1, we will prove
that the boundary line bundles are linearly independent. Since the stack %T_’d,g is smooth and
it contains quasi-compact open substacks which are “large enough” and admit a presentation as
quotient stacks, we have a natural exact sequence of groups

(0.0.4) P @ien(00]) — Pic(Veeray) — Pic(Vecr.a ) — 0.
i=0,...,19/2]

In Theorem 3.1.1, we show that such sequence is also left exact. The strategy that we will use is
the same as the one of Arbarello-Cornalba for M,, in [AC87] and the generalization for Jacq,g
done by Melo-Viviani in [MV14]. More precisely, we will construct morphisms B — Vec; g4
from irreducible smooth projective curves B and we show that the intersection matrix between
these test curves and the boundary line bundles on WT d,g is non-degenerate.

Furthermore, since the homomorphism of Picard groups induced by the rigidification morphism
Vpd : Vecrdg — Vrdg is injective and it sends the boundary line bundles of Vng to the
boundary line bundles of Vec,. 4.4, we see that also the boundary line bundles in the rigidification
thg are linearly independent (see Corollary 3.1.9). In other words we have an exact sequence:

(0.0.5) 0— P @esn(00)) — Pic(Vyay) — Pic(Vyay) — 0.

i=0,.19/2]
We will show that the sequence (0.0.4) (resp. (0.0.5)) remains exact if We replace the middle
term with the Picard group of W:;fg (resp. Vfd g) Or Wf;fg (resp. VT p g) This reduces the
proof of Theorem A(ii) (resp. of Theorem B(ii)) to proving the Theorem A( ) (resp. to Theorem
B(i)). While for the stacks Vecr d,g and Wf;yg (resp. Vrdg and Vﬁ;g) the sequence (0.0.4)

(resp. (0.0.5)) is exact if we remove the extremal boundary line bundles. This reduces the proof
of Theorem A(iii) (resp. of Theorem B(iii)) to proving the Theorem A(i) (resp. the Theorem
B(i)).

The stack Vec, 4, admits a natural map det to the universal Jacobian stack Jacq, g, which
sends a vector bundle to its determinant line bundle. The morphism is smooth and the fiber over
a polarized curve (C, £) is the irreducible moduli stack Vec— ¢ of pairs (€, ¢), where € is a vector
bundle on C and ¢ is an isomorphism between det £ and £ (for more details see §2.5). Hoffmann
in [Hofl12] showed that the pull-back to Vec—. ¢ of the tautological line bundle A(0,0,1) on
Vecy a4 freely generates Pic(Vec—r o) (see Theorem 2.5.1). Moreover, as Melo-Viviani have
shown in [MV14], the tautological line bundles A(1,0,0), A(1,1,0), A(0,1,0) freely generate the
Picard group of Jacg4 (see Theorem 2.4.1). Since the the Picard groups of Vec, 4 4, Vec:? g
Vec; ; , are isomorphic (see Lemma 3.1.5), Theorem A(i) (and so Theorem A) is equivalent to
prove that we have an exact sequence of groups

(0.0.6) 0 — Pic(Jacq,y) — Pic(Vec)s; ;) — Pic(VecZ, o) — 0

r,d,g
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where the first map is the pull-back via the determinant morphism and the second one is the
restriction along a fixed geometric fiber. We will prove this in §3.2. If we were working with
schemes, this would follow from the so-called seesaw principle: if we have a proper flat morphism
of varieties with integral geometric fibers then a line bundle on the source is the pull-back of a
line bundle on the target if and only if it is trivial along any geometric fiber. We generalize this
principle to stacks admitting a proper good moduli space (see Appendix B) and we will use this
fact to prove the exactness of (0.0.6).

In §3.3, we use the Leray spectral sequence for the lisse-étale sheaf G,, with respect to the
rigidification morphism v, 4 : Vec,q,y — Vrd,4, in order to conclude the proof of Theorem
B. Moreover we will obtain, as a consequence, some interesting results about the properties
of Vhd,g (see Proposition 3.3.4). In particular we will show that the rigidified universal curve
Vrd,g1 — Vrd,g admits a universal vector bundle over an open substack of V, 44 if and only
if the integers d + r(1 — g), r(d + 1 — g) and r(2g — 2) are coprime, generalizing the result of
Mestrano-Ramanan ([MR85, Corollary 2.9]) in the rank one case.

The paper is organized in the following way. In Section 1, we define and study the moduli stack
Vecy 4,4 of properly balanced vector bundles on semistable curves. In §1.1, we give the definition
of a properly balanced vector bundle on a semistable curve and we study its properties. In §1.2
we prove that the moduli stack %7‘7(179 is algebraic. In §1.3 we focus on the existence of good
moduli spaces for an open substack of Vec, 4,4, following the Schmitt’s construction. In §1.4 we
list some properties of our stacks and we introduce the rigidified moduli stack V, 4 ,. We will use
the deformation theory of vector bundles on nodal curves for study the local structure of %T,d,g
(see §1.5). In Section 2, we resume some basic facts about the Picard group of a stack. In §2.1
we explain the relations between the Picard group and the Chow group of divisors of stacks. We
illustrate how to construct line bundles on moduli stacks using the determinant of cohomology
and the Deligne pairing (see §2.2). Then we recall the computation of the Picard group of the
stack ﬂgv resp. Jacq,g, resp. Vec—g ¢ (see §2.3, resp. §2.4, resp. §2.5). In §2.6 we describe the
boundary divisors of Vec, 44, while in §2.7 we define the tautological line bundles and we study
the relations among them. Finally, in Section 3, as explained before, we prove Theorems A and
B. The genus two case will be treated separately in the Appendix A. In Appendix B, we recall the
definition of a good moduli space for a stack and we develop, following the strategy adopted by
Brochard in [Brol2, Appendix], a base change cohomology theory for stacks admitting a proper
good moduli space.

Acknowledgements: The author would like to thank his advisor Filippo Viviani, for intro-
ducing the author to the problem, for his several suggestions and comments without which this
work would not have been possible.

Notations.

0.0.1. Let g > 2, r > 1, d be integers. We will denote with g the arithmetic genus of the curves,
d the degree of the vector bundles and 7 their rank. Given two integers s, ¢t we will denote with
(s,t) the greatest common divisor of s and ¢t. We will set

2g —2

= (), vy = (2
find TN Gy Urdig == 2g—2,d+r(1—g)

Nyr.d Ny.d
Given a rational number ¢, we denote with |¢| the greatest integer such that |¢| < ¢ and with
[q] the lowest integer such that ¢ < [q].

(1-g),d+1—g, 29—2>7 rd,g ==

0.0.2. We will work with the category Sch/k of (not necessarily noetherian) schemes over an
algebraically closed field k£ of characteristic 0. When we say commutative, resp. cartesian,
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diagram of stacks we will intend in the 2-categorical sense. We will implicitly assume that all
the sheaves are sheaves for the site lisse-étale, or equivalently for the site lisse-lisse champétre
(see [Bro, Appendix A.1]).

The choice of characteristic is due to the fact the explicit computation of the Picard group of
M, is known to be true only in characteristic 0 (if g > 3). Also the computation of Jacg,g in
[MV14] is unknown in positive characteristic, because its computation is based upon a result of
Kouvidakis in [Kou91] which is proved over the complex numbers. If these two results could be
extended to arbitrary characteristics then also our results would automatically extend.

1. THE UNIVERSAL MODULI SPACE Vec; g 4.

Here we introduce the moduli stack of properly balanced vector bundles on semistable curves.
Before giving the definition, we need to define and study the objects which are going to be
parametrized.

Definition 1.0.1. A stable (resp. semistable) curve C over k is a projective connected nodal
curve over k such that any rational smooth component intersects the rest of the curve in at
least 3 (resp. 2) points. A family of (semi)stable curves over a scheme S is a proper and flat
morphism C' — S whose geometric fibers are (semi)stable curves. A wvector bundle on a family
of curves C — S is a coherent S-flat sheaf on C which is a vector bundle on any geometric fiber.

To any family C' — S of semistable curves, we can associate a new family C** — S of stable
curves and an S-morphism 7 : C — C*t, which, for any geometric fiber over 9, is the stabilization
morphism, i.e. it contracts the rational smooth subcurves intersecting the rest of the curve in
exactly 2 points. We can construct this taking the S-morphism 7 : C — P(w%}n’s) associated to

the relative dualizing sheaf of C — S and calling C** the image of C' through .

Definition 1.0.2. Let C' be a semistable curve over k£ and Z be a non-trivial subcurve. We set
Z°¢:=C\Z and kz :=|ZNZ°|. Let € be a vector bundle over C. If C1, ..., C,, are the irreducible
components of C, we call multidegree of £ the n-tuple (deg&¢,,...,deg&¢,) and total degree of
€ the integer d := > deg &g, .

With abuse of notation we will write wy := deg(welz) = 29z — 2 + kz, where we is the
dualizing sheaf and gz := 1 — x(Oz). If £ is a vector bundle over a family of semistable curves
C— S, we will set £(n) :=E® W /s By the projection formula we have

R'm.£(n) := R'm, (£ ® weyg) = R'm. (&) ® Weist /5
where 7 is the stabilization morphism.

1.1. Properly balanced vector bundles. We recall some definitions and results from [Kau05],
[Sch04] and [NS99].

Definition 1.1.1. A chain of rational curves (or rational chain) R is a connected projective
nodal curve over k whose associated graph is a path and whose irreducible components are
rational. The lenght of R is the number of irreducible components.

Let Ry,..., Ry be the irreducible components of a chain of rational curves R, labeled in the
following way: R; N R; # () if and only if [ —j| < 1. For 1 <i < k—1let 2; := R; N R;41 be the
nodal points and xg € Ry, x; € Ry closed points different from x; and zp_1. Let £ be a vector
bundle on R of rank r. By [TiB91, Proposition 3.1], any vector bundle £ over a chain of rational
curves R decomposes in the following way

&= @Ej, where L; is a line bundle for any j =1,...,r.
j=1
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Using these notations we can give the following definitions.

Definition 1.1.2. Let £ be a vector bundle of rank r on a rational chain R of lenght k.
e & is positive if deg Ljp, > 0 for any j € {1,...,r} and i € {1,...,k},
o & is strictly positive if € is positive and for any ¢ € {1,...,k} there exists j € {1,...,7}
such that deg Lz, > 0,
e & is stricly standard if £ is strictly positive and deg £;|z, < 1 for any j € {1,...,7} and
ie{l,... Kk}

Definition 1.1.3. Let R be a chain of rational curves over k and Ry,..., Ry its irreducible
components. A strictly standard vector bundle £ of rank r over R is called admissible, if one of
the following equivalent conditions (see [NS99, Lemma 2] or [Kau05, Lemma 3.3]) holds:

o hO(R,E(—x9)) = 3 deg &, = deg€,

o HY(R,E(—xz0 —x1)) = 0,

e £ = EB:ZI L;, where L; is a line bundle of total degree O or 1 fori=1,...,r

Definition 1.1.4. Let C be a semistable curve C' over k. The subcurve of all the chains
of rational curves will be called exceptional curve and will be denoted with C.,. and we set
C = C¢,.- A connected subcurve R of Ceye will be called mazimal rational chain if there is no

rational chain R’ C C such that R C R’.

Definition 1.1.5. Let C' be a semistable curve and £ be a vector bundle of rank r over C. &£
is (strictly) positive, resp. strictly standard, resp. admissible vector bundle if the restriction to
any rational chain is (strictly) positive, resp. strictly standard, resp. admissible. Let C — S
be a family of semistable curves with a vector bundle £ of relative rank r. £ is called (strictly)
positive, resp. strictly standard, resp. admissible vector bundle if it is (strictly) positive, resp.
strictly standard, resp. admissible for any geometric fiber.

Remark 1.1.6. Let (C,&) be a semistable curve with a vector bundle. We have the following
sequence of implications: £ is admissible = £ is strictly standard = £ is strictly positive = &
is positive. Moreover if £ is admissible of rank r then any rational chain must be of lenght < r.

The role of positivity is summarized in the next two propositions.

Proposition 1.1.7. [Sch04, Prop 1.3.1(ii)] Let = : C' — C be a morphism between semistable
curves which contracts only some chains of rational curves. Let £ be a vector bundle on C' positive
on the contracted chains. Then Rim.(£) = 0 for i > 0. In particular H?(C',€) = HI(C, 7.E)
for all j.

Proposition 1.1.8. Let C — S be a family of semistable curves, S locally noetherian scheme
and consider the stabilization morphism

c—F 0

NS

Suppose that £ is a positive vector bundle on C — S and for any point s € S consider the induced
morphism ms : Cs — C5t. Then

T (8)C§t = Tsx (gc'&).
Moreover w,€ is S-flat.

Proof. Tt follows from [NS99, Lemma 4] and [Sch04, Remark 1.3.6]. O

10
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The next results gives us a useful criterion to check if a vector bundle is strictly positive or
not.

Proposition 1.1.9. [Sch04, Proposition 1.3.3]. Let C be a semistable curve containing the
mazimal chains Ry, ..., R,. We set C; := RS, and let pl, P} be the points where R; is attached

to éj, forj=1,... k. Suppose that £ is a strictly positive vector bundle on C which satisfies
the following conditions:

(i) H! (Cj’Ip{,pégéj) =0forj=1,...,k.

(ii) The homomorphism

0 - R -5S 2 &
H (Cj ’Ip{vp'égcf ) - (Ipivp'ég@) / (Ipivpégcj)
is surjective for j =1,... k.
(iii) For any x € C\{p},pd,j =1,...,k}, the homomorphism

exc

H(C.Tc,..8) — &5 (T267)

18 surjective. B o
(iv) For any x1 # xo € O\{p},p},7 =1,...,k}, the evaluation homomorphism

H? (C,T¢,, &) — Efay} © Efan)

18 surjective.

Then & is generated by global sections and the induced morphism in the Grassmannian
C — Gr(H°(C,&),r)
1s a closed embedding.
Using [Sch04, Remark 1.3.4], we deduce the following useful criterion

Corollary 1.1.10. Let £ be a vector bundle over a semistable curve C. & is strictly positive
if and only if there exists n big enough such that the vector bundle £(n) is generated by global
sections and the induced morphism in the Grassmannian C — Gr(H®(C,E(n)),r) is a closed
embedding.

Remark 1.1.11. Let F be a torsion free sheaf over a nodal curve C. By [Ses82, Huitieme Partie,
Proposition 3], the stalk of F over a nodal point z is of the form

e 02,004 ,®0¢ ., if v is a meeting point of two irreducible curves C and Cs.

° (’)chza ®©m¢ ., if z is a nodal point belonging to a unique irreducible component.
If F has uniform rank r (i.e. it has rank r on any irreducible component of C), we can always

write the stalk at = in the form (’)EI“ @® mg, , for some a. In this case we will say that F is of
type a at x.

Now we are going to describe the properties of an admissible vector bundle. The following
proposition (and its proof) is a generalization of [NS99, Proposition 5].

Proposition 1.1.12. Let £ be a vector bundle of rank r over a semistable curve C, and w : C' —
C*! the stabilization morphism, then:

(i) € is admissible if and only if £ is strictly positive and 7€ is torsion free.
(ii) Let R be a maximal chain of rational curves and x := w(R). If £ is admissible then w.E is
of type degER at x.

11
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Proof. Part (i). By hypothesis & is strictly positive. Let C be the subcurve of C complementary
to the exceptional one. Consider the exact sequence:

0—ZzE —E&—Ez—0.

We can identify Z=& with Zp&c where D := Cepe N C with its reduced scheme structure.

Then we have:

exc)

0 — m(Iplec,,.) — & — T (E).

Now 7.(Ez) is a torsion-free sheaf and 7.(Zp&c,,,) is a torsion sheaf, because its support is
D. So m.€ is torsion free if and only if m.(Zp&¢,,,) = 0. Let R be a maximal rational chain
which intersects the rest of the curve in p and ¢ and z := w(R). By definition the stalk of the
sheaf 7.(Zp&c.,.) at x is the k-vector space H(R,Z, ,r) = H°(R,Er(—p — q)). Applying this
method for any rational chain we have that 7€ is torsion free if and only if for any chain R if a
global section s of £ vanishes on RN R° then s = 0. In particular, if £ is admissible then m,.&
is torsion free and & is strictly positive.

Conversely, suppose that 7€ is torsion free and & is strictly positive. The definition of admis-
sibility requires that the vector bundle must be strictly standard, so a priori it seems that the
viceversa should not be true. However we can easily see that if £ is strictly positive but not
strictly standard then there exists a chain R such that H°(R,Z, ,Er) # 0. So m.E cannot be
torsion free, giving a contradiction. In other words, if 7.£ is torsion free and £ is strictly positive
then & is strictly standard. By the above considerations the assertion follows.

Part (ii). Let R be a maximal chain of rational curves. By hypothesis and part (i), 7.€ is torsion
free and we have an exact sequence:

0 — m& — m.(E5) — R'm.(Ip&c

& ) — 0.

exc

The sequence is right exact by Proposition 1.1.7. Using the notation of part (i), we have that the
stalk of the sheaf R'7.(Zp&c,,.) at  is the k-vector space H'(R,Er(—p — q)). If deg(Er) = r
is easy to see that H'(R,Er(—p — ¢)) = 0, thus 7,& is isomorphic to 7.(E5) locally at x. The
assertion follows by the fact that 7, (€z) is a torsion free sheaf of type deg(E€r) = r at 2. Suppose
that deg(€r) = r — s < r. Then we must have that £g = O} & F. Using the sequence

0—E—Ere@®ER — &y BEG — 0

we can found a neighbourhood U of x in C*! such that Er1vy = (’)i,l(U) @ &’ reducing to the
case deg(Er) =r. O

The proposition above has some consequence, which will be useful later. For example in
§1.3, where we will prove that a particular subset of the set of admissible vector bundles over a
semistable curve is bounded. The following results are generalizations of [NS99, Remark 4].

Corollary 1.1.13.

(i) Let C be a stable curve, m: N — C a partial normalization and Fy, Fo two vector bundles
on N. Then

Homo (F1, F2) = Homo (7. (F1), 7 (F2)).

In particular Fi = Fo <= m.(F1) = m(Fa).

(ii) Let C be a semistable curve with an admissible vector bundle £, let R be a subcurve composed
only by mazximal chains. We set C := R° and D the reduced subscheme RN C. Let
71 C — C% be the stabilization morphsim and Dt be the reduced scheme w(D). Then

T« (IR‘SR) = Tx (nga) = IDst (71'*5) .

12
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(iii) We set C := CC,.. We have that ,& determines &z, i.e. consider two pairs (C, &), (C', &)
of semistable curves with admissible vector bundles such that (C*t, .E) = (C's, w,E’) , then
(C,&5) = (C",€F,). Observe that Cege and Cey,,. can be different.

c

Proof. Part (i). Adapting the proof of [NS99, Remark 4(ii)] to our more general case, we obtain
the assertion.
Part (ii). Consider the following exact sequence

0—1IrE — & —Er — 0.
We can identify Zr€ with ZpEx. Applying the left exact functor 7., we have
0 — 7 (ZpEg) — mu(E) — m(Eg) — 0.

The sequence is right exact because £ is positive. Moreover 7. (Eg) is supported at D' and
annihilated by Zps:. By Proposition 1.1.12(ii), the morphism m,(£) — 7.(Er) induces an
isomorphism of vector spaces at the restriction to D*!. This means that . (Ing) = Ipst (mE).
Part (iii). Suppose that (C*%, 1.£) = (C'**,7.E’), i.e. there exist an isomorphism of curves
Y Ot — O’ and an isomorphism of sheaves ¢ : m,& = ¢*n,E’. By (ii), we have

W*(ID(.C:@) = ’(/J*TK'*(ID/SIG/).
First we observe that C and C’ are isomorphic and v induces an isomorphism 7:/; between them,
such that B
(I EL,). =TI EL,).
Now by (i), we obtain an isomorphism of vector bundles Zp&s = IDiZ;*ﬁ’é,. Twisting by Zp*,
we have the assertion. ]

Definition 1.1.14. Let £ be a vector bundle of rank r and degree d on a semistable curve C.
€ is balanced if for any subcurve Z C C it satisfies the basic inequality:

kz
< r—.
_7“2

deg&4 — a2z
we

€ is properly balanced if it is balanced and admissible. If C' — S is a family of semistable curves
and & is a vector bundle of relative rank r for this family, we will call it (properly) balanced if is
(properly) balanced for any geometric fiber.

Remark 1.1.15. We have several equivalent definitions of balanced vector bundle. We list some
which will be useful later:

(i) & is balanced;

(i) the basic inequality is satisfied for any subcurve Z C C such that Z and Z° are connected;
(iii) for any subcurve Z C C such that Z and Z¢ are connected, we have the following inequality

(iv) for any subcurve Z C C such that Z and Z¢ are connected, we have the following inequality
X(F) _ x(€)

wz T wo
where F is the subsheaf of £7 of sections vanishing on Z N Z¢;
(v) for any subcurve Z C C such that Z and Z¢ are connected, we have x(Gz) > 0, where G is

the vector bundle

(det 5)®29—2 ® w?/—;JrT(g—l) @ Ogr(29—2)—1.

13
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Lemma 1.1.16. Let (p : C — S,&) be a vector bundle of rank r and degree d over a family
of reduced and connected curves. Suppose that S is locally noetherian. The locus where C is a
semistable curve and &£ strictly positive, resp. admissible, resp. properly balanced, is open in S.

Proof. We can suppose that S is noetherian and connected. Suppose that there exists a point
s € S such that the geometric fiber is a properly balanced vector bundle over a semistable curve.
It is known that the locus of semistable curves is open on S (see [ACG11, Chap. X, Corollary
6.6]). So we can suppose that C' — S is a family of semistables curves of genus g. Up to twisting
by a suitable power of wg /s we can assume, by Corollary 1.1.10, that the rational S-morphism

i:C --» Gr(p<&,r)

is a closed embedding over s. By [Kau05, Lemma 3.13], there exists an open neighborhood S’
of s such that 7 is a closed embedding. Equivalently Eg: is strictly positive by Corollary 1.1.10.
We denote as usual with 7 : C — C** the stabilization morphism. By Proposition 1.1.8, the
sheaf m,(Eg/) is flat over S’ and the push-forward commutes with the restriction on the fibers.
In particular, it is torsion free at the fiber s, and so there exists an open subset S” of S’ where
7« (Egr) is torsion-free over any fiber (see [HL10, Proposition 2.3.1]). By Proposition 1.1.12, Eg»
is admissible. Putting everything together, we obtain an open neighbourhood S” of s such that
over any fiber we have an admissible vector bundle over a semistable curve. Let 0 < k < d,
0 < i < g be integers. Consider the relative Hilbert scheme

.17 0c(1),P(m)=km-+1—i
Hilb25$)

where O (1) is the line bundle induced by the embedding i. We call Hy ; the closure of the locus

of semistable curves in Hilbg/cé,l,)’P(m):ka*i and we let Zj ; — C Xg» Hy; be the universal

curve. Consider the vector bundle G over C'— S” as in Remark 1.1.15(v). Let G¥ its pull-back
on Zy ;. The function

X he x(GFY)

is locally constant on Hy,. Now 7 : H,; — S” is projective. So the projection on S” of the
connected components of
|_| Hy,;

0<k<d
0<i<g

such that x is negative is a closed subscheme. Its complement in S is open and, by Remark

1.1.15(v), it contains s and defines a family of properly balanced vector bundles over semistable
curves. O

1.2. The moduli stack of properly balanced vector bundles %T’d,g. Now we will intro-
duce our main object of study: the universal moduli stack Wnd,g of properly balanced vector
bundles of rank r and degree d on semistable curves of arithmetic genus g. Roughly speaking, we
want a space such that its points are in bijection with the pairs (C, &) where C is a semistable
curve on k and £ is a properly balanced vector bundle on C. This subsection is devoted to the
construction of such space as Artin stack.

Definition 1.2.1. Let » > 1, d and g > 2 be integers. Let ang be the category fibered in
groupoids over Sch/k whose objects over a scheme S are the families of semistable curves of
genus g with a properly balanced vector bundle of relative total degree d and relative rank 7.
The arrows between the objects are the obvious cartesian diagrams.

The aim of this subsection is proving the following

14
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Theorem 1.2.2. Vec, 44 is an irreducible smooth Artin stack of dimension (r* 4+ 3)(g — 1).
Furthermore, it admits an open cover {Un}nez such that U, is a quotient stack of a smooth
noetherian scheme by a suitable general linear group.

Remark 1.2.3. In the case r =1, %Ml,g is quasi compact and it corresponds to the compactifi-
cation of the universal Jacobian over ﬂg constructed by Caporaso [Cap94] and later generalized
by Melo [Mel09]. Following the notation of [MV14], we will set Jacq 4 := Vecy a4

The proof consists in several steps, following the strategies adopted by Kausz [Kau05] and
Wang [Wan]. First, we observe that Vec, 4 is clearly a stack for the Zariski topology. We now
prove that it is a stack also for the fpqc topology (defined in [FGIT05, Section 2.3.2]). With
that in mind, we will first prove the following lemma which allows us to restrict to families of
semistable curves with properly balanced vector bundles over locally noetherian schemes.

Lemma 1.2.4. Let £ be a properly balanced vector bundle over a family of semistable curves
p:C — S. Suppose that S is affine. Then there exists

e a surjective morphism ¢ : S — T where T is a noetherian affine scheme,

e a family of semistable curves Cp — T,

e a properly balanced vector bundle Ep over Cp — T,

such that the pair (C' — S, &) is the pull-back by ¢ of the pair (Cr — T,Er).

Proof. We can write S as a projective limit of affine noetherian k-schemes (S,). By [Gro67,
8.8.2 (ii)] there exists an «, a scheme C,, and a morphism C, — S,, such that C is the pull-back
of this scheme by S — S,. By [Gro67, 8.10.5 (xii)] and [Gro67, 11.2.6 (ii)] we can assume that
Cy, — S, is flat and proper. By [Gro67, 8.5.2 (ii)] there exists a coherent sheaf £, on C, such
that its pull-back on S is £. Moreover, by [Gro67, 11.2.6 (ii)] we may assume that &, is S,-flat.
Set S, =: T, Cy =: Cr and &, =: Er. Now the family Cr — T will be a family of semistable
curves. The vector bundle £ is properly balanced because this condition can be checked on the
geometric fibers. a

Proposition 1.2.5. Let S" — S be an fpgc morphism of schemes, set 8" := 5" xg S" and m; the
natural projections. Let (C'— S',E") € Vecy q4.4(S"). Then every descent data
o :m(C— S8 2ni(C— 8€)
is effective.
Proof. First we reduce to the case where S” and S are noetherian schemes. By [Gro67, (8.8.2)(ii),

(8.10.5)(vi), (8.10.5)(viii) (11.2.6)(ii)] there exists an fpqc morphism of noetherian affine schemes
Sy — So and a morphism S — Sp, such that the diagram

S — 8

||

Sé*)SO

is cartesian. By Lemma 1.2.4, there exists a pair (Co — Sp, &) € Vecya,4(S)) such that its pull-
back via S’ — S}, is isomorphic to (C' — S’,&’) € Vec,q,4(S’). By [Gro67, (8.8.2)(i), (8.5.2)(i),
(8.8.2.4), (8.5.2.4)] we can assume that ¢ comes from a descent data

po i (C = Sy, &) = w5 (C — 55, &)

So we can assume that S and S’ are noetherian. By the properly balanced condition, up to
twisting by some power of the dualizing sheaf, we can suppose that det £ is relatively ample on
S’, in particular ¢ induces a descent data for (C'— S’ det £’) and this is effective by [FGIT05,

15
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Theorem. 4.38]. So there exists a family of curves C' — S such that its pull-back via §" — S is
C" — S'. In particular, C' — C' is an fpqc cover and ¢ induces a descent data for &' on C' — C,
which is effective by [FGIT05, Theorem. 4.23]. O

Proposition 1.2.6. Let S be an affine scheme. Let (C — S,&), (C' — S,&') € Vecy.a,4(9).
The contravariant functor

(T = S) = Isomr((Cr, Er), (Cr, E7))

is representable by a quasi-compact separated S-scheme. In other words, the diagonal of Vec, 4 4
is representable, quasi-compact and separated.

Proof. Using the same arguments as above, we can restrict to the category of locally noetherian
schemes. Suppose that S is an affine connected noetherian scheme. Consider the contravariant
functor
(T — S) s Isom (Cr, Ch) .

This functor is represented by a scheme B (see [ACG11, pp. 47-48]). More precisely: let
Hilbey ;v /s be the Hilbert scheme which parametrizes closed subschemes of C' x5 C” flat over
S. B is the open subscheme of Hilbgycr/s with the property that a morphism f : T —
Hilbecy ;v /s factorizes through B if and only if the projections 7 : Zp — Cp and 7’ : Zp — CF,
are isomorphisms, where Zr is the closed subscheme of C' x g C’ represented by f. Consider the
universal pair

(Zp,p = donr ' Cp 2 Ch) .
Now we prove that B is quasi-projective. By construction it is enough to show that B is contained
in H ilbg’f ears which parametrizes closed subschemes of C' x g C’/S with Hilbert polynomial P
with respect to the relatively ample line bundle £ on C xg C’/S. Let L (resp. L") be a relatively
very ample line bundle on C/S (resp. C’/S). We can take £ = (detE)™ and L' = (det &)™
for m big enough. Then the sheaf £ Xg L’ is relatively very ample on C xg C’/S. Using the
projection m we can identify Zp and Cpg. The Hilbert polynomial of Zp with respect to the
polarization £ Xg £’ is

P(n) =x((LXs L)") = x(L" @ ¢"L™) = deg(L") + deg(L™) +1 —g.
It is clearly independent from the choice of the point in B and from Zpg, proving the quasi-

projectivity. In particular, B is quasi-compact and separated over S. The proposition follows
from the fact that the contravariant functor

(T — B) — Isome,. (E7,p*EF)
is representable by a quasi-compact separated scheme over B (see the proof of [LMB00, Theorem
4.6.2.1]). O
Putting together Proposition 1.2.5 and Proposition 1.2.6, we get
Corollary 1.2.7. Vec, 4, is a stack for the fpgc topology.

We now introduce a useful open cover of the stack %nd,g- We will prove that any open
subset of this cover has a presentation as quotient stack of a scheme by a suitable general linear
group. In particular, Wr,d,g admits a smooth surjective representable morphism from a locally
noetherian scheme. Putting together this fact with Proposition 1.2.6, we get that Vec, 44 is an
Artin stack locally of finite type.

Proposition 1.2.8. For any scheme S and any n € Z, consider the subgrupoid U, (S) of
Vecra4(S) of pairs (p: C — S, &) such that
(1) Rip.E(n) =0 for anyi > 0,

16
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(2) E(n) is relatively generated by global sections, i.e. the canonical morphism p*p.E(n) —

E(n) is surjective, and the induced morphism C — Gr(p.E(n),r) is a closed embedding.

Then the sheaf p.E(n) is flat on S and E(n) is cohomologically flat over S. In particular, the
inclusion Uy, — Vec, 4.4 makes U, into a fibered full subcategory.

Proof. We set F := &(n). By [Wan, Proposition 4.1.3], we know that p.F is flat on S and F is
cohomologically flat over S. Consider the following cartesian diagram

CTHC

lpT lp
T L S

By loc. cit., we have that Ripr.(Fr) = 0 for any i > 0 and that Fr is relatively generated
by global sections. It remains to prove that the induced T-morphism Cr — Gr(pr.Fr,r) is a
closed embedding. This follows easily by cohomological flatness and the base change property of
the Grassmannian. O

Lemma 1.2.9. The subcategories {H”}nEZ form an open cover of Vec,. 4.4

Proof. Let S be a scheme, (p: C — S,€) an object of Vec, 4.4(S) and n an integer. We must
prove that exists an open U,, C S with the universal property that T'— S factorizes through U,
if and only if Er is an object of U, (T).
We can assume S affine. Lemma 1.2.4 implies that the morphism S — U, factors through a
noetherian affine scheme. So we can suppose that S is affine and noetherian. Let F := £(n) and
U,, the subset of points of S such that:

(1) HY(C, Fs) =0 for i > 0,

(2) H(Cs, Fs) @ Oc, — Fs is surjective,

(3) the induced morphism in the Grassmannian Cy — Gr(H°(Cy, Fs),7) is a closed embed-

ding.

We must prove that U, is open and it satifies the universal property. As in the proof of [Wan,
Lemma 4.1.5], consider the open subscheme V,, C S satisfying the first two conditions above.
By definition it contains U,, and it satisfies the universal property that any morphism 7" — S
factorizes through V,, if and only if Ripr,Fr = 0 for any i > 0 and Fr is relatively generated by
global sections. By [Wan, Proposition 4.1.3], Fy, is cohomologically flat over V,,. This implies
that the fiber over a point s of the morphism

Cvn — GT(an*]:Vn, 7‘)

is exactly Cy, — Gr(H®(Cj, Fs),r). Since the property of being a closed embedding for a mor-
phism of proper V,-schemes is an open condition (see [Kau05, Lemma 3.13]), it follows that U,
is an open subscheme and Fy, € U, (Uy,).
Viceversa, suppose now that ¢ : T — S is such that Fr € U, (T). The morphism factors through
V,, and for any t € T

Ct — GT(HO(Ct, .Ft)7 ’I“)
is a closed embedding. Since the morphism ¢ restricted to a point ¢t € T onto is image ¢(t)
is fppf, by descent the morphism Cy(t) — GT(HO(O¢(t),f¢(t)),T) is a closed embedding, or in
other words ¢(t) € U,.
It remains to prove that {U,,} is a covering. It is sufficient to prove that for any point s there
exists n such that & (n) satisfies the conditions (1), (2) and (3). By Proposition 1.1.8, the push-
forward of £ in the stabilized family is S-flat and the cohomology groups on the fibers are the

17
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same, so for any point s in S there exists n big enough such that (1) is satisfied, and by Corollary
1.1.10 the same holds for (2) and (3). O

Remark 1.2.10. As in [Wan, Remark 4.1.7] for a scheme S and a pair (p : C — S,€) € U (9),
the direct image p,(£(n)) is locally free of rank d +r(2n — 1)(g — 1). By cohomological flatness,
locally on S the morphism in the Grassmannian becomes C' — Gr(V,,r) x S, where V,, is a
k-vector space of dimension P(n) :=d+r(2n —1)(g — 1).

We are now going to obtain a presentation of I,, as a quotient stack. Consider the Hilbert
scheme of closed subschemes on the Grassmannian Gr(V,,, )

Hilb,, = Hi lbgf(r‘;:nrg)(l) Q(m)

with Hilbert polynomial Q(m) = m(d + nr(2g — 2)) + 1 — g relative to the Plucker line bundle
OcGrv, rn(1). Let €4y — Gr(Va,r) x Hilb, be the universal curve. The Grassmannian is
equipped with a universal quotient V,, x Og,(v,, ») — &, where £ is the universal vector bundle.
If we pull-back this morphism on the product Gr(V,,,r) x Hilb,, and we restrict to the universal
curve, we obtain a surjective morphism of vector bundles ¢ : V,, ® ch(n) — &(n)- We will call
Eny (resp. q: Vi, ® O, — &(n)) the universal vector bundle (resp. universal quotient) on €(y).
Let H,, be the open subset of Hilb, consisting of points h such that:

(1) G(nyn is semistable,

(2) (5?,1 5 is properly balanced,

(3) H'(Ctnyn, Enyn) = 0 for i >0,

(4) Ho(qh) is an isomorphism.
The restriction of the universal curve and of the universal vector bundle on H,, defines a morphism
of stacks © : H,, — U,,. Moreover, the Hilbert scheme Hilb,, is equipped with a natural action
of GL(V,,) and H,, is stable for this action.

Proposition 1.2.11. The morphism of stacks
©:H,—U,
is a GL(V,,)-bundle (in the sense of [Wan, 2.1.4]).

Proof. We set GL := GL(V,,). First we prove that © is G L-invariant, i.e.
(1) the diagram
H, xGL™— H,

Jpﬁ J@
o f
H, —U,
where pri is the projection on H, and m is the multiplication map is commutative.

Equivalently, there exists a natural transformation p : pri® — m*@.
(2) p satifies an associativity condition (see [Wan, 2.1.4]).

In our case p is the identity and it is easy to see that the second condition holds. We will fix
apair (p: C — S,€) € U,(S) and let f : S — U, be the associated morphism. It remains to
prove that the morphism f*© is a principal G L-bundle. More precisely, we will prove that there
exists a G L-equivariant isomorphism over S

Hy, xz S = Isom(V,, @ Os,ps«E(n)).
For any S-scheme T', a T-valued point of H, xz S corresponds to the following data:

(1) a morphism 7" — H,,
(2) a T-isomorphism of schemes v : Cr = Gy

18
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(3) an isomorphism of vector bundles 1* &,y = Er(n).

Consider the pull-back of the universal quotient of H,, through ' — H,
qr : Vo ® Og,, . = Sy
If we pull-back by 1 and compose with the isomorphism of (3), we obtain a surjective morphism
Vi ® Ocy. — Er(n).

We claim that the push-forward V;, ® Or — pr.(Er(n)) = p.(E(n))r is an isomorphism, or in
other words it defines a T-valued point of ITsom(V, ® Og,ps«E(n)). As explained in Remark
1.2.10, the sheaf pr.(E(n)r) is a vector bundle of rank P(n), so it is enough to prove the
surjectivity. We can suppose that 7' is noetherian and by Nakayama lemma it suffices to prove
the surjectivity on the fibers. On a fiber the morphism is

Vo ® Oc, = H°(Enye) = H(E(n))

which is an isomorphism by the definition of H,,.

Conversely, let T be a scheme and V;, ® Or — p.(€(n))r a T-isomorphism of vector bundles.
By hypothesis, Er(n) is relatively generated by global sections and the induced morphism in the
Grassmannian is a closed embedding. Putting everything together, we obtain a surjective map

Vi ® Ocy = prpr«r(n) = Er(n)

and a closed embedding Cr < Gr(V,,, ) xT which defines a morphism 7" — H,,. If we set 1) equal
to the identity Cr = %(;,)r, we have a unique isomorphism of vector bundles 1*&,,)r = Er(n).
Then we have obtained a T-valued point of H,, Xz, S. The two constructions above are inverses
of each other, concluding the proof. O

Proposition 1.2.12. The map © : H,, — U,, gives an isomorphism of stacks
U, = [H,/GL(V,)]
Proof. This follows from [Wan, Lemma 2.1.1.]. O
From the above presentation of I, as a quotient stack, we can now prove the smoothness of

Vecy 4,y and compute its dimension. This will conclude the proof of Theorem 1.2.2 except for
the irreducibility of Wnd& which will be proved in Lemma 1.5.2.

Corollary 1.2.13. The scheme H,, and the stack %T@g are smooth of dimension respectively
Pn)?+ (r2+3)(g—1) and (r* +3)(g — 1).

Proof. We set Gr := Gr(V,,r). Arguing as in [Sch04, Proposition 3.1.3.], we see that for any
k-point h := [C < Gr] € H, the co-normal sheaf Zc/ZZ is locally free and we have an exact
sequence:

0 — Zo /T3 — Qb lc — Q& — 0.
Applying the functor Home (—, O¢), we obtain the following exact sequence of vector spaces

0 — Homo,, (2%, Oc) — H°(C, Ter|c) — Homo,, (Zc /I8, Oc) — Exty (U, Oc) — 0

Now Homo,, (Zc/Z%,Oc) is the tangent space of H,, at h. We can prove that its dimension is
P(n)?+ (r? +3)(g — 1) by using the sequence above as in the proof of loc. cit. This implies that
H, is smooth of dimension P(n)? + (r? 4+ 3)(g — 1). The assertion for the stack Vec, 4, follows
immediately from Proposition 1.2.12. (|
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1.3. The Schmitt compactification Und,g. In this section we will resume how Schmitt in
[Sch04], generalizing a result of Nagaraj-Seshadri in [NS99], constructs via GIT an irreducible
projective variety, which is a good moduli space (for the definition see Appendix B) for an open
substack of Wnd,g.

First we recall the Seshadri’s definition of slope-(semi)stable sheaf for a stable curve in the
case of the canonical polarization.

Definition 1.3.1. Let C be a stable curve and let Cy,...,Cy be its irreducible components.
We will say that a sheaf £ is P-(semi)stable if it is torsion free of uniform rank r and for any
subsheaf F we have

XF) o x(é)

> siwe, (<) Twe
where s; is the rank of F at C;. A P-semistable sheaf has a Jordan-Holder filtration with P-stable
factors. Two P-semistable sheaves are equivalent if they have the same Jordan-Holder factors.
Two equivalence classes are said to be aut-equivalent if they differ by an automorphism of the
curve.

Consider the stack T F. q,4 of torsion free sheaves of uniform rank r and Euler characteristic
d+r(1 — g) on stable curves of genus g. Pandharipande has proved in [Pan96] that there exists
an open substack 7TF'; =~ which admits a projective irreducible variety as good moduli space.
More precisely, this variety is a moduli space for the aut-equivalence classes of P-semistable
sheaves over stables curves (see [Pan96, Theorem 9.1.1]). This is the reason why we prefer the
”P” instead of ”slope” in the definition above.

Consider the open substack Wﬁfi;s C Vecy 4,4 of pairs (C,E) such that the sheaf 7.E over
the stabilized curve C* is P-(semi)stable. Sometimes we will simply say that the pair (C*, 7.€)
is P-(semi)stable. As we will see in the next proposition, the set of such pairs is bounded.

spe P . .
Proposition 1.3.2. The stack Vecr)fl)sg 18 quasi-compact.

Proof. By construction, it is sufficient to prove that there exists n big enough such that Vecr,flfg C

U, . It is enough showing that there exists n, big enough such that for n > n, the vector bundle
E(n) satisfies the conditions of Proposition 1.1.9, for any k-point (C, &) in %: ;’Sg.

. P . e .
Consider the set {(C,€)} of k-points in Vecr7§7g. Denote with 7 : C — C*! the stabilization
morphism. Let C' be a semistable curve, let R C C' be a subcurve obtained as union of some
maximal chains. We set, as usual, C = R® and D := |C'N R|. Consider the exact sequence

S

0 — Zpst(m.E) — & — (1) pst — 0,

Observe that the cokernel is a torsion sheaf. By construction x((7.&)pst) = h®((m.&) pst) < 2rN,
where N is the number of nodes on C**. A stable curve of genus g can have at most 3g — 3 nodes.
By [Pan96], the set of P-semistable torsion free sheaves with x = d + (1 — g) on stable curves
of genus ¢ is bounded. This allows us, using the theory of relative Quot schemes, to construct
a quasi-compact scheme which is the fine moduli space for the pairs (X,q : P — F) where X
is a stable curve of genus g, q is a surjective morphism of sheaves on X, P is a P-semistable
torsion free and F is a sheaf with constant Hilbert polynomial less or equal than 6r(g — 1). In
particular, up to twisting by a suitable power of the canonical bundle, we can assume that the
sheaf Tps: (m.€) is generated by global sections and that H'(C*, Zps:(m.&)) = 0 for any k-point

(C,€) in W: 2o and any collection R of maximal chains in Ceze. By Corollary 1.1.13(ii), we
have
IDst(ﬂ'*g) = W*(IDEG) = W*(IRS)
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Observe that H'(C*, m,(IpEy)) = Hi(C, Ip&g) for i = 0,1. In particular £ satisfies the
condition (i) of Proposition 1.1.9. Suppose that R is a maximal chain, D = {p,q} and D' = z.
So, the fact that HY(C*, 7, (Zp€s)) generates m, (IpEs) implies that

H(C,L,4€) = T (Tp4€6) (o) = (Lra€e) ) © (T00€5) ()

is surjective. In other words & satisfies the condition (ii) of loc. cit.
For the rest of the proof R will be the exceptional curve Ceyc. Set G := Ip&s. Let p and ¢ (not

necessarily distinct) points on C\R = C\D. Consider the exact sequence of sheaves on C.
0—72,,6 —G—G/I,,G6—0,

where, when p = ¢, we denote with Z,,G the sheaf IQQ. If we show that H'(C,Z,,G) =

HY(C%, 71.(Z,,,9)) is zero for any k-point (C,€) in Vec:*> then the conditions (iii) and (iv)

are satisfied for any pair in Vec7 d g(k). We have already shown that the pairs (C*!, 7,.G) are
bounded. As before the sheaf G /I p.q 1s torsion and its Euler characteristic is 2r (not depend
from the choice of p and ¢). Arguing as above, we can conclude that H'(C**, 7,(Z,,G)) =0. O

rdg

Schmitt proves in [Sch04] that there exists an open substack Vecr which admits

T, d ,9 VBCT d ,9
a good moduli space U, 4. We recall briefly the conctruction of such space following [Sch04,
pp. 174-175].

Gieseker has shown in [Gie82] that the coarse moduli space of stable curves M, can be constructed
via GIT. More precisely M, =~ H, /¢ u, SL(W), where Hy is the Hilbert scheme of stable curves
embedded with w'® in P(W) = P10(29-2)=9_while Ly, is a suitable SL(W)-linearized ample line
bundle on H,. Let C; — H, be the universal curve. Consider the relative Quot scheme

p:Q:=Quot(Cy/Hy, V,, ® ch,wé%/ﬂg) — Hy.

We have a natural action of SL(V,,) x SL(W), linearized with respect to a suitable p-ample
line bundle L£o. With an abuse of notation, we will denote again with @) the open (and closed)
subscheme of ) consisting of sheaves with Euler characteristic equal to P(n) = dimV,, and
uniform rank r. We set £, := Lo ® p*Ly . For a > 0 the GIT-quotient Q:=Q ), SL(W)
exists and it is the coarse moduli space for the functor which sends a scheme S to the set of
isomorphism classes of pairs (Cs — S,qs : V;, ® Ocy — &) where Cg — S is a family of stable
curve and gg is a surjective morphism of S-flat sheaves with x(E;) = P(n) and uniform rank r.
Moreover @ is equipped with a SL(V;,)-linearized line bundle Ly

Consider now the scheme H,, defined at page 16. It has a natural SL(V},)-linearized line bundle
L, the semistable points for this linearized action are called Hilbert semistable points and
their description is an open problem (see [TiB98] for some partial results in this direction). Let

(Cg(n)a q: Vn & O%o(n) - (”@(n))

be the universal pair on H,,. Consider the stabilized curve 7 : €(,,) — ‘5(”) The push-forward

m.(q) (as in [Sch04, p. 180]) defines a morphism H,, — Q. The closure of the graph I < H,, x Q
gives us a SL(V,,)-linearized ample line bundle £, K /3%. For a > 0, Schmitt has proved that

the semistable points are contained in the graph (see [Sch04, Theorem 2.1.2]). Therefore, we can
view such semistable points inside H,, and call them H-semistable.

Remark 1.3.3. An H-semistable point has the following properties (see [Sch04, Def. 2.2.10]): let,
as usual, 7 : O — C*! be the stabilization morphism and (C, &) is a pair in U,,.

(i) Suppose that C is smooth. Then (C,€&) is H-(semi)stable if and only if (C,€) is P-
(semi)stable. In this case we will say just (C,&) is (semi)-stable.
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(ii) We have the following chain of implications:
(O, m, &) P-stable = (C, &) H-stable = (C, ) H-semistable = (C*t 7,.£) P-semistable.
(iii) Suppose that (C!, 7. F) is strictly P-semistable. Then (C, &) is H-semistable if and only if
for every one-parameter subgroup A of SL(V,,) such that (C*¢, m,.E) is strictly P-semistable
with respect to A then (C, &) is Hilbert-semistable with respect to A.

A priori the H-semistability is a property of points in Hy, i.e. [C — Gr(V,,r)]. However it
is easy to see that it depends only on the curve and the restriction of universal bundle to the
curve.

In his construction Schmitt just requires that a vector bundle must be admissible, but not nec-
essarily balanced. The next lemma proves that the vector bundles appearing in his construction
are also properly balanced.

Lemma 1.3.4. If (C%, 7,E) is P-semistable then & is properly balanced.

Proof. By considerations above, we must prove that £ is balanced. By Remark 1.1.15(iv), we
have to prove that for any connected subcurve Z C C such that Z¢ is connected, we have

xX(F) _ x(&)

wz T we
where F is the subsheaf of £7 of sections that vanishes on Z N Z¢. Observe that F is also a
subsheaf of £. The hypothesis and the fact that the push-forward is left exact imply

x(mF) _ x(m€) _ x(€)
Wgzst  Wost we

9

where Z*t is the reduced subcurve 7(Z). It is clear that wzst = wz. We have an exact sequence
of vector spaces

0— H' (2%, 7. F) — H' (Z,F) — H°(Z*",R'7,.F) — 0.
This implies x(F) < x(m«F), concluding the proof. O

1.4. Properties and the rigidified moduli stack V, 4. The stack Vec, 4 4 admits a universal
curve T : Wnd%l — Wnd,g, i.e. a stack Wnd%l and a representable morphism 7 with the
property that for any morphism from a scheme S to Vec, g, associated to a pair (C — S, &)
there exists a morphism C' — Vec, 4,41 such that the diagram

C ——Vecrdg,1

| ]

S —— Vecya,q

is cartesian. Furthermore, the universal curve admits a universal vector bundle, i.e. for any
morphism from a scheme S to %r@g associated to a pair (C' — S, &), we associate the vector
bundle £ on C. This allows us to define a coherent sheaf for the site lisse-étale on %nd,g,l flat
over Vec, 4 4. The stabilization morphism induces a morphism of stacks

¢r,d : Vec7“7d7g — Mg

which forgets the vector bundle and sends the curve in its stabilization. We will denote with
Vecy.q,q (vesp. Uy,) the open substack of Vec, 4,4 (resp. Uy,) of pairs (C, ) where C is a smooth
curve. In the next sections we will often need the restriction of ¢, , to the open locus of smooth
curves ’

¢r,d : VCCT’dJ — Mg.
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The group G,, is contained in a natural way in the automorphism group of any object of
Vecy. 4,4, as multiplication by scalars on the vector bundle. There exists a procedure for removing
these automorphisms, called G,,, -rigidification (see [ACV03, Section 5]). We obtain an irreducible
smooth Artin stack V,. 44 := Vecray [JGm of dimension (r? + 3)(g — 1) + 1, with a surjective

smooth morphism v;. 4 : Vecy a9 — Viyagy. The forgetful morphism ¢, 4 : Vecyay — M,

factorizes through the forgetful morphism ¢, , : Vr.d,g = Mg. Over the locus of smooth curves
we have the following diagram

Vp.d
Vecrd,g * Vrd,g
ldet J{dﬂét
v1,d
Jacq,g Jd,g

N

where det (resp. det) is the determinant morphism, which send an object (C = 5,¢&) €
Vecr,q,q(S) (resp. € Vyq4(5)) to (C — S,det&) € Jacaq(S) (vesp. € Jaq4(S)). Observe that
the obvious extension on Vec, 4,4 of the determinant morphism does not map to the compactified

universal Jacobian Jacq 4, because the basic inequalities for Jacq 4 are more restrictive.

1.5. Local structure. The local structure of the stack Vec, 4,4 is governed by the deformation
theory of pairs (C, £), where C is a semistable curve and £ is a properly balanced vector bundle.
Therefore we are going to review the necessary facts. First of all, the deformation functor Defx
of a semistable curve C' is smooth (see [Ser06, Proposition 2.2.10(i), Proposition 2.4.8]) and it
admits a miniversal deformation ring (see [Ser06, Theorem 2.4.1]), i.e. there exists a formally
smooth morphism of functors of local Artin k-algebras

Spf k[x1,...,2n] — Defc, where N := ext!(Qc, O¢)
inducing an isomorphism between the tangent spaces. Moreover, if C is stable its deformation
functor admits a universal deformation ring (see [Ser06, Corollary 2.6.4]), i.e. the morphism of
functors above is an isomorphism. Let x be a singular point of C and (’A)C’w the completed local
ring of C' at z. The deformation functor Defg Oca admits a miniversal deformation ring k[t]
(see [DM69, pag. 81]). Let ¥ be the set of singular points of C'. The morphism of Artin functors

loc : Defe — H Defy
TEX

pcc@c,m

is formally smooth (see [DM69, Proposition 1.5]). For a vector bundle £ over C, we will denote
with Def(c ¢y the deformation functor of the pair (for a more precise definition see [CMKV15,
Def. 3.1]). As in [CMKV15, Def. 3.4], the automorphism group Aut(C,€&) (resp. Aut(C)) acts
on Def(c ¢y (resp. Defc). Using the same argument of [CMKV15, Lemma 5.2], we can see that
the multiplication by scalars on £ acts trivially on Def(c ¢). By [FGIT05, Theorem 8.5.3], the
forgetful morphism

Def(c’g) — Defo
is formally smooth and the tangent space of Def(¢ ¢y has dimension ext!(Qc, Oc) + ext!(&,€).
Let h := [C < Gr(V,,r)] be a k-point of H,,. Let Oy, ; be the completed local ring of H,, at h.

Clearly, the ring (’A)Hmh is a universal deformation ring for the deformation functor Def}, of the
closed embedding h. Moreover
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Lemma 1.5.1. The natural morphism

D@fh — Def(c’g)
is formally smooth.

Proof. For any k-algebra R, we will set Gr(V,,,r)g := Gr(V,,r) X SpecR. We have to prove
that given

(1) a surjection B — A of Artin local k-algebras,

(2) a deformation hy := [C4 — Gr(V,,r)a] of h over A

(3) a deformation (Cp,Ep) of (C, &) over B, which is a lifting of (Cx,E4),
then there exists an extension hp over B of ha which maps on (Cp,Ep). Since by hypothesis
H'Y(C,&(n)) = 0, we can show that the restriction map res : H*(Cp, Eg(n)) — H°(Ca,Ea(n))
is surjective. Now h 4 only depends on the vector bundle £4 and on the choiche of a basis for
HO(Ca,E4(n)). We can lift the basis, using the map res, to a basis B of H%(Cp,£p(n)). The
basis B induces a morphism Cg — Gr(V,,,r)p which is a lifting for h 4. O

The next lemma concludes the proof of Theorem 1.2.2.
Proposition 1.5.2. The stack %T)d)g 1s irreducible.

Proof. Since the morphism loc : Defc — [],cx Defgeco.. .,
implies that the morphism Def, — [[,cx DefSpec(ﬁc“T is formally smooth. In particular, any
semistable curve with a properly balanced vector bundle can be deformed to a smooth curve
with a vector bundle. In other words, the open substack Vec, 4, is dense in Vec, 4,4; hence
Wnd,g is irreducible if and only if Vec; q,4 is irreducible. And this follows from the fact that
My is irreducible and that the morphism Vec, 44 — M, is open (because is flat and locally of

finite presentation) with irreducible geometric fibers (by [Hof10, Corollary A.5]). O

is formally smooth, Lemma 1.5.1

We are now going to construct a miniversal deformation ring for Def(¢ ¢y by taking a slice of
H,.

Lemma 1.5.3. Let h := [C — Gr(V,,r)] a k-point of H, and let £ be the restriction to C of
the universal vector bundle. Assume that Aut(C,E) is smooth and linearly reductive. Then the
following hold.

(i) There exists a slice for H,,. More precisely, there exists a locally closed Aut(C,E)-invariant
subset U of Hy,, with h € U, such that the natural morphism
U X auwc,ey GL(Vy) — Hy
is €tale and affine and moreover the induced morphism of stacks
[U/Aut(C,€)] = Uy,

s affine and étale.
(1) The completed local ring Oy, of U at h is a miniversal deformation ring for Defic,e)-

Proof. The part (i) follows from [Alpl0, Theorem 3]. We will prove the second one following
the strategy of [CMKV15, Lemma 6.4]. We will set F' C Def}, as the functor pro-represented
by @U,h, G = GL(V,) and N := Aut(C,€&). Since Def, — Defc ¢) is formally smooth, it is
enough to prove that the restriction to F'(A) of Def;(A) — Def(c g)(A) is surjective for any
local Artin k-algebra A and bijective when A = k[e]. Let g (resp. n) be the deformation functor
pro-represented by the completed local ring of G (resp. N) at the identity. There is a natural
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map g/n — Def;, given by the derivative of the orbit map. More precisely, for a local Artin
k-algebra A:
g/n(A) — Defp(4)
g] — g.’UtTiU

where v is the trivial deformation over SpecA. First of all we will construct a morphism
Def, — g/n such that the derivative of the orbit map defines a section. The construction is the
following: up to étale base change, the morphism U Xy G — H,, of part (i), admits a section
locally on h. The morphism, obtained composing this section with the morphism Ux yG — G/N,
which sends a class [(u, g)] to [g], induces a morphism of Artin functors

triv

Defy, — g/n

with the desired property. By construction, if A is a local Artin k-algebra then the inverse image
of 0 € g/n(A) is F(A). If v € Def,(A) maps to some element [g] € g/n(A) then g~'v € F(A).
Because both v and ¢~ 'v map to the same element of Def(c ey, we can conclude that F(A) —
Def(c,¢)(A) is surjective.
It remains to prove the injectivity of F'(k[e]) — Def(c ¢)(k[e]). We consider the following complex
of k-vector spaces

0 a/n = Defu(kle)) = Defic.e)(Kld) =0

where the first map is the derivative of the orbit map. We claim that this is an exact sequence,
which would prove the injectivity of F(k[e]) — Def(c g)(k[e]) by the definition of F'. The only
non obvious thing to check is the exactness in the middle. Suppose that hyq € Defy,(k[e]) is
trivial in Defc ¢)(ke]), i.e. if g : Vi, ® Oc, — & represents the embedding hy, then there
exists an isomorphism with the trivial deformation on k[e]: ¢ : C. = C[e] and ¢ : @& = E]e].
Consider the morphism
Ge =Y opuge: V ® OC[e] — Ele]
which represents the same class hy[q. By definition of H,,, the push-forward of g. on k[e] is an
isomorphism
V,, @ k[e] = H(C,E(n)) @ k[¢]

and it defines uniquely the class hy[g. We can choose basis for V,, and H 9(C,&(n)) such that g,
differs from the trivial deformation of Defy, (k[¢]) by an invertible matrix ¢ = Id mod €, which
concludes the proof. O

2. PRELIMINARIES ABOUT LINE BUNDLES ON STACKS.

2.1. Picard group and Chow groups of a stack. We will recall the definitions and some
properties of the Picard group and the Chow group of an Artin stack. Some parts contain
overlaps with [MV14, Section 2.9]. Let X’ be an Artin stack locally of finite type over k.

Definition 2.1.1. [Mum65, p.64] A line bundle £ on X is the data consisting of a line bundle
L(Fs) € Pic(S) for every scheme S and morphism Fg : S — X such that:

e For any commutative diagram
s—L 7
N
X
there is an isomorphism ¢(f) : L(Fs) = f*L(Fr).
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e For any commutative diagram

SLT%Z

Fr
Fg Fyz

X
we have the following commutative diagram of isomorphisms

£(Fs) —2 s por(Fr)

Jjﬁ(QOf) lf"aﬁ(y)

(9o [)*L(Fz) — f*g"L(Fy)

The abelian group of isomorphism classes of line bundles on X is called the Picard group of X
and is denoted by Pic(X).

Remark 2.1.2. The definition above is equivalent to have a locally free sheaf of rank 1 for the
site lisse-étale ([Bro, Proposition 1.1.1.4.]).

If X is a quotient stack [X/G], where X is a scheme of finite type over k and G a group scheme
of finite type over k, then Pic(X) = Pic(X)% (see [ACG11, Chap. XIII, Corollary 2.20]), where
Pic(X)¢ is the group of isomorphism classes of G-linearized line bundles on X.

In [EG98, Section 5.3] (see also [Edil3, Definition 3.5]) Edidin and Graham introduce the
operational Chow groups of an Artin stack X, as generalization of the operational Chow groups
of a scheme.

Definition 2.1.3. A Chow cohomology class ¢ on X is the data consisting of an element ¢(Fs)
in the operational Chow group A*(S) = ®A*(S) for every scheme S and morphism Fg : S — X
such that for any commutative diagram

s—L 7

N

we have ¢(Fs) = f*c¢(Fr), with the obvious compatibility requirements. The abelian group
consisting of all the i-th Chow cohomology classes on X’ together with the operation of sum is
called the i-th Chow group of X and is denoted by A*(X).

If X is a quotient stack [X/G], where X is a scheme of finite type over k and G a group scheme
of finite type over k, then A'(X) = AL (X) (see [EG98, Proposition 19]), where AL (X) is the
operational equivariant Chow group defined in [EG98, Section 2.6]. We have a homomorphism
of groups ¢; : Pic(X) — A'(X) defined by the first Chern class.

The next theorem resumes some results about the Picard group of a smooth stack, which will
be useful for our purposes.

Theorem 2.1.4. Let X be a (not necessarily quasi-compact) smooth Artin stack over k. Let
U C X be an open substack.

(i) The restriction map Pic(X) — Pic(U) is surjective.

(i) If X\U has codimension > 2 in X, then Pic(X) = Pic(U).
Suppose that X = [X/G] where G is an algebraic group and X is a smooth quasi-projective variety
with a G-linearized action
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(iii) The first Chern class map c; : Pic(X) — AY(X) is an isomorphism.
(iv) If X\U has codimension 1 with irreducible components D;, then we have an exact sequence

P 7(Ox(Di)) — Pic(X) — PicUd) — 0

Proof. The first two points are proved in [BH12, Lemma 7.3]. The third point follows from
[EG98, Corollary 1]. The last one follows from [EG98, Proposition 5] O

2.2. Determinant of cohomology and Deligne pairing. There exist two methods to pro-
duce line bundles on a stack parametrizing nodal curves with some extra-structure (as our stacks):
the determinant of cohomology and the Deligne pairing. We will recall the main properties of
these construction, following the presentation given in [ACG11, Chap. XIII, Sections 4 and 5]
and the resume in [MV14, Section 2.13].

Let p : C — S be a family of nodal curves. Given a coherent sheaf F on C flat over S, the
determinant of cohomology of F is a line bundle d,(F) € Pic(S) defined as it follows. Locally
on S (by Proposition B.4), there exists a complex of vector bundles f : V5 — V; such that
kerf = p.(F) and cokerf = R'p.(F) and then we set

dp(F) = det Vo @ (det V) L.

This definition does not depend on the choice of the complex Vi — Vi; in particular this defines
a line bundle globally on S. The proof of the next theorem can be found in [ACG11, Chap. XIII,
Section 4].

Theorem 2.2.1. Let p: C — S be a family of nodal curves and let F be a coherent sheaf on C
flat on S.

(i) The first Chern class of d,(F) is equal to
c1(dp(F)) = c1(pi(F)) = c1(p(F)) — er(R'ps(F)).
(i) Given a cartesian diagram
CxsT2—C
ql Jp
r—! g
we have a canonical isomorphism
frdp(F) = dg(g" F).
Given two line bundles M and £ over a family of nodal curves p : C — S, the Deligne pairing
of M and £ is a line bundle (M, £),, € Pic(S) which can be defined as
(M, L)y :=dp(M L) & dp(M)_1 ® dp(ﬁ)_l ® dp(Oc).
The proof of the next theorem can be found in [ACG11, Chap. XIII, Section 5].
Theorem 2.2.2. Let p: C — S be a family of nodal curves.
(i) The first Chern class of (M, L), is equal to
c1((M, L)p) = pe(cr(M) - e (£)).
(i) Given a Cartesian diagram
CxsT2—C
ql Jp
r— s

_
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we have a canonical isomorphism
fAM, L)y = (g" M, g7 L),

Remark 2.2.3. By the functoriality of the determinant of cohomology and of the Deligne pair-
ing, we can extend their definitions to the case when we have a representable, proper and flat
morphism of Artin stacks such that the geometric fibers are nodal curves.

2.3. Picard group of ﬂg. The universal family 7 : ﬂg,l — ﬂg is a representable, proper,
flat morphism with stable curves as geometric fibers. In particular we can define the relative
dualizing sheaf wz on Mg’l and taking the determinant of cohomology dz(wZ) we obtain line
bundles on M,. The line bundle A := d=(w=) is called the Hodge line bundle.

Let C be a stable curve and for every node x of C, consider the partial normalization C’ at
x. If C’ is connected then we say x node of type 0, if C’ is the union of two connected curves
of genus ¢ and g — 4, with i« < g — 4 (for some ), then we say that = is a node of type i. The
boundary M, /M, decomposes as union of irreducible divisors d; for i = 0,..., |g/2], where §;
parametrizes (as stack) the stable curves with a node of type i¢. The generic point of Jy is an
irreducible curve of genus g with exactly one node, the generic point of §; for i =1,...,|g/2] is
a stable curve formed by two irreducible smooth curves of genus ¢ and g — ¢ meeting in exactly
one point. We set d := > d;. By Theorem 2.1.4 we can associate to any d; a unique (up to
isomorphism) line bundle O(d;). We set O(d) = @), O(0;).

The proof of the next results for g > 3 can be found in [AC87, Theorem. 1] based upon a
result of [Har83]. If g = 2 see [Vis98] for Pic(M3) and [Cor07, Proposition 1] for Pic(My).

Theorem 2.3.1. Assume g > 2. Then

(i) Pic(My) is freely generated by the Hodge line bundle, except for g = 2 in which case we
add the relation A0 = Oy,

(ii) Pic(ﬂg) 1s freely generated by the Hodge line bundle and the boundary divisors, except for
g =2 in which case we add the relation A1O = O (5o + 201).

2.4. Picard Group of Jacgg4. The universal family 7 : Jacq,q,1 — Jacq,q is a representable,
proper, flat morphism with smooth curves as geometric fibers. In particular, we can define the
relative dualizing sheaf w, and the universal line bundle £ on Jacq 4,1. Taking the determinant
of cohomology A(n,m) := dr(w} ® L™), we obtain several line bundles on Jacq,g.

The proof of next theorem can be found in [MV14, Theorem A(i) and Notation 1.5], based
upon a result of [Kou91].

Theorem 2.4.1. Assume g > 2. Then Pic(Jacq,q) is freely generated by A(1,0), A(1,1) and
A(0,1), except in the case g = 2 in which case we add the relation A(1,0)'° = Ogqc, , -

2.5. Picard Groups of the fibers. Fix now a smooth curve C' with a line bundle £. Let
Vec—r,c be the stack whose objects over a scheme S are the pairs (£, ¢) where £ is a vector
bundle of rank 7 on C' x S and ¢ is an isomorphism between the line bundles det £ and LXK Og.
A morphism between two objects over S is an isomorphism of vector bundles compatible with
the isomorphism of determinants. Vec_, ¢ is a smooth Artin stack of dimension (r? —1)(g —1).

We denote with Vec(:S)LS,C the open substack of (semi)stable vector bundles. Since the set of
isomorphism classes of semistable vector bundles on C' is bounded, the stack VecZ, - is quasi-
compact. Consider the set of equivalence classes (defined as in Section 1.3) of semistable vector
bundles over the curve C' with determinant isomorphic to £. There exists a normal projective
variety Uz ¢ which is a coarse moduli space for this set. Observe the stack Vec— ¢ is the fiber
of the determinant morphism det : Vec, 4., — Jacq,q with respect to the k-point (C, £).

Theorem 2.5.1. Let C' be a smooth curve with a line bundle L. Let £ be the universal vector
bundle over m: Vec—y c X C' = Vec—, ¢ of rank r and degree d. Then:
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(i) We have natural isomorphisms induced by the restriction

((d(E)) = Pic(Vec=r c) = Pic(VecZ, ¢).

(i) Ur,c is a good moduli space for VecZ. ..
(i4i) The good moduli morphism VecZ, o = Up,c induces an ezact sequence of groups

0— PiC(U[;’C) — PiC(V€CiS[;’C) - Z/#dz —0

where the second map sends d(€)* to k.

Proof. Part (i) is proved in [Hof12, Theorem 3.1 and Corollary 3.2]. Part (ii) follows from [Hof12,
Section 2]. Part (iii) is proved in [Hof12, Theorem 3.7]. O

Remark 2.5.2. By [Hof12, Corollary 3.8], the variety U ¢ is locally factorial. Moreover, except
the cases when g = r = 2 and deg L is even, the closed locus of strictly semistable vector bundles
is not a divisor. So, by Theorem 2.1.4, when (r,g,d) # (2,2,0) € Z x Z x (Z/2Z) we have that
Pic(Vec—c,c) = Pic(VecZ ; ) and, since Ug ¢ is locally factorial, Pic(Ur,¢) = Pic(UZ ).

2.6. Boundary divisors. The aim of this section is to study the boundary divisors of Vec; 4 4.
We first introduce some divisors contained in the boundary of Vec, 4 4.

Definition 2.6.1. The boundary divisors of %,«,d,g are:

50 = 58 is the divisor whose generic point is an irreducible curve C' with just one node
and & is a vector bundle of degree d,

if kragl2i —1and 0 <i<g/2:

g{ for 0 < j < r is the divisor whose generic point is a curve C' composed by two
irreducible smooth curves C7 and Cy of genus ¢ and g — ¢ meeting in one point and £ a
vector bundle over C' with multidegree

2%—1 r  2g-i)—1 r )

d d — (4 _r I
( egSCu eg502) < 29_2 2+]7 29_2 +2 J

ifkragf2i—1and 0<i<g/2:

g{ for 0 < j < r —1 is the divisor whose generic point is a curve C' composed by two
irreducible smooth curves C7 and Cy of genus ¢ and g — ¢ meeting in one point and £ a
vector bundle over C' with multidegree

(deg‘SClvdeggCQ) = (’7d27] L - r—‘ +]7 \‘dQ(gZ)l + TJ ]> )

20—2 2 29 — 2 2

if g is even and d 4 r is even:

gjg for 0 < j < | 3] is the divisor whose generic point is a curve C' composed by two
2

irreducible smooth curves C;7 and C5 of genus ¢g/2 meeting in one point and £ a vector
bundle over C with multidegree

d—r . d+r .
(degECI,degECZ) = < +7— _.7>7

2 T2
if g is even and d + r is odd:
5]% for 0 <j< Lrglj is the divisor whose generic point is a curve C' composed by two

irreducible smooth curves C; and C5 of genus ¢g/2 meeting in one point and £ a vector
bundle over C with multidegree

d— Cld+ .
(degéc,,deg&c,) = G 5 ﬂ + 7, { 5 TJ —J>~
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If i < g/2 and k; 44|20 — 1 (resp. g and d+ 1 even) we will call gzo and 67 (resp. g%) the extremal
boundary divisors. We will call non-extremal boundary divisors the boundary divisors which are
not extremal. _

By Theorem 2.1.4, we can associate to §] a line bundle on U, for any n, which glue together

to a line bundle O(gf) on Vecy, 4,4, we will call them boundary line bundles. Moreover, if gf is a
(non)-extremal divisor, we will call O(87) (non)-extremal boundary line bundle.

Indeed, it turns out that the boundary of Vec, 4 4 is the union of the above boundary divisors.

Proposition 2.6.2.
(i) The boundary 5= Vecrdg\Vecrdg of Vecrdg is a normal crossing divisor and its irre-
ducible components are 5J for0<1i<g/2 and j € J; where

0 if i =0,
{0,...,7} if krag|2i —1 and 0 < i < g/2,

Ji=49{0,....,r =1} ifkrggf2i—1and0<i<g/2,
{0,..., 5]} if g even, d+r even and i = g/2,
{0,....[55E]}  if g even, d+r odd and i = g/2.

(i) Let ar,d : Vecy,a,g — My be the forgetful map. For 0 <i < g/2, we have

6.4006:) =0 > o]

jeJ;

Proof. Part (i). Observe that 0 := Vecr dg\Vecrd g = 77’(1( ¢\My). Clearly, we have a set-
theoretically equality
¢r,d(5i) = U 5ZJ

JjEJ:
We can easily see that (55 = 6F if and only if j = k and i = t. Now we are going to prove that
they are irreducible. Let 5* be the locus of & of curves with exactly one node. As in [DMG69,
Corollary 1.9] we can prove that § is a normal crossing divisor and 5* is a dense smooth open
substack in 4. Moreover, setting gfj = 6" N gf , we see that gf is irreducible if and only if g:j is
irreducible. It can be shown also that they are disjoint, i.e. 5;”‘ N 6% # 0 if and only if j = k
and ¢ =t. _
Consider the forgetful map ¢ : & . 07, where ¢7 is the open substack of §; of curves with
exactly one node. In §1.5, we have seen that the morphism of Artin functors Def(¢ ¢y — Defo
is formally smooth for any nodal curve. This implies that the map ¢ is smooth, in particular
is open. Since J} is irreducible (see [DM69, pag. 94]), it is enough to show that the geometric
fibers of ¢ are irreducible.
Let C be a nodal curve with two irreducible components C; and C3, of genus ¢ and g —i, meeting
at a point z, this defines a geometric point [C] € . Consider the moduli stack (% of vector
bundles on C' of multidegree

_ (=t ] |21 ]
(dl’d2) T (degcl €,deg02 5) B (’7d2g — 2 2—‘ tJ \‘d 29 —2 * QJ j) .

It can be shown that there exists an isomorphism of stacks gé — ¢*([C]). Observe that defining

a properly balanced vector bundle on gjc is equivalent to giving a vector bundle on C; of degree
dy, a vector bundle on C5 of degree do and an isomorphism of vector spaces between the fibers at
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the node. Consider the moduli stack Vec, 4, ¢, parametrizing vector bundles on C of degree d;
and rank 7. Let £ be the universal vector bundle on Vec, 4, ¢, X C1. We fix an open (and dense)
substack V such that &y (,) is trivial. Analogously, let W be an open subset of the moduli stack
Vecy 4,,c,, parametrizing vector bundles on C of degree dy and rank 7, such that the universal
vector bundle on Vec, 4, ¢, X Cs is trivial along W x {z}. Via glueing procedure, we obtain
a dominant morphism ¥V x W x GL, — (W The source is irreducible (because V and W are
irreducible by [Hof10, Corollary A.5]), so the same holds for the target gjc

Part (ii). By part (i), for 0 < i < g/2 we have

(br d(9 Z aj 5]

JjeJ;
where a{ are integers. We have to prove that the coefficients are 1. We can reduce to prove it
locally on §. The generic element of 4 is a pair (C, £) such that C is stable with exactly one node

and Aut(C,€) = G,,. By Lemma 1.5.3, locally at such (C,£), ¢, 4 looks like
[Spfk[[xl,“';xlig—l%yla cee ay7'2(g—1)+1]]/Gm] — [Spfk[[xl,-~-,!C3g—3ﬂ/AUt(C)]-

We can choose local coordinates such that x; corresponds to smoothing the unique node of C.
For such a choice of the coordinates, we have that the equation of ¢; locally on C' is given by
(z1 = 0) and the equation of &/ locally on (C,€) is given by (z; = 0). Since aj’d(xl) = 21, the
theorem follows. |

With an abuse of notation we set gf = 1/,.7d(gg) for 0 < i < g/2 and j € J;, where v, 4 :
Vecy d,g — Vr,d,g is the rigidification map. From the above proposition, we deduce the following

Corollary 2.6.3. The following hold:
(1) The boundary 5 = Vrdg\Vecrdg of Vrdg is a mormal crossing divisor, and its irre-

ducible components are 5] for0 << g/2 and j € J;.
(2) For 0<i<g/2,je€ J; we have v} O((SJ) o).

2.7. Tautological line bundles. In this subsectlon, we will produce several line bundles on the
stack %r@g and we will study their relations in the rational Picard group of Vec, 4 4. Consider
the universal curve 7 : Vec, 4,41 — Vecra 4. The stack Vec, 4,41 has two natural sheaves, the
dualizing sheaf w= and the universal vector bundle £. As explained in §2.2, we can produce the
following line bundles which will be called tautological line bundles:

Kiogo = (wmws),
KOVLO = (w;, det 5>,
K_17270 = (det €,det 5),
A(m,n,l) = de(w?® (detE)" @ &Y.

With an abuse of notation, we will denote with the same symbols their restriction to any open
substack of Vec, 4,4. By Theorems 2.2.1 and 2.2.2, we can compute the first Chern classes of the
tautological line bundles:

koo = (Koo = Tu(calwr)?),
koio = c1(Ko,1,0) = T (c1(wm) - 1(E)),
ko120 == ca(K_120) = T (01(5)2)
Am,n,l) = ci(A(m,n,0)) = e (T (WwE @ (detE)" @E)).

Theorem 2.7.1. The tautological line bundles on %nd,g satisfy the following relations in the
rational Picard group Pic(Vec, q,4) ® Q.
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(i) Ki00=NA(1,0,0)2® O(-5).

(ii) Koi0=NA(1,0,1) ® A(0,0,1)7 = A(1,1,0) ® A(0,1,0)~ L.
(ZZZ) K_1,270 = A(O7 1, 0) ® A(l7 1, 0) & A(l, 0, 0)72.
(iv) For (m,n,l) integers we have:

Alm,n,l) = A(l,07o)T'l(6m2—6m+1—n2—l)—2r‘*1nl—7-l*21u—1)®

1

®A(07 1, O)Tl(*THnJr(";rl))Jrrl—ll(nim)JrTz_g(2) ©
BA(1, 1,0y (mrt(3)+r' M imam) 472 (3)

®A0,0,1)" e 0O <rl (?) S) .

Proof. As we will see in the Lemma 3.1.5, we can reduce to proving the equalities on the quasi-
H—P .
compact open substack Vecr)(;iq. We will follow the same strategy in the proof of [MV14, Theorem

5.2]. The first Chern class map is an isomorphism by Theorem 2.1.4. Thus it is enough to prove
the above relations in the rational Chow group A' (@5 Z;) ® Q. Applying the Grothendieck-

Riemann-Roch Theorem to the universal curve T : Vec, 4,91 — Vecy. 4,4, We get:
(2.7.1) ch (7 (w2 @ (det&)" @ &Y)) =T, (ch (w2 @ (det&)" ® &) - Td (Qf)_l)

where ch is the Chern character, Td the Todd class and s is the sheaf of relative Kahler

differentials. Using Theorem 2.2.1, the degree one part of the left hand side becomes
(2.7.2)

ch (7 (w2 ® (det )" ® 51))1 =c1 (M (W2 ® (detE)" @ EY)) = e1 (A(m, n, 1)) = ANm,n,1).

In order to compute the right hand side, we will use the fact that ¢; (%) = c¢1 (ws) and

7. (c2 (%)) = & (see [ACG11, p. 383]). Using this, the first three terms of the inverse of
the Todd class of Q7 are equal to

1 () e ()2 + e2 () o1 (wr) | 1 (we)’ + 2 ()
_ o= 1-
2 + 12 + 2 + 12 +

By the multiplicativity of the Chern character, we get

(2.7.3) Td(Q7) ' =1

(2.74) ch (w2 ® (detE)" ® E') = ch (wr)" ch(det £)"ch &) =
= (1+c1(w;)+cl(wﬂ +> : <1+01(5)+Cl(5) +> :

2
2 l
.<r+cl(5)+cl<f>2cz<5>+_._> _

_ <1 +mes (w) + %201 (wn)? +) - (1 tner (€) + %201 €)? + ) .

-2

. (rz e () + ((r+l— Der (€ — 2rey (5))) +> _

m2

— (wf)Q ) (rn+1)c1 (ws) e (€)

=l + [rmey (wr) + (rn+ Dey (E)] 771+ {rl 5

—|—TZ; (rPn®*+ir@n+1)+1(1—1)) a (€ —rt ey (5)} .
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Combining (2.7.3) and (2.7.4), we can compute the degree one part of the right hand side of
(2.7.1):

(2.7.5)
[T (ch (o8 @ (et 8y 26) - T (@) )| =7 ([eh (o8 © (dete) @ &) - Ta (@) '] ) =

,l Fl-1
=T, (12(6m2 — 6m + 1)cy (wr)? + T(Tn +0)(2m —1)c; (wr) a1 () +

-2 1
—l—TT (1"2712 +ir2n+1)+1( — 1)) c1 (8)2 —Irt e &)+ %02 (Q,r)> -
l -1

6m? — 6m + 1)16‘1’0,0 + TT

r

= E( (rn+l)(2m— 1)](50’1’0—}—
-2 l

+ TT (rPn® +r2n + 1) +1(1— 1)) k_1.20 — Ir' " Fuca (€) + %g

Combining with (2.7.2), we have:

l -1
(2.7.6) A(m,n,l) = 1%(6m2 — 6m + 1)k1 00 + %(rn +1)(2m — Dkoso+

-2 1

+ TT (r2n2 + l’I"(QTL + 1) + l(l — 1)) k‘_172)0 — l’r‘l_lf*CQ (g) —|— %S

As special case of the above relation, we get

k 5
1,0,0 L2

(2.7.7) A(1,0,0) = =22 + =

If we replace (2.7.7) in (2.7.6), then we have

-1
(2.7.8) A(m,n,l) = r'(6m? — 6m + 1)A(1,0,0) + -
-2

+ TT (7“2712 + l?“(2n + 1) + l(l — 1)) ki_l)g,o — lT‘l_lf*Cg (5) — ’I"l <m> g

(rn+1)(2m — 1)ko 1,0+

Moreover from (2.7.8) we obtain:

ko k_1
A0,1,0) = M(1,0,0) — fo2 4+ 2=,
M1.1.0) = X\(1.0.0 0,1,0 12,0
279) (11,0 =A1,0,0)+ fge 4 £z
A0,0,1) =7A(1,0,0) — =52 + =522 = Taca (€),
A(L,0,1) = FA(1,0,0) + 050 4 £520 — Ty (€);

which gives
ko,1,0 = A(1,0,1) = A(0,0,1) = A(1,1,0) — A(0,1,0),

(2.7.10) k_120=—2X(1,0,0) + A(0,1,0) + A(1, 1,0),
Toca (€) = (r — 1IA(1,0,0) + A(0,1,0) — A(0,0,1).
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Substituing in (2.7.8), we finally obtain

(2.7.11)r> N, n, 1) = ( (6m2 —6m+1—n2—1)—2rnl — (I — 1) ))\ (1,0,0) +

e (1) e (o
+ (rQ (mn—i— (Z)) +7rl(m+n)+ <;)) A(1,1,0) +

+7IM0,0,1) — 72 (’;) 3.
0

Remark 2.7.2. As we will see in the next section the integral Picard group of Pic(Vec, 44) is
torsion free for g > 3. In particular the relations of Theorem 2.7.1 hold also for Pic(%nd,g).

3. THE PICARD GROUPS OF Vec, 4y AND V; 4.

The aim of this section is to prove the Theorems A and B. We will prove them in several
steps. For the rest of the paper we will assume r > 2.

3.1. Independence of the boundary divisors. The aim of this subsection is to prove the
following

Theorem 3.1.1. Assume that g > 3. We have an exact sequence of groups

0— @ Bjcs, <O(6j)) — Pic(Vecyq,y) — Pic(Vecy q,4) — 0
i=0,...,19/2]

where the Tight map is the natural restriction and the left map is the natural inclusion.

For the rest of this subsection, with the only exceptions of Proposition 3.1.2 and Lemma
3.1.11, we will always assume that g > 3. We recall now a result from [TiB95].

Proposition 3.1.2. [TiB95, Proposition 1.2]. Let C be a nodal curve of genus greater than
one without rational components and let £ be a balanced vector bundle over C with rank r and
degree d. Let Cy,...,Cs be its irreducible components. If Ec, is semistable for any i then & is
P-semistable. Moreover if the basic inequalities are all strict and all the Ec, are semistable and
at least one is stable then £ is P-stable.

Remark 3.1.3. Recall that for a smooth curve of genus greater than 1 the generic vector bundle
is stable. On the other hand for an elliptic curve the stable locus is not empty if and only if the
degree and the rank are coprime. In this case any semistable vector bundle is stable. In general
for an elliptic curve the generic vector bundle of degree d and rank r is direct sum of n, 4 stable
vector bundles of degree d/n, 4 and rank r/n, 4; in particular it will be semistable.

From this we deduce
Lemma 3.1.4. The generic point of ,53 is a curve C' with exactly one node and a properly

balanced vector bundle £ such that

(i) if i = 0 the pull-back of £ at the normalization is a stable vector bundle,
(i) if i = 1 the restriction Ec, is direct sum of stable vector bundles with same rank and degree
and Ec, is a stable vector bundle.
(1ii) if 2 < i < |g/2] the restrictions Ec, and Ec, are stable vector bundles.
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Furthermore the generic point ofgf 18 a curve with exactly one node with a P-stable vector bundle
if 6] is a non-extremal divisor and a curve with ezactly one node with a strictly P-semistable
vector bundle if 6] is an extremal divisor.

Proof. The case i = 0 is obvious. We fix i € {1,...,|g/2|} and j € J;. By definition the generic

point of gf is a curve with two irreducible components Cy and Cy of genus ¢ and g — ¢ meeting
at one point and a vector bundle £ with multidegree

B 2i—1 r | 209—-0)—-1 r )

As observed in Remark 3.1.3 the generic vector bundle over a smooth curve of genus > 1 (resp. 1)
is stable (resp. direct sum of stable vector bundles). Giving a vector bundle over C'is equivalent to
give a vector bundle on any irreducible component and an isomorphism of vector spaces between
the fibers at the nodes. With this in mind, it is easy to see that we can deform any vector bundle
€ in a vector bundle £ which is stable (resp. is a direct sum of stable vector bundles with same
rank and degree) over any component of genus > 1 (resp. 1). By Proposition 3.1.2, the generic
point of gf is P-semistable. Moreover if gf is a non-extremal divisor the basic inequalities are

strict. By the second assertion of loc. cit., if gf is a non-extremal divisor the generic point of gf
is P-stable. It remains to prove the assertion for the extremal divisors. Suppose that &9 is an
extremal divisor, the proof for the ¢ is similar. It is easy to prove that

2i—1 r X (Ecy) _ x(&)
d E=d - = =
e 2 —2 2 we we
In other words, ¢, is a destabilizing quotient for £, concluding the proof. O

Lemma 3.1.5. The Picard group of Vecy g4 (resp. Vra,q), is naturally isomorphic to the Picard

S

group of the open substacks Vecy?; | (resp. Vi3 ) and Uy (resp. Uy [[Gyy) for n big enough.
The Picard group of %r,d,g (resp. Vr’d’g), is naturally isomorphic to the Picard group of the

open substacks %:ng (resp. Vﬁ;fg) and U, (resp. U, [|Gy,) for n big enough.

Proof. We have the following equalities

dimVec, 4y = dimJacqq+ dimVec—, ¢,
dim (Vecnd,g\Vecf,fd’g) < dim Jacq4 + dim (Vec:,g,o\VechLc) .

Thus cod(Vecr,a,g\Vec;% ,, Veera,g) > cod(Vec—g,c\VeeZ, o, Vec—r c) > 2 (see proof of [Hof12,

T
Corollary 3.2]). By Proposition 1.3.2, there exists n, > 0 such that %Sflfg c U, for n > n,.
In particular cod(Z/{n\Vecifd,g,Z/In) > 2. Suppose that cod(%ndﬂ\%i;fg,ﬁnd,g) =1, so
%r,d,g\%: ;’sg contains a substack of codimension 1. By the observations above this stack
must be contained in some irreducible components of §. The generic point of any divisor &7 is
P-semistable by Lemma 3.1.4, then we have a contradiction. So cod(%r,d,g\%:;sg, Vecray) >

cod(ﬂn\%:;fg,ljn) > 2. The same holds for the rigidifications. By Theorem 2.1.4, the lemma
follows. g

By Lemma 3.1.5, Theorem 3.1.1 is equivalent to proving that there exists n, > 0 such that
for n > n, we have an exact sequence of groups

O — @ @jE-]i <O(gZ)> — Pic(an) — Pic(un) — O
i=0,...,19/2]
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By Theorem 2.1.4, the sequence exists and it is exact in the middle and at right. It remains
to prove the left exactness. The strategy that we will use is the same as the one of Arbarello-
Cornalba for M, in [AC87] and the generalization for Jac, , done by Melo-Viviani in [MV14].
More precisely, we will construct morphisms B — U,, from irreducible smooth projective curves
B and we compute the degree of the pull-backs of the boundary divisors of Pic(U,,) to B. We will
construct liftings of the families Fj, (for 1 < h < (g—2)/2), F' and F’ used by Arbarello-Cornalba
in [AC87, pp. 156-159]. Since Vec, 4,4 = Vecy a4 if d = d' mod (r(2g — 2)), in this section we
can assume that 0 < d < r(2g — 2).

The Family F.
Consider a general pencil in the linear system H?(P?, O(2)). It defines a rational map P? --» P!,
which is regular outside of the four base points of the pencil. Blowing the base locus we get a
conic bundle ¢ : X — P'. The four exceptional divisors E;, Fa, Es, E; C X are sections of ¢. It
can be shown that the conic bundle has 3 singular fibers consisting of rational chains of length
two. Fix a smooth curve C' of genus g — 3 and p1, p2, p3, p4 points of C. Consider the following
surface

Y = (XL (C xPY) /(E; ~ {pi} x P).
We get a family f : Y — P! of stable curves of genus g. The general fiber of f is as in Figure 1
where @ is a smooth conic.

FIGURE 1. The general fiber of f:Y — P!

While the 3 special components are as in Figure 2 where R; and R, are rational curves.

¢,

\

i

\}

Rl R2

FIGURE 2. The three special fibers of f: Y — P!

Choose a vector bundle of degree d on C, pull it back to C' x P! and call it E. Since E is trivial
on {p;} x P}, we can glue it with the trivial vector bundle of rank r on X obtaining a vector
bundle £ on f: Y — P! of relative rank r and degree d.

Lemma 3.1.6. & is properly balanced.
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Proof. £ is obviously admissible because is defined over a family of stable curves. Since being
properly balanced is an open condition, we can reduce to check that £ is properly balanced on
the three special fibers. By Remark 1.1.15, it is enough to check the basic inequality for the
subcurves Ry U Ry, Ry and Rs. And by the assumption 0 < d < r(2g — 2), it is easy to see that
the inequalities holds. O

We call F the family f : X — P! with the vector bundle £. It is a lifting of the family F
defined in [AC87, p. 158]. So we can compute the degree of the pull-backs of the boundary
bundles in Pic(Vec, q,4) to the curve F. Consider the commutative diagram

ﬁ -
Pl —= Vecy.d,q

N

My

By Proposition 2.6.2, we have degz O(d) = degp O(6) and degy O(d;) = —1 by [ACST7, p.
158]. Since F does not intersect the other boundary divisors, we have:

degj O(d9) = —1,
degzO(6)) =0  ifi#0andje J;.

The Families F}’ and Fy/ (for j € J;).

We start with the same family of conics ¢ : X — P! and the same smooth curve C used for
the family F. Let I' be a smooth elliptic curve and take points p; € I' and po,ps3,ps € C. We
construct a new surface

Z=(XII(CxPHYIT xP")/(E; ~{p;} x P").
We obtain a family g : Z — P! of stable curves of genus g. The general fiber is as in Figure

3 where @ is a smooth conic. The three special fibers are as in Figure 4 where Ry and Ry are
rational smooth curves.

—Q

I e

V4

FIGURE 3. The general fibers of g : Z — P!,

Let j be an integer. We choose two vector bundles of degree d — j and d — 35 on C, pull them
back to C' x P! and call them G and G. We choose a vector bundle of degree j on T, pull it
back to I' x P! and call it M7. We glue the vector bundle GY (resp. G;) on C x P!, the vector
bundle M7 on I' x P! and the vector bundle O% (resp. ¢*Op1(j) ® w;(%m &) O;{l), obtaining a

vector bundle G7 (resp. GJ) on Z of relative rank r and degree d.
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FIGURE 4. The three special fibers of g : Z — P

Lemma 3.1.7. Let j be an integer such that

. d <7
ARSI
Then g{ is properly balanced if 0 < d < r(g—1) and gg’ is properly balanced if r(g — 1) < d <
r(2g — 2).

Proof. As before we can check the condition on the special fibers. By Remark 1.1.15 we can
reduce to check the inequalities for the subcurves I',C, Ry and Ry UT. Suppose that 0 < d <
r(g — 1) and consider G{. The inequality on I' follows by hypothesis. The inequality on C' is

29 —5 <3 e li_g 3 <3
=T — Q= =T
2—2|=2 Ty o=l

and this follows by these inequalities (true by hypothesis on j and d)
d d
2g —2 g—1

P—j—d

—d—- — -+
J 2972_‘7 -2

The inequality on R is

d_|_3
=T
2g—2| 2"

and this follows by the hypothesis on d. Finally the inequality on R UT is

‘ , d
j-—| =

and this follows by the following inequalities (true by hypothesis on j and d)

29 — 2 29 — 2

) d <|;

I= TS
Suppose next that (g — 1) < d < r(2g — 2) and consider gg. The inequality on I' follows by
hypothesis. On C, the inequality gives

. 29 —5 3 ) r
d—3j—d <—r <<= |j— <=
‘ J 2g—2‘_2r ‘J 2g—2’_2’
which follows by hypothesis on j. The inequality on R; is
d
j_ S §7’7
29 — 2 2
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and this follows by hypothesis on j. The inequality on Ry UT is

2j— -4 <o,
g—1

and this follows by the inequalities (true by hypothesis on j5)

d
g—1

C29-2
0

—~k
Let k€ J;. If0<d <r(g—1), we call F’; the family g : Z — P! with the properly balanced

_d __ ¢ . —~k
vector bundle glr LT r(g—1) <d < r(2g —2) we call F/, the family g : Z — P! with
_da __r
the properly balanced vector bundle g2f 20-2 QHk. As before we compute the degree of boundary

~Fk ~Fk
line bundles to the curves F’; and F’, (in the range of degrees where they are defined) using the
fact that they are liftings of the family F’ in [AC87, p. 158]. If 0 < d < r(g — 1) then we have
deg O(8F) = —1,
1 ~.
deg+ O(07) =0 if j # k,
1 ~ .
deg O(6])=0 if i > 1, for any j € J;.
1

Indeed the first two relations follow from

degﬁzlc o Z g{ =degp O(6) = -1

JEJ;

—k .
(see [AC87, p. 158]) and the fact that F’; does not meet §7 for k # j. The last follows by the fact

—k . —k
that F’; does not meet 6] for i > 1. Similarly for F’, we can show that for r(g—1) < d < r(2¢g—2),
we have

deg» O(sF) = -1,
deg» O(6]) =0  if j #k,
deg» O(8)) =0  ifi>1.

The Families ﬁ,z (for 1< h < % and j € Jp).

Consider smooth curves Cy, Cy and I' of genus h, g — h — 1 and 1, respectively, and points
x1 € C1, 3 € Cy and v € T". Consider the surface Y3 given by the blow-up of I' x " at (v,7).
Let ps : Y5 — I be the map given by composing the blow-down Y5 — I' x I' with the second
projection, and m; : C4y xI' = I" and w3 : C3 x ' = T" be the projections along the second factor.
As in [AC87, p. 156] (and [MV14]), we set (see also Figure 5):

A={z1} xT,

B ={z2} x T,

E = exceptional divisor of the blow-up of I' x " at (vy,7),
A = proper transform of the diagonal in Y5,

S = proper transform of {v} x I' in Y3,

T = proper transform of T x {7} in Y5.

Consider the line bundles Oy,, Oy, (A), Oy, (E) over the surface Y5. From [MV14, p. 16-17], we
obtain the Table 1.
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E
A S
s} Ch r A T3 Cy
B
T
r r r
F1GUre 5. Constructing f: X — T
degg | degr | restriction to A | restriction to .S
Oy, 0 0 Or Or
Oy2 (A) 1 0 OF(—’Y) Or
Oy, (E) | —1 1 Or(v) Or(v)
TABLE 1

We construct a surface X by identifying S with A and A with B. The surface X comes equipped
with a projection f : X — T'. The fibers over all the points ' # « are shown in Figure 6, while

the fiber over the point v is shown in Figure 7.

Gy

r

AN

FI1GURE 7. The special fiber of f: X — T

Let j, k, t be integers. Consider a vector bundle on C; of rank r — 1 and degree j, we pull-back
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it on C; x I' and call it H7. Similarly consider a vector bundle on Cs of rank 7 — 1 and degree
k, we pull-back it on Cy x I' and call it P*. Consider the following vector bundles

MEFEL = HI @ 770p(ty) on C; xT,

Mj;':jp =P @mi0r(j+k+t—d)y) on CyxT,
M{,Qt Oy ' @Oy, ((d—j—k)A+tE)) on Y.

Jrkot L Jikot Jrkot
By Table 1 we have Mg p|a = My, |s and MG rlp = My

bundles in a vector bundle M{L’k’t on the family f : X — I'. Moreover, by Table 1, on the special
fiber we have

degc, (M%I“ 1(y)) = deg, *1(7)(Mg:1kxtr) =J
j ket k
dege, (M p=1(y)) = degﬁfl(,y)(Mé2 L) =k,
k,
degp(/\/lh |f 1(y)) = degT(ij{Q =t
degE(Mfl’ * ) = degE(M{/’f’t) =d—j—k—t

In particular Mfl“ has relative degree d.

Lemma 3.1.8. If j, k, t satisfies:

2h —1
2g —2

i
then M{L’k’t is properly balanced.

Proof. We can reduce to check the condition just on the special fiber. By Remark 1.1.15, it
is enough to check the inequalities on C;, Cs and I'; this follows easily from the numerical
assumptions. O

For any 1 < h < % choose j(h), resp. t(h), satisfying the first, resp. third, inequality of
lemma (observe that such numbers are not unique in general). For every k € J41 we call F}’f
the family f : X — I" with the properly balanced vector bundle

Ma(h ), |25 22 4 |~k t(h)
b .

As before we compute the degree of the boundary line bundles to the curves F, * using the fact
that they are liftings of families F}, of [AC87, p. 156]. We get

deng ( )
deng ( h+1) lf.] 7é kv
degﬁ;f (9(51?) = it h+1<1, forany j € J,.

Indeed, the first two relations follow by

degz O > 8,y | =degy, O@ng1) = -1

J€JInt1

(see [AC87, p. 157]) and the fact that f‘,f does not meet gfLH for j # k. The last follows from
the fact E’f does not meet 5:3 fori > h+1.

Proof of Theorem 3.1.1. We know that there exists n, such that %T,d,g and U,, have the
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same Picard groups for n > n.. We can suppose n, big enough such that families constructed
before define curves in U/,, for n > n,. Suppose that there exists a linear relation

0> > ald] | =20 ePricd,)

i JeJ;
where a{ are integers. Pulling back to the curve F > U,, we deduce ag = 0. Pulling back to
the curves E—'v’] — U, and j:‘v’] — U, (in the range of degrees where they are defined) we deduce

aj = 0 for any j € J;. Pulling back to the curve FJ — U, we deduce ah+1 =0 for any j € Jp11
and 1 < h < 45=. This concludes the proof. |

We have a similar result for the rigidified stack V. 4 .

Corollary 3.1.9. We have an exact sequences of groups

0— @ @jeJi<(’)(6J)> — Pic(Vy.a,9) — Pic(Vya,4) — 0
=0,...,L9/2]
where the right map is the natural restriction and the left map is the natural inclusion.
Proof. As before the only thing to prove is the independence of the boundary line bundles in
Pic(Vya,4). By Theorem 3.1.1 and Corollary 2.6.3, we can reduce to prove the injectivity of
vi,: Pic(Vya4) — Pic(Vecq4). This can be proved applying the Leray spectral sequence to
the rigidification morphism v;. g : %nd,g — Vr,d’g as in the §3.3. O
Remark 3.1.10. As observed before We have that the boundary line bundles are independent on

S P . e TG s ..
the Picard groups of Vec, 4.4, Vecr d g Vrdg, Vr ng A priori we do not know if ¢ is a divisor

of Vecrd ¢ for any i and j € J;, because it can be difficult to check when a point (C,&) is H-
semistable if C' is singular. But as explained in Remark 1.3.3, if (C, &) is P-stable then it is also
H-stable. By Proposition 3.1.2, we know that if gg is a non-extremal divisor the generic point of
gf is P-stable, in particular it is H-stable.

The rest of the section is devoted to prove that also the extremal divisors are in Vecn;fg, more
precisely the generic points of the extremal divisors in Vec, 4 4 are strictly H-semistable. To this

aim, we will use the following criterion to prove strictly H-semistability.

Lemma 3.1.11. Assume that g > 2. Let (C,€) € Vec,a, such that C has two irreducible
smooth components Cy and Co of genus 1 < go, < go, meeting at N points pi,...,pn. Suppose
that Ec, s direct sum of stable vector bundles with the same rank q and same degree e such that
e/q is equal to the slope of Ec, and Ec, is a stable vector bundle. If £ has multidegree

(degc, &, degc, &) = (dwc1

we

N d"’@

+N- )622

then (C,E) is strictly P-semistable and strictly H—semz’stable.

Proof. By Proposition 3.1.2, £ is P-semistable. We observe that multidegree condition is equiv-
alent to wox(Ec,) = we, x(€), so € is strictly P-semistable. Suppose that M is a destabilizing
subsheaf of £ of multirank (mq,mg). Consider the exact sequence

0—— o, (- SN pi) 501 0
0 Mo 0
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From this we have

miwgc, + mowc
X(M) = x(M1) + x(M2) < == x(Ec,) + 7}( (=) pi)) = —n @)
By hypothesis, g, stable. So we have two possibilities: My is 0 or g, (— Z{V p;), because
otherwise the inequality above is strict. Suppose that My = 0. Then M = M which implies
that M C E¢, (=Y pi) so the inequality above is strict. Thus we have just one possibility: if M
is destabilizing sheaf then E¢, (— Eiv pi) C M.

In [Sch04, §2.2] there is the following criterion to check if a point is H-semistable. A point
(C, &) is H-semistable if and only if (C**, 7€) is P-semistable and for any one-parameter sub-
group A such that & is strictly P-semistable for A then (C, £) is Hilbert-semistable for A. Observe
that, in our case, (C,&) = (C*!, 1,.E).

Let n be a natural number big enough such that Vecr d g C Un, set Vi, := H°(C,&(n)) and let
B, :={v1,...,04imv, } be a basis for V,, such that X is given with respect to this basis by the
weight vector

dim V,, —1
g a;(i —dimV,,...,i —dimV,, i,...,7)
i=1 N

i i—dim V,,
where «; are non-negative rational numbers. £ is strictly P-semistable with respect to A if and
only if there exists a chain of subsheaves F; C ... C Fj such that

. Zf a; (X(E(n)) (Z] rk (]—"“Cj) wcj) - X(E(n))rwc) = 0, in other words F; are desta-
bilizing sheaves.
e H%qc)(Z;) = HO(F;(n)) where go : V,, ® Oc — £(n) is any surjective morphism of
vector bundles and Z, is the filtration induced by the one-parameter \.
Now, we fix the morphism gc and we set det £(n) := L,,. Consider the morphism S™ A"V, —
H°(C, £™) induced by ¢.. The one-parameter subgroup A acts on this morphism. Let w(m) be
the minimum among the sums of the weights of the elements of the basis S™ A" B,, of S™ A" V,,
which induce, by using gc, a basis of HO(C,L™). So (C,€) is Hilbert-semistable for X if and
only if w(m) < 0 for m > 0 (see [TiB98, Recall 1.5]). It is enough to check the Hilbert-
semistability for the one-parameter subgroups A such that the associated chain of destabilizing
sheaves is maximal. By hypothesis £¢, = @Z 0Yi, where Gy = O and G; stable bundle of

rank ¢ and same slope of £c,. Observe that F;/ 502( Z pi) = @7_,Gi. Moreover if we set
Zj = (Vdim Z;_, 415+ -»Vdim z;) for j=1,... k and Zo 1= Zy we have

T Po _ Pk "

AV = D W where Wy o= A\Zo...0 \Z

POs--sPK| 20 pj=T

An element of the basis A" B,, contained in W,, . has weight w,, . ,.(n) = poyo(n) + ...+
peYe(n). Where v;(n) is the weight of an element of B, inside Z;, i.e.

Z a; x(F, ZO‘ZX where o = 0.

As in [Sch04, p. 186-187] the space of minimal weights which produces sections which do not
vanish on Cy is W, =Wy, . The associated weight is

Wrmin(n) = Z a; (X(Fim))r — x(E(n))id) -
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Moreover a general section of WL~ does not vanish at p;. By [Sch04, Corollary 2.2.5] the space
SMW L, generates H° (C1, (L, )" ), so that the elements of S™ A" B,, inside S™W}, will
contribute with weight

Ki(n,m) :=m(m(deg&c, + nrwe,) + 1 — goy )wi, min(n)

to a basis of H° (C’l, (£n|C1)m).
On the other hand the space of minimal weights which produces sections which do not vanish

on Cy is Wﬁlm = W,.0,....0. The associated weight is
k—1
W min(n) =Y _ i (X(Fi(n)) = x(E(n)))r.
i=0

A general section of W2, vanishes at p; with order r. By [Sch04, Corollary 2.2.5], the space

SmW2,, generates H® (C1, (Lo, (-7 X pi))"), in particular the elements of S™ A" B,, inside
SmWw2 . will contribute with weight

Ky(n,m) :==m(m(degEc, —rN + nrwe,) + 1 — go, ) w2, min(n)

to a basis of HY (02, (/Jn‘cz)m). It remains to find the elements in S™ A" B,, which produce
sections of minimal weight in H° (CQ, (ﬁn‘cz)m) vanishing with order less than mr on p; for
1=1,...,N. By a direct computation, we can see that the space of minimal weights which gives
us sections with vanishing order r — s at p; such that t¢ < s < (t+1)g (where 0 <t <k—1)is

@rfs = r—s,q...,(q,s—tq,0,...,0-
——
t
The associated weight is

t

k—1
wh o (n) =Y ai (x(Fi(n)) = x(E(n) r + Y (s — ig)aix(E(n)).
=0

=0

Forany 0 <v <mr—1and 1 <i < N, we must find an element of minimal weight in S™ A" B,,
which produces a section in H° (CQ, (£n|c2)m) vanishing with order v at p;. Observe first that
we can reduce to check it on the subspace

S™0 = b S0 ® ... 8 SO,

mMo,...,mqp| Y my=m

A section in §S"°Qy ® ...® S™rQ, vanishes with order at least v = m1 + 2mg + ... +rm, at p;
and we can find some with exactly that order. As explained in [Sch04, p. 191-192], an element
of S™ A" B,, of minimal weight, such that it produces a section of order v at p;, lies in

S704_1 ® S™I0,

where v = mt—j and 1 < j < m. So the mininum among the sums of the weights of the elements
in S™ A" B,, which give us a basis of

H° (Cy, (Lpyc,)™) /HO (C% (Enlcz(_rzpi))m)
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is

Da(nym) = N (m2(w§7pi (n)+...+wh,, (n)+ W(wgvl)i (n) —wy,, (n))> -
) N;a <m2 <X(ﬁ<n))rz —(Em)) < RN iq)>) .

m(m 4+ 1)

S i),
Then a basis for H? (Ca, (En‘cz)m) will have minimal weight Ky(n, m) + Da(n,m).

As in [Sch04, p.192-194] we obtain that (C,&) will be Hilbert-semistable for A if and only if
exists n* such that for n > n*

P(n,m) = Kq(n,m) + Ka(n,m) + Da(n, m) — mNwi min(n) <0

as polynomial in m. A direct computation shows that P(n,m) < 0 as polynomial in m. So
(C,€) is H-semistable.

It remains to check that (C,€) is not H-stable. It is enough to construct a one-parameter
subgroup A such that (C, £) is strictly P-semistable respect to A and P(n, m) = 0 as polynomial in
m. Fix a basis of W,, := H°(C,E(n)c,(— > pi)) and complete to a basis B, := {v1,...,Vdimv, }
of V,, := H%(C,&(n)). We define the one-paramenter subgroup A of SL(V,,) diagonalized by the
basis B,, with weight vector

(dimW,, —dimV,,...,dimW, —dim V,,,dim W,,, ..., dim W,,).

dim W, dim W,, —dim V,,

A direct computation shows P(n,m) = 0 (observe that it is the case when oy = 1 and «; = 0 for
2 <i < k—1 in the previous computation), which implies that (C, £) is stricly H-semistable. O

Proposition 3.1.12. The generic point of an extremal boundary divisor is strictly P-semistable
and strictly H-semistable.

Proof. Fix i € {0,...,|g/2]} such that g? is an extremal divisor. By Lemma 3.1.4 the generic
point of the extremal boundary g? is a curve C' with two irreducible smooth components C; and
C5 of genus ¢ and g — 4 and a vector bundle £ such that £, is a stable vector bundle (or direct
sum of stable vector bundles with same slope of ¢, if i« = 1) and &g, is stable vector bundle.
By Lemma 3.1.11 the generic point of g? is strictly P-semistable and stricly H-semistable.
Suppose now that ¢ # ¢g/2 and consider the extremal boundary divisor gf Take a point (C,&) €
S? as above. Consider the destabilizing subsheaf £, (—p) C &, where p is the unique node of
C. Fix a basis of W,, := H°(C,E(n)c,(—p)) and complete to a basis V := {v1,...,V4imv, } of
V, = H°(C,&(n)). We define the one-parameter subgroup A of SL(V},) given with respect to the
basis V by the weight vector

(dimW,, —dimV,,...,dimW, —dim V,,,dim W,,,...,dim W,,).
dim W, dim W,, —dim V,,

We have seen in the proof of Lemma 3.1.11 that the pair (C,€&) is strictly H-semistable with
respect to A. In particular the limit with respect to A is strictly H-semistable. The limit will be
a pair (C’,&’) such that C’ is a semistable model for C' and £ a properly balanced vector bundle
such that the push-forward in the stabilization is the P-semistable sheaf

602 (_p) @ gcl'
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By Corollary 1.1.13(iii), £, = Ec, and &, = Ec,(—p). In particular, £ has multidegree

2t—1 r 20g—9)—-1 r
(deg &, deg £, deg &) = (dege, €,7,dege, € — 1) = (ng —5 = 5’r7d2g7—2 —5)

Smoothing all nodal points on the rational chain R except the meeting point ¢ between R and
(4, we obtain a generic point (C”, ") in 6]. It is H-semistable by the openness of the semistable
locus. Let W/ be a basis for H® (C”, " (n)¢, (—q)) and complete to a basis V! of H*(C”,£"(n)).
Let A be the one parameter subgroup defined by the weight vector (with respect to the basis
1Z9)

(dim W, — dim V)

noce

dim W, — dim V), dim W/, ... dim W).

n;

dim W7/ dim W/’ —dim V!’
As in the proof of Lemma 3.1.11, a direct computation shows that (C”', £) is strictly H-semistable
with respect to A, then also strictly P-semistable concluding the proof. O

Using this, we obtain
Corollary 3.1.13. We have an exact sequences of groups

0— @ ®je; <O(5j)> — ch(Vec,,d g) — Pic(Vec;%y ;) — 0
=0,...,19/2]
where the right map is the natuml restriction and the left map is the natural inclusion. The same

holds for the rigidification VT d g

3.2. Picard group of Vec, 4 4. In this section we will prove Theorem A. Note that the first three
line bundles on the theorem are free generators for the Picard group of Jacq, (see Theorem
2.4.1) and the fourth line bundle restricted to Vec—r ¢ freely generates its Picard group (see
Theorem 2.5.1). By Lemma 3.1.5 together with Theorem 2.5.1(i) and Remark 2.5.2, we see that
Theorem A (i) is equivalent to:

Theorem 3.2.1. Assume that g > 2. For any smooth curve C' and L line bundle of degree d
over C we have an exact sequence.

0 — Pic(Jaca,g) — Pic(Vec;% ;) — Pic(VecZ, o) — 0

For the rest of the subsection we will assume g > 2. Observe that the above theorem together
with Lemma 3.1.5, Theorem 3.1.1 and Corollary 3.1.13 imply Theorem A(ii). Using Remark
3.1.10 together with Proposition 3.1.12, we deduce Theorem A(iii).

Let Jacg , (vesp. Jj,) the open substack of Jacg,g (resp. Ja,g) which parametrizes the pairs
(C, L) such that Aut(C, L) = G,,. Note that J7 , is a smooth irreducible variety, more precisely
it is a moduli space of 1bomorphlbm classes of line bundle of degree d over a curve C' satisfying
the condition above.

Lemma 3.2.2. There are isomorphisms
Pic(Jaca,y) = Pic(Jacgy ), Pic(Jag) = Pic(Tg,)

induced by the restriction maps.

Proof. We will prove the lemma for J7 , the assertion for Jacy , will follow directly. We set
j;g = jd7g\j§”g. By Theorem 2.1.4, it is enough to prove that the closed substack j(;g has
codimension > 2. First we recall some facts about curves with non-trivial automorphisms: the
closed locus J; A“t in Jg,4 of curves with non-trivial automorphisms has codimension g — 2 and it
has a unique 1rreducible component JH, of maximal dimension corresponding to the hyperellip-
tic curves (see [GV08, Remark 2.4]). Moreover in JHg4,g4 the closed locus J ’Heltm of hyperelliptic
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curves with extra-automorphisms has codimension 2g — 3 and it has a unique irreducible com-
ponent of maximal dimension corresponding to the curves with an extra-involution (for details
see [GV08, Proposition 2.1]).
By definition, J; g C jj};t. By the facts above, it is enough to check the dimension of
Jig N IMHg C JHy. With an abuse of notation, the stack J; N JHqg,g , ie. the locus of
pairs (C, £) such that C is hyperelliptic and Aut(C, L) # G,,, will be called N
If g > 4, JHa,y has codimension > 2, then the lemma follows. If g = 3 then JHg43 is an
irreducible divisor. It is enough to show that Jj; # JHa3 and it is easy to check. If g = 2,
then all curves are hyperelliptic, dim Jz2 = 5 and J ’Hfj’”gtm has codimension 1. Consider the
forgetful morphism J;, — M. The fiber at C, when is non empty, is the closed subscheme
of the Jacobian J?(C) where the action of Aut(C) is not free. If C is a curve without extra-
automorphisms then the fiber has dimension 0. In particular if the open locus of such curves is
dense in j;z then dim ‘7;,2 < dim My = 3 and the lemma follows. Otherwise, J, can have an
irreducible component of maximal dimension which maps in the divisor H5*""* C Ms of curves
with an extra-involution. In this case dim J;, < dim H5"""* + dim J 4(C) = 4, which concludes
the proof. O
We denote with Vecy ; . (resp. Vy, ) the open substack of Vecy?; . (resp. V35 ) of pairs
(C, €) such that Aut(C,det &) = G,y,. By lemma above, Theorem 3.2.1 is equivalent to prove the
exactness of

0 — Pic(Jacg ,) — Pic(Vec; ;) — Pic(Vec, o) — 0.

(o}

The morphism det : Vecy ; - — Jacg , is a smooth morphism of Artin stacks. Let A be a line
bundle over Vec , -, which is obviously flat over Jacg ; by flatness of the map det. The first

step is to prove the following

Lemma 3.2.3. Suppose that A is trivial over any geometric fiber. Then det,.A is a line bundle
on Jacy , and the natural map det*det, A — A is an isomorphism.

Proof. Consider the cartesian diagram

(e}
Vecmtg +—Vy

|

jacg,g «—H

where the bottom row is an atlas for Jacg ;. We can reduce to control the isomorphism locally
on Vg — H. Suppose that the following conditions hold

(i) H is an integral scheme,
(ii) the stack Vi has a good moduli scheme Uy,
(iii) Upy is proper over H with geometrically irreducible fibers.

Then, by Seesaw Principle (see Corollary B.10), we have the assertion. So it is enough to find
an atlas H such that the conditions (i), (ii) and (iii) are satisfied.
We fix some notations: since the stack Vecy ; ¢ 1s quasi-compact, there exists n big enough such

that Vecy ; , C U, = [H,/GL(V,,)]. So we can suppose d big enough such that Vee? 4, C Uy. Let

@ be the open subset of Hy such that Vec; ; = = [Q/G], where G := GL(V,). Analogously, we set
Jacy , = [H/T]. Denote by Z(I') (resp. Z(G)) the center of I' (resp. of G) and set G = G/Z(G),
I' =T/Z(T). Note that Z(G) = Z(T') = G,,,. As usual we set BZ(T") := [Speck/Z(T")]. Since
Jacy , is integral then H is integral, satisfying the condition (i). We have the following cartesian
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diagrams
Q Qxgg Hée———QXgacg  H
Vect y (@ xgg, H/Gl+——[Q X gacs,, H/G] = Vi
/ 7
;),d,g [Q Xj;,g H/G}

Uﬁd7g Ug

Je, H /
where Uy ;  is the open subscheme in U, 4,4 of pairs (C, £) such that C is smooth and Aut(C, det £) =

Gy,,. Note that Up is proper over H, because Uf,d7g — j(ﬁg is proper. In particular, the geomet-
ric fiber over a k-point of H which maps to (C, L) in J4 4 is the irreducible projective variety
Ugc.

So it remains to prove that Upy is a good moduli space for V. Since Vi is a quotient stack, it
is enough to show that Uy is a good G-quotient of @ x Jac,, H. The good moduli morphisms
are preserved by pull-backs [Alp13, Proposition 3.9], in particular Ug is a good G-quotient of
Q X Js, H. Consider the commutative diagram

Q@ Xgacg , H —/—=Q xXgg, H——=Un

K |- /
H

Claim: the horizontal maps makes Uy a categorical G-quotient of @ X jo.0 H.
Suppose that the claim holds. Then Uy is a good G-quotient also for @ x Jac,, H, because the
horizontal maps are affine (see [MFK94, 1.12]), and we have done.
It remains to prove the claim. The idea for this part comes from [Hofl2, Section 2]. Since the
map Q@ — NS g 18 G-invariant then ) x Tg, H — H is G-invariant. In particular we can study
the action of Z(G) over the fibers of a. Fix a geometric point h on H and suppose that its image
in Jacg , is the pair (C,L). Then the fiber of 8 (resp. of &) over h is the fine moduli space of
the triples (£, B, ¢) (resp. of the pairs (£, B)), where & is a semistable vector bundle on C, B a
basis of HY(C, &) and ¢ is an isomorphism between the line bundles det £ and L. If g € Z(G)
we have ¢.(€,B,¢) = (£,9B,¢) and ¢.(£,B) = (£,9B). Observe that the isomorphism g.Idg
gives us an isomorphism between the pairs (£, B) and (€, gB) and between the triples (£, B, ¢)
and (£,9B,g"$). So g.(§,B,¢) = (£,B,g7"¢) and ¢g.(§,B) = (£,B). On the other hand,
T:Q X Jacs , H—Q Xgg, H is a principal Z(I")-bundle and the group Z(I") acts in the following
way: if v € Z(T') we have v.(€, B, ¢) = (€, B,v¢) and ~.(€, B) = (€, B).
This implies that the groups Z(G)/u, (where p,. is the finite algebraic group consisting of r-roots
of unity) and Z(I") induce the same action on Q X Jacs H. Since 7 : @ X Jacs H—Q Xgg, H
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is a principal Z(I')-bundle, any G-invariant morphism from Q X 74cg % H to a scheme factorizes
uniquely through @ x Jg, H and so uniquely through Uy concluding the proof of the claim. O

The next lemma concludes the proof of Theorem 3.2.1.

Lemma 3.2.4. Let A be a line bundle on Vecy 4 ,- Then:
A is trivial along one geometric fiber of the determinant morphism det : Vecy ; - — Jacg , if and
only if A is trivial along any geometric fiber of the morphism det.

Proof. Let T be the set of points h (in the sense of [LMBO00, Chap. 5]) in Jacj , such that the
restriction Ay := Agei-1p 18 the trivial line bundle. By Theorem 2.5.1(iii), the inclusion

PiC(U£7c) — PiC(Ve(:S:SL7c) =7

is of finite index. The variety Ug ¢ is projective, in particular any non-trivial line bundle on it
is ample or anti-ample. This implies that x(A}), as polynomial in the variable n, is constant if
and only if Ay, is trivial. So T is equal to the set of points h such that the polynomial x(A})
is constant. Consider the atlas defined in the proof of precedent lemma H — Jacy ;. The line
bundle A is flat over Jacg , so the function

Xn:H—=Z:h=(C,L,B)— x(A})

is locally constant for any n, then constant because H is connected. Therefore, the condition
Xn = Xm for any n, m € Z is either always satisfied or never satisfied, which concludes the
proof. O

3.3. Comparing the Picard groups of Vec,q, and V, 4,. Assume that g > 2. Consider
the rigidification map v, 4 : Vecy 4,y — V54,9 and the sheaf of abelian groups G,,. The Leray
spectral sequence

(3.3.1) H?(Vr4,9, Rr 3:Gpy) = Hp+q(VecT7d,g,(Grm)
induces an exact sequence in low degrees
0= H'(Vya,g: VrasGr) = H' (Veer.a g, Gp) = H'(Vea g, R axGr) = H*(Vya,9: Vr.aGo).-

We observe that v, 4.G,, = G, and that the sheaf Rll/nd*Gm is the constant sheaf H'(BG,,, G,,) =
Pic(BG,,) = Z. Via standard coycle computation we see that exact sequence becomes

(3.3.2) 0 — Pic(Vyq9) — Pic(Vecray) 225 Z 2% H2(Vna.g, Gm)

where res is the restriction on the fibers (it coincides with the weight map defined in [Hof07,
Def. 4.1]), obs is the map which sends the identity to the G,,-gerbe class [v;.4] € H*(Vra,9, Gim)
associated to v, 4 : Vecrag — Vra,g (see [GirTl, IV, §3.4-5]).

Lemma 3.3.1. We have that:

res(A(1,0,0)) =0,

res(A(0,0,1)) =d+r(1—g),
res(A(0,1,0)) =r(d+1—g),
res(A(1,1,0)) =r(d — 1+ g).

Proof. Using the functoriality of the determinant of cohomology, we get that the fiber of A(1,0,0) =
dy(wy) over a point (C,E) is canonically isomorphic to det H(C,we) @ det ™" H'(C,we). Since
Gy acts trivially on H°(C,we) and on HY(C,we), we get that res(A(1,0,0)) = 0.

Similarly, the fiber of A(0,0,1) over a point (C,€&) is canonically isomorphic to det H°(C, &) ®
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det ™" H'(C,€). Since G,, acts with weight one on the vector spaces H°(C,&) and H'(C,E),
Riemann-Roch gives that

res(A(0,0,1)) = h°(C, &) — A (C,E) = x(E) =d +r(1 — g).

The fiber of A(0, 1,0) over a point (C, £) is canonically isomorphic to det H(C, det £)@det ™ H'(C, det £).
Now G, acts with weight r on the vector spaces H°(C, det £) and H*(C, det &), so that Riemann-
Roch gives

res(A(0,1,0)) =7 - h(C,det E) — r- K1 (C,det &) =7 - x(det E) = r(d+ 1 — g).

Finally, the fiber of A(1,1,0) over a point (C,€) is canonically isomorphic to det H°(C,we ®
det &) @ det ! H'(C,we ® det £). Since G,, acts with weight  on the vector spaces HO(C,we ®
det &) and H(C,we ® det £), Riemann-Roch gives that

res(A(1,1,0)) = r - h%(C,we @ det £) —r - W (C,we @ det £) = 1 - x(we @ det £) = r(d — 1 + g).
U
Combining the Lemma above with Theorem A (i) and the exact sequence (3.3.2), we obtain

Corollary 3.3.2.
(i) The image of Pic(Vecy q,q) via the morphism res of (3.8.2) is the subgroup of Z generated
by
Nrd - Vrdg = (d+7(1—g),r(d+1-g),r(d—1+9g)).
(11) The Picard group of Vy a4 is (freely) generated by the line bundles A(1,0,0), = and © (when
92=3)

Now we are ready for

Proof of Theorem B. Corollary 3.3.2(ii) says that the Theorem B(i) is true for the stack V; 44.
Using the Leray spectral sequence for the (semi)stable locus, we see that the Corollary 3.3.2

holds also for the stack Vr(ii);, concluding the proof of Theorem B(i).

By Corollary 3.1.9 and Theorem B(i), the Theorem B(ii) holds for V, 4,. Using the Lemma

3.1.5, the same is true for Vi;iq. Finally by Corollary 3.1.13, Theorem B(ii) holds also for Vf;fg.
The Theorem B(iii) follows using the previous parts together with Remark 3.1.10 and Proposition

3.1.12. O

Remark 3.3.3. Let U, 44 be the coarse moduli space of aut-equivalence classes of semistable
vector bundles on smooth curves. Suppose that g > 3. Kouvidakis in [Kou93] gives a description
of the Picard group of the open subset U, , of curves without non-trivial automorphisms. As
observed in Section 3 of loc. cit., such locus is locally factorial. Since the locus of strictly
semistable vector bundles has codimension at least 2, we can restrict to study the open subset
U4y C Uy a,g of stable vector bundles on curves without non-trivial automorphisms. The good
moduli morphism W, q : V7% - — Urag is an isomorphism over U}, . In other words, we
have an isomorphism Vy,; = := \IJ:;(U: dg) = Uy, Therefore, we get a natural surjective
homomorphism
Y Pic(Viy ) = Piec(V; ;) — Pie(Vy, ,) = Pic(Uy, )

where the first two homomorphisms are the restriction maps.

When g > 4 the codimension of V;; \Vy,;  is at least two (see [GV08, Remark 2.4]). Then the
map 1 is an isomorphism by Theorem 2.1.4. If g = 3, the locus lir(f’;isi,)\V:’d’3 is a divisor in Vﬁg;
(see [GV08, Remark 2.4]). More precisely is the pull-back of the hyperelliptic (irreducible) divisor
in M3. As line bundle, it is isomorphic to A in the Picard group of M3 (see [HM98, Chap. 3,
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Sec. EJ). Therefore, by Theorem B(i), we get that Pic(U}, ;) is the quotient of Pic(VT(i;’Sg) by
the relation A(1,0,0)°.

In particular, (when g > 3) the line bundle ©°* ®Z!®@A(1,0,0)“, where (s,t,u) € Z3, on U4, has
the same properties of the canonical line bundle .%;, , in [Kou93, Theorem 1], Where m=s- Zl Z 4

and a = —s(a+ ) —t-kiag.

As explained in Section 1.3, %HSS

r.d,g @dmits a projective variety as good moduli space. This

. . ——H
means, in particular, that the stacks Vec, o, and V

rd.g are of finite type and unlversally closed.

ng

. . .- . ——Hs:
Since any vector bundle contains the multiplication by scalars as automorphlsms, Vec is not

rdg

S8Ss
is separated.

separated. The next Proposition tell us exactly when the rigidification VT dyg

Proposition 3.3.4. The following conditions are equivalent:
(i) npq-vrgg=1,ie npqg=1and v, q4=1.
(ii) There exists a universal vector bundle on the universal curve of an open substack of Vi a.q.

(i1i) There exists a universal vector bundle on the universal curve of Vy g .

(iv) The stack Vf;fq is proper.

(v) All H-semistable points are H-stable.
(vi) Vf[;sq is a Deligne-Mumford stack.
(vii) The stack V, dgg is proper.

(viii) All P-semistable points are P-stable.

(iz) Vf:lfg is a Deligne-Mumford stack.

Proof. The strategy of the proof is the following

/\

(tit) <—= <= (iv)

1" 1

(#4) (viii)

(i) = (it7). By Corollary 3.3.2(i) and the exact sequence (3.3.2), any line bundle on Vec, 44
must have weight equal to ¢- 1, 4- vy 4 4, Wwhere ¢ € Z. In particular the condition (7) is equivalent
to have a line bundle £ of weight 1 on Vec, 4 4. Let (ﬁ : Wr,d,%l — Wnd,g, 5) be the universal
pair, we see easily that &€ ® 7*£~1 descends to a vector bundle on V, 4, with the universal
property.

(#1) = (41) Obvious.

(#4) = (i) Suppose that there exists a universal pair (§; — S,F) on some open substack S
of V;.4,4. We can suppose that all the points (C,€) in S are such that Aut(C,E) = Gy,. Let
Upg @ T = v, S — &S be the restriction of the rigidification map and (7 : 71 — T,&) the

universal pair on 7 C Vec; 4,4. Then

7 (Hom (v} 4 F,€))

is a line bundle of weight 1 on 7 and, by smoothness of %,.,dyg, we can extend it to a line bundle
of weight 1 on %hd,y

(iv) <= (v). If all H-semistable points are H-stable, then by [MFK94, Corollary 2.5] the
action of GL(V},) on the H-semistable locus of H,, is proper, i.e. the morphism PGL x Hss —
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HHss x s . (A h) s (h, A.h) is proper (for n big enough). Consider the cartesian diagram

PGL x HHss —— {Hss 5 fliss

| J

—Hss —Hss —Hss
—_—>
Vr,d7g VT d,g Vnd,g

this implies that the diagonal is proper, i.e. the stack is separated. We have already seen that
it is always universally closed and of finite type, so it is proper. Conversely, if the diagonal is
proper the automorphism group of any point must be finite, in particular there are no strictly
H-semistable points.
(v) <= (vi). By [LMBO00, Theorem 8.1], V, dsg is Deligne-Mumford if and only if the diagonal
is unramified, which is also equivalent to the fact that the automorphism group of any point is
a finite group (because we are working in characteristic 0). As before, this happens if and only
if all semistable points are stable.
(v), (vidi) = (i). It is known that, on smooth curves, n, 4 = 1 if and only if all semistable vector
bundles are stable. So we can suppose that n, 4 = 1, so that v, 4 4 = (29—2,d+1—g,d+r(1—g)) =
(29 —2,d+r(1—g)). If v, 44 # 1 we have k, 44 < 2g — 2, we can construct a nodal curve C of
genus g, composed by two irreducible smooth curves C; and C5 meeting at N points, such that
we, = kra,4. In particular (dy,ds) == (dwcl N3 du:f;2 + N %) are integers. So we can construct
a vector bundle £ on C' with multidegree (dl, d2) and rank r satisfying the hypothesis of Lemma
3.1.11. This implies that the pair (C, &) must be strictly P-semistable and strictly H-semistable.
(i) = (viii). Suppose that there exists a point (C,€) in V, 4,4 such that (C%, 7.E) is strictly
P-semistable. If C' is smooth then n, 4 # 1 and we have done. Suppose that n,4 = 1 and C
singular. By hypothesis there exists a destabilizing subsheaf F C m.£, such that

XF) X&)

Sosiwe, rwe

The equality can exist if and only if (x(€),7we) = (d + r(1 — g),r(2g — 2)) # 1. We have
supposed that d and r are coprime, so (d + r(1 — g),7(2g —2)) = (d +r(1 — g),29g — 2) =
(29 —2,d+1—g, d+r(l—g)) =vr4 9 which concludeb the proof
(viii) = (vii), (iz). By hypothesis pre oyl = fog =y
what proved above.

(vit), (ix) = (v). Suppose that (v) does not hold, then there exists a strictly H—bemistable point

ng ng ng7 so (vit) and (iz) hold by

with automorphism group of positive dimension. Thus V), ;’Sg, and in particular Vr d > cannot be

neither proper nor Deligne-Mumford. O

APPENDIX A. GENUS TWO CASE.

In this appendix we will extend the Theorems A and B to the genus two case. The main
results are the following

Theorem A.1. Suppose that r > 2.

(i) The Picard groups of Vec, 42 and Vec,%; o are generated by A(1,0,0), A(1,1,0), A(0,1,0)
and A(0,0,1) with the unique relation

(A.0.1) A(1,0,0) = 0.
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(ii) The Picard groups of Vec, a2 and %:2; are generated by A(1,0,0), A(1,1,0), A(0,1,0),
A(0,0,1) and the boundary line bundles with the unique relation

(A.0.2) A(1,0,0)° =0 (dg+2 ) &
JjeJ1
Let v, 42 and n,q be the numbers defined in the Notations 0.0.1. Let « and S be (not
necessarily unique) integers such that a(d — 1) + B(d + 1) = — -1 . 2242(d — 7). We set

Ny d  Ur.d,2

r_ V1,d,2

d+1 __d—1 —r %2
Z:=A(0,1,0)"142 ® A(1,1,0) "2z, O :=A(0,0,1)"d "raz @ A(0,1,0)* ® A(1,1,0)",

Theorem A.2. Suppose that r > 2.
(i) The Picard groups of Vy.a2 and V;5 5 are generated by A(1,0,0), = and ©, with the unique
relation (A.0.1).
(i) The Picard groups of Vy a2 and V:Z; are generated by A(1,0,0), 2, © and the boundary
line bundles with the unique relation (A.0.2).

Unfortunately, at the moment we can not say if the Theorems A and B hold also for the other
open substacks in the assertions.

Remark A.3. Observe that, using Proposition 3.1.2, we can prove that Lemma 3.1.5 holds also
in genus two case. In particular, by Theorem 2.1.4, we have that Pic(Vec, 42) & Pic(%fzz) &

Pic(U,,) and Pic(Vec, q,2) = Pic(Vec?

T

S1.2) = Pic(Uy) for n big enough.
We have analogous isomorphisms for the rigidified moduli stacks.

Proof of Theorem A.1(i) and A.2(i). By the precedent observation, it is enough to prove the
theorems for the semistable locus. Let (C, L) be a k-point of Jacg 2. We recall that Theorem
3.2.1 says that the complex of groups

S

0 — Pic(Jacq2) — Pic(Vec;?; o) — Pic(Vec, o) — 0

is exact. By Theorem 2.5.1, the cokernel is freely generated by the restriction of the line bun-
S

dle A(0,0,1) on the fiber Vec®, . In particular the Picard groups of Vec, a2 and Vec;?
decomposes in the following way

Pic(Jacqz2) @ (A(0,0,1)).
By Theorem 2.4, Theorem A.1(i) follows. By Corollary 3.3.2, Theorem A.2(i) also holds. a

Now we are going to prove the Theorems A.1(ii) and A.2(ii). First of all, by Theorems A.1(i)
and 2.1.4, we know that the Picard group of Vec,. 42 is generated by A(1,0,0), A(1,1,0), A(0,1,0),
A(0,0,1) and the boundary line bundles. Consider the forgetful map @d : Vecr a2 — Ma. By
Theorem 2.3.1, the Picard group of Ms is generated by the line bundles &g, J; and the Hodge
line bundle A, with the unique relation A'® = O(8y+26;). By pull-back along ar,d we obtain the
relation (A.0.2). So for proving Theorem A.1(ii), it remains to show that we do not have other

relations on Pic(Vecy 4,2).

Suppose there exists another relation, i.e.

(A.0.3) A(1,0,0)" ® A(1,1,0)" @ A(0,1,0)° @ A(0,0, 1) ® O | eado + Y _ €]d] | =0
JEJ1
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where a, b, c,d, eo,e{ € Z. By Theorem A.1(i), the integers b, ¢,d must be 0 and a must be a
multiple of 10. We set a = 10¢t. Combining the equalities (A.0.2) and (A.0.3) we obtain:

(A.0.4) O [ (eo—t)do+ > (el —2t)3] | =0

JjE€

where the integers (e — t), (¢] — 2t) cannot be all equal to 0, because we have assumed that
the two relations are independent. In other words the existence of two independent relations is
equivalent to show that does not exist any relation among the boundary line bundles. We will
show this arguing as in §3.1. Observe that, arguing in the same way, we can arrive at same
conclusions for the rigidified moduli stack V,. 4.

The Family G.

Consider a double covering Y’ of P? ramified along a smooth sextic D. Consider on it a general
pencil of hyperplane sections. By blowing up Y’ at the base locus of the pencil we obtain a
family ¢ : Y — P! of irreducible stable curves of genus two with at most one node. Moreover
the two exceptional divisors E1, Fs C Y are sections of ¢ through the smooth locus of ¢. The
vector bundle £ := Oy (dE;) © 05! is properly balanced of relative degree d. We call G' (resp.

G) the family of curves ¢ : Y — P! (resp. the family ¢ with the vector bundle £). We claim
that

degs O(8y) = 30,
deggs Oy =0  forany j € J;.

The second result comes from the fact that all fibers of ¢ are irreducible. We recall that, as §3.1:
deg O(d) = deg O(8p). So our problem is reduced to check the degree on My. Observe also
that Y is smooth and the generic fiber of ¢ is a smooth curve. Since any fiber of ¢ : Y — P~! can
have at most one node and the total space Y is smooth, by [AC87, Lemma 1], deg (9(50) is equal
to the number of singular fibers of ¢. We can count them using the morphism ¢p : D — P!,
induced by the pencil restricted to the sextic D. By the generality of the pencil, we can as-
sume that over any point of P! there is at most one ramification point and that its ramification
index at this point is 2. So degg O(5~0) is equal to the degree of the ramification divisor in D.
Using the Riemann-Hurwitz formula for the degree six morphism ¢ we obtain the first equality.

The Families éjl

Consider a general pencil of cubics in P2. Blowing up the nine base points of the pencil, we
obtain a family of irreducible stable elliptic curves ¢ : X — P!. The nine exceptional divisors
Eq,...,F9 C X are sections of ¢ through the smooth locus of ¢. The family will have twelve
singular fibers consisting of irreducible nodal elliptic curves. Fix a smooth elliptic curve I and a
point v € I'. We construct a surface Y by setting

Y = (XH(erPﬂ))/(aN{y} % T)

We get a family f : X — P! of stable curves of genus two. The general fiber is as in Figure 8
where C' is a smooth elliptic curve. While the twelve special fibers are as in Figure 9 where C
is a nodal irreducible elliptic curve. Choose a vector bundle M7 of degree (dgr] +jon I', pull
it back to I' x P! and call it again M7. Since M7 is trivial on {7} x P!, we can glue it with the

vector bundle
oc(([447]-5) ) sox
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FIGURE 8. The general fiber of f : X — PL.

FIGURE 9. The special fibers of f : X — P!,

on X obtaining a vector bundle £ on f : X — P! of relative rank r and degree d. The next
lemma follows easily

Lemma A.4. The vector bundle £ is properly balanced for j € J;.

We call Gy (resp. G%) the family of curves f : X — P! (resp. the family f with the
vector bundle £7). Moreover é{ does not intersect gf for j # k. In particular degé{ O(g{ ) =
degg, O(01). By [AC87, Lemma 1], the divisor O(d1) restricted to the family G is isomorphic
to the tensor product between the normal bundle of E; in X and the normal bundle of v x P! in
I' <Pl ie. Ng,/x @ Niyyxp1rxpr- The first factor has degree —1, while the second is trivial.
Putting all together, we get

deggs O =0 ifj+#k
Now we can finally conclude the proof of Theorems A.1 and A.2.

Proof of Theorem A.1(ii) and A.2(ii). Suppose there exists a non-trivial relation O(agdy +
Za{g{ ) = O. If we restrict this equality on G we have ag = 0. Pulling back to G we deduce
aji = 0 for any j € J;. This concludes the proof of A.1(ii). Repeating the same arguments for
the rigidified moduli stack V,. 42 we prove Theorem A.2(ii). o

APPENDIX B. BASE CHANGE COHOMOLOGY FOR STACKS ADMITTING A GOOD MODULI SPACE.

We will prove that the classical results of base change cohomology for proper schemes continue
to hold again (not necessarily proper) stacks, which admit a proper scheme as good moduli space
(in the sense of Alper). The propositions and proofs are essentially equal to ones in [Brol2,
Appendix A], but we rewrite them, because our hypothesis are weaker.

In this section, X will be an Artin stack of finite type over a scheme S, and a sheaf F will be
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a sheaf for the site lisse-étale defined in [LMBO0O, Sec. 12] (see also [Bro, Appendix A]). Recall
first the definition of good moduli space.

Definition B.1. [Alp13, def 4.1] Let S be a scheme, X be an Artin Stack over S and X an
algebraic space over S . We call an S-morphism 7 : X — X a good moduli space if

e 7 is quasi-compact,

e T, is exact,

e The structural morphism Ox — m,Ox is an isomorphism.

Remark B.2. Let X be a quotient stack of a quasi-compact k-scheme X by a smooth affine
linearly reductive group scheme G. Suppose that £ is a G-linearization on X. By [Alpl3,
Theorem 13.6 and Remark 13.7], the GIT good quotient X}° /. G is a good moduli space for
the open substack [X2°/G].

Conversely, suppose that there exists an open U C X such that the open substack [U/G] admits a
good moduli space Y. By [Alp13, Theorem 11.14], there exists a G-linearized line bundle £ over X
such that U is contained in X3°, [U/G] is saturated respect to the morphism [X3°/G] — X3 /.G
and Y is the GIT good quotient U /- G.

Before stating the main result of this Appendix, we need to recall the following

Lemma B.3. ([Mum?70, Lemma 1, II], see also [Brol2, Lemma 4.1.3]).

(i) Let A be a ring and let C® be a complex of A-modules such that C? # 0 only if 0 < p < n.
Then there exists a complex K® of A-modules such that KP # 0 only if 0 < p <n and K?
is free if 1 < p <n, and a quasi-isomorphism of compleres K* — C*®. Moreover, if the CP
are flat, then K° will be A-flat too.

(ii) If A is noetherian and if the H'(C®) are finitely generated A-modules, then the KP’s can
be chosen to be finitely generated.

Proposition B.4. Let X be a quasi-compact Artin stack over an affine scheme (resp. noetherian
affine scheme) S = Spec(A). Let m : X — X be a good moduli space with X separated (resp.
proper) scheme over S. Let F be a quasi-coherent (resp. coherent) sheaf on X that is flat over
S. Then there is a complex of flat A-modules (resp. of finite type)

0— M’ — M — ... — M"—0
with M free over A for 1 <i < n, and isomorphisms
H(M* @4 A) — H (X @4 A, Fo4 A)
functorial in the A-algebra A’.

Proof. We consider the Cech complex C*(U, 7. F) associated to an affine covering U = (U;)er
of X. Tt is a finite complex of flat (by [Alp13, Theorem 4.16(ix)]) A-modules. Moreover, since
X is separated, then we have H'(C*(U, . F)) = HY(X,m.F). If A’ is an A-algebra, then the
covering U @ 4 A’ is still affine by S-separateness of X. This implies that

H(C*(U, . F) @4 A2 H(X @4 A, (1. F) 24 A).
By [Alp13, Proposition 4.5], we have
HY (X @4 A, (o F) @4 A) 2 H (X @4 A 1 (Foa A)).

Since 7, is exact, the Leray-spectral sequence HY(X ®4 A", Rim.(F @4 A")) = H™ (X @4
A (F®aA)) (see [Bro, Theorem. A.1.6.4]) degenerates in the isomorphisms H (X ®@4 A", 7. (F®
AN) 2 H(X @4 A", F ®4 A’). Putting all together:

H(C*U,m.F))@a A =2 H(X @4 A, Foa A).
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It can be check that such isomorphisms are functorial in the A-algebra A’. Observe that if F is
coherent then also m,F is coherent (see [Alp13, Theorem 4.16(x)]). So if X is proper, then the
modules H! (X, F) are finitely generated. In particular, the cohomology modules of the complex
C*(U, . F) are finitely generated. We can use the precedent lemma for conclude the proof. O

From the above results, we deduce several useful Corollaries.

Corollary B.5. Let S be a scheme and let ¢ : X — S be a quasi-compact Artin Stack with an
S-separated scheme X as good moduli space. Let F be a quasi-coherent sheaf on X flat over S.
If all sheaves R'q,F are flat over S then F is cohomologically flat.

Proof. See [Brol2, Corollary 2.6] O

The proofs of next results are the same of [Mum?70, I1.5].
Corollary B.6. Let X — X be a good moduli space over a scheme S, X proper scheme over S
and F coherent sheaf over X flat over S. Then we have:

(i) for any p > 0 the function S — Z defined by s — dimk(s)Hi(Xs, Fs) is upper semicontinu-
ous on S.
(i) The function S — Z defined by s — x(Fs) is locally constant.

Corollary B.7. Let X — X be a good moduli space over an integral scheme S, X proper scheme
over S and F coherent sheaf over X flat over S. The following conditions are equivalent
(i) s dimyyH' (Xs, F) is a constant function,
(ii) Riq.(F) is locally free sheaf on S and for any s € S the map
R'q.(F) @ k(s) — H'(X,, Fs)

is an isomorphism.

If these conditions are satisfied, then we have an isomorphism
R (F) @ k(s) — H™ 1 (Xs, F)

Corollary B.8. Let X — X be a good moduli space over a scheme S, X proper scheme over
S and F coherent sheaf over X flat over S. Assume for some i that H'(Xs, F,) = (0) for any
s € S. Then the natural map

R'™1.(F) ®os k(s) = H'™H(Xs, Fy)
is an isomorphism for any s € S.

Corollary B.9. Let X — X be a good moduli space over a scheme S, X proper scheme and F
coherent sheaf over X flat over S. If Riq.(F) = (0) for i > ig then H'(Xs, Fs) = (0) for any
se€ S andi>ig.

Corollary B.10. [The SeeSaw Principle].

Let X — X be a good moduli space over an integral scheme S and L be a line bundle on X.
Suppose that ¢ : X — S is flat and that X — S is proper with integral geometric fibers. Then
the locus

S ={seS|L, 204}

is closed in S. Moreover if we call g1 : X Xg S1 — Sy the restriction of q on this locus, then
q1+L is a line bundle on S and the natural morphism qiq1.L = L is an isomorphism.
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Proof. A line bundle M on a stack X’ with a proper integral good moduli space X is trival if and
only if h%(M) > 0 and h°(M~1) > 0. The necessity is obvious. Conversely suppose that these
conditions hold. Then we have two non-zero homomorphisms s : Oy — M, t : Ox — M™%
If we dualize the second one and compose with the first one, we have a non-zero morphism
h:Ox — Oy. Now X is an integral proper scheme then H°(X,0x) = k so H(X,0x) = k.
Hence h is an isomorphism. This implies that also s and ¢ are isomorphisms. As a consequence,
we have

S; = {s € S| (X, L) > 0, RO(X,, L1 > 0}.

In particular, S; is closed by upper semicontinuity. Up to restriction we can assume S = Sq,
so the function s + hO(X,,Ls) = 1 is constant. By Corollary B.7, ¢.£ is a line bundle on S
and the natural map ¢.£ ®o4 k(s) — H°(Xs, L) is an isomorphism. Consider the natural map
7w q gL — L. Its restriction on any fiber X

Ox, @ H (X, Ls) — L

is an isomorphism. In particular 7 is an isomorphism for any geometric point z € X. Since it is

a map between line bundles, by Nakayama lemma, it is an isomorphism. O
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THE PICARD GROUP OF THE UNIVERSAL ABELIAN VARIETY AND
THE FRANCHETTA CONJECTURE FOR ABELIAN VARIETIES

ROBERTO FRINGUELLI AND ROBERTO PIRISI

ABSTRACT. We compute the Picard group of the universal abelian variety over the moduli
stack Ag n of principally polarized abelian varieties over C with a symplectic principal level
n-structure. We then prove that over C the statement of the Franchetta conjecture holds in a
suitable form for Ag .
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INTRODUCTION

Consider the moduli stack M, of smooth genus g curves. Let C;, the universal curve over the
generic point n of My. The weak Franchetta conjecture says that Pic(C)) is freely generated by
the cotangent bundle wc, . Arbarello and Cornalba in [AC87] proved it over the complex numbers.
Then Mestrano [Mes87] and Kouvidakis [Kou91] deduced over C the strong Franchetta conjec-
ture, which says that the rational points of the Picard scheme Picc, are precisely the multiples
of the cotangent bundle. Then Schréer [Sch03] proved both the conjectures over an algebraically
closed field of arbitrary characteristic. At the end of loc. cit., Schréer poses the question of
whether it is possible to generalize the Franchetta Conjecture to other moduli problems.

In this paper we focus on the universal abelian variety X, over the moduli stack Ay, of
principally polarized abelian varieties of dimension g (or p.p.a.v. in short) with a symplectic
principal level-n structure (or level-n structure in short). For the analogous of the Franchetta
conjecture in this new setting, we have chosen the name of abelian Franchetta conjecture.

First of all, observe that the universal abelian variety 7 : &, — A4, comes equipped with
some natural line bundles:

- the rigidified canonical line bundle Ly, i.e. a line bundle, trivial along the zero section,
such that over any closed point (A, \,¢) € Ay, the restriction of £x along the fiber
771 ((A, )\, ¢)) induces twice the principal polarization \.

- the rigidified n-roots line bundles, i.e. the line bundles, trivial along the zero section,
which are n-roots of the trivial line bundle Oy, ,, .

We can formulate the weak abelian Franchetta conjecture in terms of a description of the
Picard group of a generic universal abelian variety over A, ,, (observe that if n = 1,2 the generic
1
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2 ROBERTO FRINGUELLI AND ROBERTO PIRISI

point of A, is stacky, so it makes little sense to speak of “the” generic abelian variety), and
the strong one in terms of rational sections of the relative Picard scheme.

Question 1 (Weak abelian Franchetta Conjecture). Is there a principally polarized abelian va-
riety with level n-structure (A, A, @) over a field K such that A — X, 5, is a dominant map, and
the Picard group of A is freely generated by the rigidified canonical line bundle and the rigidified
n-roots line bundles?

Question 2 (Strong abelian Franchetta Conjecture). Does every rational section of the relative
Picard sheaf Picg, , o, , — Dgn comes from one of the elements above?

At first sight, the two questions seem different. The reason is because, in general, the Picard
group of a scheme f : X — S does not coincide with the S-sections of the associated Picard
sheaf Picx,s. However, they are isomorphic, if the scheme X — S admits a section and the
structure homomorphism Og — f.Ox is universally an isomorphism. Since the universal abelian
variety satisfies both these properties, the conjectures are equivalent. In other words, we can
formulate the abelian Franchetta conjecture in terms of the set of rational relative line bundles
on Xy n — Agn: the set of the equivalence classes of line bundles on U X 4, ,, Xy — U where
U is an open substack of A, ,. Two line bundles are in the same class if and only if they are
isomorphic along an open subset of Ay ,,. Observe that the tensor product induces a well-defined
group structure on this set. Our main result is

Theorem A. Assume that g > 4 andn > 1. Then

Pic(X, ) _ (Z/nZ)QQ @ ZVLA] if n is even,
ZC( 9, )/PZC(Ag,n) - {(Z/nZ)Qg EBZ[EA] an is odd,

where /L 1s, up to torsion, a square-root of the rigidified canonical line bundle L5 and (Z/nZ)Qg
s the group of rigidified n-roots line bundles. Moreover, the line bundle /Ly, when it exists,
can be chosen symmetric.

The main difficulty in proving this theorem resides in the fact that differently from My,
the stack Ay is not generically a scheme. To solve this, we use the techniques of equivariant
approximation, first introduced by Totaro, Edidin and Graham in [EG96], [Tot99].

However, a description of the entire Picard group Pic(Xy ) is still incomplete. Indeed, while
it is well known that the Picard group of A, := Ay 1 is freely generated by the Hodge line bundle
det (7. (Qx,/.4,)) (see [Putl2, Theorem 5.4]), the same is not true in general. For some results
about the Picard group of A, ,, the reader can refer to [Putl2].

The above theorem implies directly

Corollary B. [Abelian Franchetta conjecture]. Assume g >4 and n > 1. The group of rational
relative rigidified line bundles on Xy, — Ag pn is isomorphic to

(Z/nZ)* & Z|\/LA) if n is even,
(Z/nZ)* ® ZILA)  if n is odd.

where \/ L 18, up to torsion, a square-root of the rigidified canonical line bundle L5 and (Z/nZ)2g
is the group of rigidified n-roots line bundles. Moreover, the line bundle /Ly, when it exists,
can be chosen symmetric.

When g = 2,3 and n > 1 we can prove Theorem A and Corollary B only when n is even. It
still remains to find out whether the torsion free part is generated by £ or v/Lx, when n is odd.
When n = 1, we can use the Torelli morphism to extend the result to the genus two and three
cases. Let J, be the universal Jacobian on M, of degree 0. We have a cartesian diagram of
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stacks

ng)Xg

!

M9L>Ag

where the map 7, is the Torelli morphism. Observe that the Hodge line bundle on X} ,, restricts
to the Hodge line bundle det (71'* (w Mg/ M, )) on M. In particular the Torelli morphism induces
an isomorphism of Picard groups Pic(Ay) = Pic(M,) for g > 3.

We will show that we have an analogous result for the universal families. More precisely

Theorem C. Assume that g > 2. Then
Pic(X) / Pic(A,) = Z[La]

Furthermore, when g > 3, the morphism 7, : Jy — X, induces an isomorphism of Picard groups.

We sketch the strategy of the proof of Theorem A. For any p.p.a.v. A, we have the following
exact sequence of abstract groups

(1) 0 —s Homa, , (Ag.n, X,,) — Pic(Xyn) / Pic(Ayn) % NS(4)

where ng’ », 1S the universal dual abelian variety and the second map is obtained by composing the
restriction on the Picard group of the geometric fiber of X, ,, — A, ., corresponding to (4, A, ¢)
with the first Chern class map.

Using the universal principal polarization, we can identify the kernel with the set of sections
of the universal abelian variety and we will prove that it is isomorphic to the group (Z/nZ)*
of the n-torsion points. This was obtained by Shioda in the elliptic case and then in higher
dimension by Silverberg when A, ,, is a variety, i.e. when n > 3. We will extend their results to
the remaining cases. Then, using the universal principal polarization, we will identify (Z/ nZ)2g
with the group of rigidified n-roots line bundles.

Then, we will focus on the cokernel. We will fix a Jacobian variety J(C) with Neron-Severi
group generated by its theta divisor §. Since the rigidified canonical line bundle £, restricted
to the Jacobian is algebraically equivalent to 26, the index of the image of res in NS(J(C)) can
be at most two. Then, by studying the existence of a line bundle on X} ;, inducing the universal
principal polarization, we will show that the inclusion Im(res) C NS(J(C)) is an equality if and
only if n is even, concluding the proof of Theorem A.

The paper is organized in the following way. In Section 1, we recall some known facts about
abelian varieties and their moduli spaces. In Section 2, we give an explicit description of the set
of sections of the universal abelian variety X; , — Ag,. Then in Section 3, we prove the exact-
ness of the sequence (1) and we give a proof of Theorem C. Finally, in Section 4 we show that the
universal principal polarization of X, ,, = Ay, is induced by a line bundle if and only if n is even.

We will work with the category of schemes locally of finite type over the complex numbers.
The choice of the complex numbers is due to the fact that our computation is based upon the
Shioda-Silverberg’s computation of the Mordell-Weil group of X;, — Ay, for n > 3 and the
Putman’s computation of the Picard group of A, ,,, which are proved over the complex numbers.
Moreover, Shioda proved that, in positive characteristic, the Mordell-Weil group of X; 4 — Aj 4
can have positive rank (see [Shi73]). So, it seems that our statements are not true in positive
characteristic, but we do not have any evidence of this.
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1. THE UNIVERSAL ABELIAN VARIETY X, — Ag .

In this section we will introduce our main object of study: the universal abelian variety X, ,
over the moduli stack Ag ,, of principally polarized abelian varieties with level n-structure. Before
giving a definition, we need to recall some known facts about the abelian schemes. For more
details the reader can refer to [Mum?70] and [MFK94, Chap. 6, 7].

Definition 1.1. A group scheme 7 : A — S is called an abelian scheme if 7 is smooth, proper
and the geometric fibers are connected.

It is known that an abelian scheme is a commutative group scheme and its group structure is
uniquely determined by the choice of the zero section. A homomorphism of abelian schemes is a
morphism of schemes which sends the zero section in the zero section.

Let A — S be a projective abelian scheme of relative dimension g and O4 its zero section.
Consider the relative Picard functor

PiCA/S : (SCh/S) — (G?"p)
T—S8 ~ Pic(T' xgA) /Pic(T)~

We set Pica/s(zar), resp. Pica/s(mr), resp. Picass sppr) the associated sheaves with respect to
the Zariski, resp. Etale, resp. fppf topology. Since A — S has sections, namely the zero section,
and the structure homomorphism is universally an isomorphism, the relative Picard functor and
the associated sheaves above are all isomorphic (see [FGIT 05, Theorem 9.2.5]). Moreover, Pic 4 /s
is isomorphic to the functor of rigidified (i.e. trivial along the zero section) line bundles on A — S

Pic)y /s : (Sch/S) — (Grp)
T—S = {LePic(T x5 A)| OF, AL =Or}

where Ory ¢ 4 is the zero section of T'x g A — T induced by O 4. This functor is represented by a
locally noetherian group S-scheme Picy,g (see [FGIT05, Theorem 9.4.18.1]), called the relative
Picard scheme. There is a subsheaf Pic% /s C Picays parametrizing rigidified line bundles which
are algebraically equivalent to 0 on all geometric fibers. It is represented by an abelian scheme:
the dual abelian scheme AV — S [FGIT05, 9.5.24]. By [FGIT05, 9.6.22], the definition of dual
abelian scheme in [MFK94| coincides with the definition above. From the theory of the Picard
functor of an abelian scheme, we have an homomorphism of group schemes over S

@) A:Picyys — Homg(A,AY)
L — (a—= ML) (a):=t;LR L)

where t, : A — A is the translation by a (see [MFK94, Ch. 6, §2]). The kernel is the dual
abelian scheme AY — S. In particular, when S = Spec(k), with &k an algebraically closed field,
we can identify the image of A with the Neron-Severi group NS(A) of the abelian variety A.

Definition 1.2. A principal polarization A of a projective abelian scheme A — S is an S-
isomorphism X : A — AV such that over the geometric points s € S, it is induced by an ample
line bundle on A, via the homomorphism (2) above. A principally polarized abelian scheme
(A — S, \) is a projective abelian scheme A — S together with a principal polarization A.

We denote with A[n] (resp. AY[n]) the group of n-torsion points (resp. of n-roots of the trivial
line bundle @4). Up to étale base change S’ — S, they are isomorphic to the locally constant
group scheme (Z/ nZ)Zg,. Observe that a principal polarization induces an isomorphism of group
schemes A[n] 2 AV[n]. For any principally polarized abelian scheme (A — S, \), we denote with

en: Aln] x AV[n] = pns (resp. e} : A[n] x Aln] = pin.s)
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the Weil pairing (resp. the pairing obtained by composing the Weil pairing with the isomorphism
(Ida x5 A)|apn))- The first one is non-degenerate, while the second one is non-degenerate and
skew-symmetric.

For the rest of the paper we fix (,, a primitive n-root of the unity over the complex numbers.
By this choice we have a canonical isomorphism between the constant group Z/nZ and the group
tin,c of the n-roots of unity, which sends 1 to ¢,.

Definition 1.3. A symplectic principal level n-structure (or level n-structure in short) over
a principally polarized abelian scheme (A — S, ) of relative dimension ¢ is an isomorphism
¢ : Aln] = (Z/nZ)% such that e)(a,b) = e(p(a), p(b)), where e : (Z/nZ)% x (Z/nZ)& — pns is
the standard non-degenerate alternating form on (Z/ nZ)QSg defined by the 2g x 2¢g square matrix
(_OIQ IO") composed with the isomorphism Z/nZ = u,, defined by (,.

After these definitions we can finally introduce our main objects of study.

Definition 1.4. Let A;, — (Sch/C) the moduli stack whose objects over a scheme S are
the triples (A — S, A\, p) where (A — S, ) is a principally polarized abelian scheme of relative
dimension g with a level n-structure ¢. A morphism between two triples (f,h) : (A = S, A, ) —
(A" —= S, N, ) is a cartesian diagram

At u

L]

§—Lss
such that f(O4) = Oy, where O4 (resp. O'4) is the zero section of A (resp. A'), fYoNo f =\
and ¢’ o fap) = (Id(Z/nZ)zg X h) o .
A proof of the next theorem can be obtained adapting the arguments in [MFK94, ch. 7].

Theorem 1.5. For anyn > 1, Ay, is an irreducible smooth Deligne-Mumford stack of dimen-

ston w. Moreover, if n > 3 it is a smooth quasi-projective variety.
This stack comes equipped with the following objects:

- two stacks X, , and X(;/ » together with representable proper and smooth morphisms of
stacks 7 : Xy — Agn and 771 X, — A, of relative dimension g;

- a closed substack X ,[n] C &}, which is finite and étale over A, ,,;

- an isomorphism of stacks A : Xy, — X/, over Ay ,;

- an isomorphism of stacks @ : X, ,,[n] = (Z/nZ)i{’g‘n over Ay,

such that for any morphism p : S — A, associated to an object (A — S, A, ¢), we have two
commutative polygons

/AAP il S/M v
NN A N N

g,n
AY XY, (Z/nZ)% (Z/n2)%

S

where the faces with four edges are cartesian diagrams. In other words (Xy, — Agn, A, @) is
the universal triple of the moduli stack Ay ,. We will call X, — Ay, the universal abelian
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6 ROBERTO FRINGUELLI AND ROBERTO PIRISI
variety over Ay, and with Oy, we will denote its zero section. The isomorphism A will be
called universal polarization and @ the universal level n-structure. Observe that by definition
the stack 7 : XY, — A, parametrises the line bundles on the universal abelian variety which

g,n
are algebraically trivial on each geometric fiber. We will call it universal dual abelian variety.

2. THE MORDELL-WEIL GROUP OF X .

A first step to prove the Theorem A is to understand the sections of the universal dual abelian
variety sz n — Ag n restricted to all open substacks & C Ay ,,. Using the universal polarization
A, this amounts to understanding the group of the rational sections of the universal abelian
variety, which is usually called Mordell-Weil group. We want to prove the following:

Theorem 2.1. Assume g > 1. For all open substacks U C Ay, the group of sections U —
Xyn Xa,.,U is isomorphic to (Z/nZ)*9, the isomorphism being given by restricting the canonical
isomorphism @ : X, ,[n] = (Z/nZ)i{’q_n.

In this section we will assume implicitly ¢ > 1. For n > 3 the Theorem was proven by
Shioda in the elliptic case and then by Silverberg in higher dimension (see Theorem 2.8 below).
Starting from this, we will extend the Shioda-Silverberg’s results to the remaining cases. The
main problem here is that any abelian variety in A4, or in Ay > has a non-trivial automorphism:
the involution a +— —a. This implies that, differently from the case of A4, m > 3, the stacks A,
and A, 2 are not generically schemes, so we cannot really reduce the argument to considerations
on the fiber of the generic point, or more precisely, there is not generic point at all. To solve this
we introduce the technique of equivariant approximation:

Definition-Proposition 2.2. Let G be an affine smooth group scheme, and let M = [X/G] be
a quotient stack. Choose a representation V of GG such that G acts freely on an open subset U
of V' whose complement has codimension 2 or more. The quotient [X x U/G] will be called an
equivariant approximation of M. It has the following properties:

(1) [X x U/@] is an algebraic space. If X is quasiprojective and the action of G is linearized
then [X x U/G] is a scheme.

(2) [X x V/G] is a vector bundle over [X/G], and [X x U/G] — [X x V/G] is an open
immersion, whose complement has codimension 2 or more.

(3) The map [X x U/G] — [X/G] is smooth, surjective, separated and if K is an infinite
field then every map Spec(K) £ [X/G] lifts to a map Spec(K) — [X x U]/G.

(4) If X is locally factorial, then the map [X x U/G] — [X/G] induces an isomorphism at
level of Picard groups.

Moreover, such a representation V always exists for an affine smooth groups scheme G over a
field k.

Proof. This is presented in [EG96], where all points above are proven. The only point that
needs further commenting is point 3. Let P : Spec(K) — [X/G], and consider the fiber
[X x U/G] Xx/¢) Spec(K). It is an open subset of a vector bundle over Spec(K), so if K
is infinite we know that its rational points are dense, and we have infinitely many liftings of P.

Note if K is a finite field it is possible for the fiber [X x U/G] Xx/¢) Spec(K) to have no
rational point at all, as the rational points in a vector bundle over a finite field form a closed
subset. This shows that if K is finite the point may not have any lifting.

The last statement is a direct consequence of the well-known fact that an affine smooth
algebraic group over a field k always admits a faithful finite dimensional representation, so we
just need to prove it for G = GL,,. Such a representation can be constructed for example as in
[EGY96, 3.1]. O
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Note that there exists  such that A, ,, is the quotient a quasiprojective scheme by a linearized
group action of the affine group scheme PGL, [MFK94, ch. 7]. Then we can take an equivariant
approximation By , 5 Ay n where B ,, is a scheme, and by pulling back X, ,, we get an induced
family Xg, = Bgn-

Proposition 2.3. If X,, — Ay, has two non isomorphic sections over some open subset
UCA,,, then Xy, = By has two non isomorphic (i.e. distinct, as Xy n, By rn are schemes)
sections over the open subset U :=U X 4, Bgn.

g,n

Proof. Let U,U be as above. Let o1, 02 be two non isomorphic sections of X, = Ay . By the
universal property of fibered product we get induced sections (Id, o107), (Id, og0m) : By, = Xgon-
We get an obvious commutative diagram, and we can conclude that the two maps must be
different since 7 is an epimorphism, being a smooth covering. O

This way we have reduced our problem to showing that there are exactly n29 sections of
Xg.n — Bgn. We now proceed to prove some lemmas.

Lemma 2.4. Let S be the spectrum of a DVR R, and let A — S be an abelian scheme. Let p, P
be respectively the closed and generic point of S. Then for all m the order of the m-torsion in
the Mordell-Weil group of the closed fiber A, is greater or equal than the order of the m-torsion
in the Mordell Weil group of the generic fiber Ap.

Proof. Let A[m] — S be the closed subscheme of m-torsion points of A. Then A[m] = S is
a proper étale morphism, as we are working in characteristic zero. We may suppose that R is
Henselian. Being étale and proper, the map 7 is finite. A finite extension of a local Henselian
ring is a product of local Henselian rings [Stal5, Tag 04GH]. Then for every lifting of P to
A[m] we have a corresponding map of local rings R’ — R that is étale of degree one, i.e. it
is an isomorphism. This implies that there is a corresponding lifting of p to A [m], proving the
lemma. (|

Lemma 2.5. Let R a Noetherian local regular ring, and let p, P be the closed and generic and
closed points of Spec(R). Let A — Spec(R) be an abelian scheme. Then for all m > 0 the
order of the m-torsion in the Mordell-Weil group of A, is greater or equal than the order of the
m-torsion in the Mordell Weil group of Ap.

Proof. We prove the lemma by induction on the dimension of Spec(R). The case dim(Spec(R)) =
1 is the previous lemma. Now suppose dim(S) > 2 and take a regular sequence (a1, ...,a,) for
R. Then Ry = R(,,) and Ry := R/(a1) are both Noetherian local regular rings. If we see
Spec(Ry), Spec(Rz) as subschemes of Spec(R) the generic point of Spec(R;) is P, the generic
point of Spec(Rs) is the closed point of Spec(R;1), and the closed point of Spec(Rz) is p.
Denote respectively by Py, P> the generic points of Spec(R;), Spec(Rz), and by p1,ps their
closed points. Denote respectively by Ay, Ao the pullbacks of A to Spec(R;),Spec(Rz). Then

(A lm] (P)) = 4(A1 [m] (P1)) < (A1 [m] (p1)) = #(A2 [m] (P2)) < #(A2 [m] (p2)) = §(A [m] (p))
where the first equality comes from previous lemma, and the last comes from the inductive
hypothesis. O

Lemma 2.6. For alln > 0,9 > 0 there is a field K, finitely generated over C, and a p.p.a.v. of
dimension g with level n-structure over K that has Mordell-Weil group isomorphic to (Z/nZ)?9,
where the isomorphism comes from the level structure.

Proof. For g = 1 it the result is proven in [Sch03, Prop. 3.2] when N = 1 and in [Shi72, Thm
5.5 + Rmk 5.6] for the other cases (see also [Shi73]). We can then take powers of these elliptic
curves to obtain the general statement. ([l
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8 ROBERTO FRINGUELLI AND ROBERTO PIRISI

Recall now that X, — Ay, is a smooth morphism with connected fibers, and A ,, is smooth
and irreducible, so it the same goes for X, ,,. Consequently also By, and X, ,, are smooth and
irreducible, being open subsets of vector bundles over A, ,, and X, respectively.

Proposition 2.7. Let £ be the generic point of By .. Then the torsion of the Mordell-Weil
group of Xgn X, & is isomorphic to (Z/nZ)?9, where the isomorphism comes from the level
structure.

Proof. Consider any point P in By ,, such that X, ,, x g, P has Mordell-Weil group with torsion
exactly (Z/nZ)29 . This exists by the previous lemma and the fact that the map By, — Ay .
has the lifting property for points (2.2, point 4). Then we can apply Lemma 2.5 to the local ring
Op,...p and the fact that Xy, xp, , £ comes with a canonical isomorphism of (Z/nZ)?? with
its m-torsion to conclude.

Half of our work towards Theorem 2.1 is done. Now we need to show that the Mordell Weil
group of the generic fiber X, , xp_ , § is torsion, so that it will be equal to (Z/nZ)?9. Next
theorem gives us an answer when A, ,, is a variety.

Theorem 2.8 (Shioda-Silverberg). Suppose n > 3. Let & — A, 4 be the generic point. Then
the Mordell-Weil group of Xy, g X 4, , § is isomorphic to (Z/nZ)?9, the isomorphism coming from
the level structure.

Proof. For a complete proof in the elliptic case (resp. higher dimension) we refer to [Shi72] (resp.
[Sil85]). The statement with a sketch of the proof can be found in [Lox90, Theorem 1 and 3, pp.
227-235). O

For n = 1,2 we need a few more steps.

Lemma 2.9. Let Ap be a principally polarized abelian variety over a field F' and let Q be a
finitely generated purely transcendental extension of F. Define Ag := Ar xp Q. Then the
homomorphism of Mordell-Weil groups Ap(F) — Ag(Q) is an isomorphism.

Proof. Since Ap is principally polarized, the Mordell-Weil group of A is isomorphic to Pic%F/F(F),
and the Mordell-Weil group of Ag is isomorphic to Pic 0/0(@). Both Ag and Ap have a ratio-
nal point, so we have Picy,./p(F) = Pic(AF), Pica, /q(Q) = Pic(Ag) (see for example [FGI105,
Remark 9.2.11]). Moreover Ag and Ap are smooth and thus locally factorial, so their Picard

groups are isomorphic to the group of divisors modulo rational equivalence. Consider the follow-
ing commutative triangle:

AF X A%
AQ / AF

Here n is the degree of transcendence of Q/F and the map i is the inclusion of the generic
fiber. The pullback through 7 is an isomorphism on Picard groups. The pullback through i is
surjective. The map @ — F is a smooth covering, so the pullback Pic(Ar) = Pica, p(F) —
Pica,/0(Q) = Pic(Aq) is injective. This shows that the pullback through Ag — Ar induces an
isomorphism on Picard groups.

Now recall that Pica, /q is isomorphic to Pics,,r Xr () as a (Q-scheme, and in particular
the map Pica, /g — Pica, /r has connected fibers. This implies that if L € Pic(Ar) pulls back
to L' € Pic?q Q then L must belong to Pich, and the isomorphism on the Picard groups then

implies the isomorphism on the Pic?.
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We can now conclude as by definition the image of a point p € Picy, /0(Q) representing the
pullback of a line bundle L € Picy, /p(F) is L itself. Then putting everything together we proved
that the pull-back along the map Ag — Ar induces an isomorphism on the Mordell-Weil groups,
which proves our claim. O

Proposition 2.10. The generic fiber of Xy, — By.n has Mordell-Weil group equal to (Z/nZ)*9.

Proof. Observe that there exists a natural map of stacks Ag 3, — Ay, which sends a p.p.a.v.
(A, \) with level 3n-structure ¢ : A[3n] = (Z/3nZ)* in the same pair (4, ) with the induced
level n-structure @4, : A[n] = (Z/nZ)*. Consider the following cartesian cube:

’
Pr
Xg,3n ? Bg,3n

e

P
Xgn By n T
Jﬂ';
Pn
w’ Xg,Sn Il Be— Ag,Sn
™
oy ¢
X, £ A
g,n g,n

The 7 maps are equivariant approximations, the ¢ maps are étale finite (see [FC90, Chap.
IV, Remark 6.2.(c)]), the p maps are families of abelian varieties. Let ¢ be the generic point of
By 3,. First we want to understand the Mordell-Weil group of the generic fiber X, 3, X Bg.sn G-
As B 3, is an open subset of a vector bundle over A, 3, the generic point of By 3, is a purely
transcendental extension of the generic point of A, 3,,. Then by Lemma 2.9 we can conclude that
the Mordell-Weil group of X, 3, X, ,, ¢ is isomorphic to the Mordell-Weil group of the generic
fiber of Xy 3, = Ag3n. As 3n is greater or equal to three he latter is torsion due to Silverberg’s
theorem.

Now we already know that the Mordell-Weil group of X, xp,,  has torsion equal to
(Z/nZ)?, and as the étale map Xg, Xp,,, ¢ = Xgn XB,,, € is an epimorphism it must also
inject into the Mordell-Weil group of X, 3, X, 5, (. The latter is torsion, so the Mordell-Weil
group of X, ,, xp, , & must be equal to (Z/nZ)%. O

g,n

Proof of theorem 2.1. any two sections U X 4,, Bgn — U X4,, Xy, that induce the same
rational point in the generic abelian variety above must be generically equal. But two maps
from an irreducible and reduced scheme to a separated scheme that are generically equal must
be the same [Stal5, Tag 0A1Y]. This, in addition to the fact that by definition there exist n29
canonical distinct sections of X, — Ay, coming from the level structure, concludes the proof
of our theorem. a

3. PRELIMINARIES ON THE PICARD GROUP OF X ,,.

Let ¢ > 2 and n > 1. In this section, we will give a partial description of the group of the
rigidified line bundles on & ,,, which allows us to prove Theorem C.

First of all, we introduce some natural line bundles on the universal abelian variety.

Definition 3.1. We will call rigidified n-roots line bundles of X,;,, — Ay, the rigidified line
bundles over X, ,, which are n-roots of the trivial line bundle Oy, , .
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10 ROBERTO FRINGUELLI AND ROBERTO PIRISI

Observe that the rigidified n-roots line bundles correspond to the sections of a substack of X’ g n
which is finite and étale over A, ,,. Over any C-point (4, A, ¢), they correspond to the n-torsion
points AY[n] of the dual abelian variety. Using the universal polarization A : X, = X/,
obtain an isomorphism between the rigidified n-roots line bundles and the the group of n-torswn
sections of X, , — Ay ,. Using the universal level n-structure @, we see immediately that this

group is isomorphic to (Z/nZ)*.

Definition 3.2. Let (4 — S, \) be a family of p.p.a.v. over S. Let A" the dual abelian scheme
and let P the rigidified Poincaré line bundle on A xg AY. Pulling back P through the map
(Ida,\): A — Axg AV, we get a rigidified line bundle on A. Since this line bundle is functorial
in S, it defines a line bundle over the universal abelian variety X, ,: we will call this sheaf
rigidified canonical line bundle Ly .

Remark 3.3. Let (4, A, ) be a C-point in A, ,,. There exists a line bundle M, unique up to
translation, over A inducing the polarization. The line bundle L£j, restricted to a (A4, A, ¢) is
equal to M? in NS(A).

Indeed, this is equivalent to showing that A(La] (4,0 @ M™2) = 0. By [MFK94, Proposition
6.1], we have that A(Lx) = 2A. Then, by definition of universal polarization, A[(4x ) = A =
A(M) from which the assertion follows immediately.

The proof of next lemma can be found in [MFK94, Proposition 6.1].

Lemma 3.4. Given a commutative diagram of schemes

X—>Y

N

where X is an abelian scheme over a connected scheme S. If, for one point s € S, f(X) is
set-theoretically a single point, then there is a section 0: S — Y such that f =0op.

Now we are going to study the image of the homomorphism (2).

Proposition 3.5. Let A be an abelian scheme over S and L a line bundle on A. Suppose
that there exists a closed point s € S such that L; = Oa, in NS(As). Then A(L) is the zero
homomorphism in Homg (A, AY).

Proof. By hypothesis A(L)s = A(Ls) is the zero homomorphism. By Lemma 3.4, A(L) factorizes
as the structure morphism A — S and a section of the dual abelian scheme. Since A is an
homomorphism of abelian schemes, it must be the zero homomorphism. O

Let (A, A, ) be a C-point of A, ,,. Consider the homomorphism
res : Pic(Xgn) /Pic(.Ag,n) — Pic(A) — NS(A)

where the first row is given by restriction and the second one is the first Chern class map. We
have the following

Proposition 3.6. For any C-point (A,\,¢) in A, ,, we have an exact sequence of abstract
groups

(3) 00— (Z/nz)" — PielXsn) [ pic(A, ) “> NS(4)

where the kernel is the group of the rigidified n-roots line bundles.
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Proof. Consider the cartesian diagram

X.q,n X‘]an

I

B.‘]v" Agv"

where B, , — Ay, is an equivariant approximation as in the Definition-Proposition 2.2. It
induces a commutative diagram of Picard groups

Pic(Xy.5) ¢—— Pic(Xy.n)

T T

Pic(By,n) «— Pic(Agpn)-

We can easily see that X, , — X, is an equivariant approximation for &} ,. In particular, in
the diagram of Picard groups, the horizontal arrows are isomorphisms (by Definition-Proposition
2.2(4)) and the vertical ones are injective.

Let s be a lifting of (A, A, ¢) over By ,,, which exists by Definition-Proposition 2.2(3). Consider
the homomorphism of groups

PicXg,n/Bg,n (Bg,n) — PicXg,n/Bg,n (S) = PIC(A) — NS(A)

where the first row is given by restriction and the second one is the first Chern class map.
Proposition 3.5 implies that the sequence of groups

0— ng,n(Bg,n) — Picx, /B, (Bgn) — NS(4)

is exact. As observed in Section 1, we can identify the abstract group Picx, /B, (Bgn) with
Pic(Xy,n)/Pic(By,n). By the diagram above, it is also isomorphic to the group Pic(X ;) /Pic(Ag.n).
The assertions about the kernel follows from the results of Section 2. O

Using this we can complete the description of the Picard group of the universal abelian variety
without level structure.

Proof of of Theorem C. By [ACGHS85, Lemma p. 359] there exists a Jacobian variety J(C)
of a smooth curve of genus g with Neron-Severi group generated by the theta divisor . We set
m the index of the map res in the Proposition 3.6 with (4, A, ¢) = (J(C),0,¢). Consider the
morphism of complexes

0 —— Pic(Ay) —— Pic(X,) —— m - NS(J(C)) —— 0

| ] |

0 —— Pic(My) —— Pic(Jy) ——2- NS(J(C)) —— 0

The top sequence is exact by Proposition 3.6 in the case n = 1. The exactness of the bottom
sequence comes from [Kou91, Theorem 1] (see also [MV14][Subsection 7]). Observe that the
last vertical map is surjective by the existence of the line bundle £, (see Remark 3.3). It must
be also injective, because otherwise we can construct a line bundle on J, which generates the
Neron-Severi of J(C'). Then m = 2 and the first assertion follows immediately. As recalled in
the introduction the first vertical is an isomorphism when g > 3, so the second assertion will
follow by the snake lemma. a
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4. THE UNIVERSAL THETA DIVISOR.
The main result of this section is the following

Theorem 4.1. Assume that g > 4. There exists a line bundle over the universal abelian variety
Xyn = Ag.n inducing the universal polarization if and only if n is even. Moreover, if it exists,
it can be chosen symmetric.

The above theorem allows us to conclude the description of the Picard group of the universal
abelian variety.

Proof of of Theorem A. As in the proof of Theorem C, we fix a Jacobian variety J(C) of a
smooth curve of genus g with Neron-Severi group generated by the theta divisor . By Proposi-
tion 3.6 with (A4, A, ¢) = (J(C), 8, ¢), it is enough to compute the index of the image of the map
Pic(Xy,,) = NS(J(C)) = Z[f]. By Remark 3.3, the subgroup generated by £ has index two in
NS(J(C)). So the theorem follows from Theorem 4.1. O

The rest of the section is devoted to prove Theorem 4.1.

Remark 4.2. The sufficient condition is well-known when A, ,, is a variety (i.e. n > 3): see
for example the survey of Grushevsky and Hulek ([GH13, Section 1]) for a good introduction,
following [Igu72]. Due to the ignorance of the authors, it is not clear if the results can be extended
to the remaining case n = 2, using the same arguments of loc. cit. For this reason, we give a
new proof of this fact, following the arguments of Shepherd-Barron in [SB08, §3.4]. Such proof
works also when 2 < g < 4.

Instead the proof of the necessary condition uses a result of Putman [Putl12], which implies
that the Hodge line bundle does not admit roots on the Picard group of A, , (modulo torsion)
when n is odd and g > 4. Anyway, by the remarks that follow [Putl2, Theorem EJ, it seems
that the same holds also in genus two and three, but we do not have any reference of this. For
this reason, in this section, we will assume g greater than three.

First we will resume some results and definitions from [SB08, §3.4].

Definition 4.3. An abelian torsor (A ~ P — S) is a projective scheme P over S which is
a torsor under an abelian scheme A — S. An abelian torsor is symmetric if the action of A
on P extends to an action of the semi-direct product A x (Z/2Z)s where (Z/27)s acts as the
involution ¢ on A. We will denote with Fizp the closed subscheme of P where i acts trivially.
Note that Fizp is a torsor under the subscheme A[2] C A of the 2-torsion points.

The (fppf) sheaf Picl, /s of line bundles, which are the numerically trivial line bundles on
each geometric fiber, is represented by the dual abelian scheme AY. In particular, an ample line
bundle M on an abelian torsor P — S defines a polarization A on A by sending a point a € A
totsMe M~ e Picp, g = AV, where t, : P — P is the translation by a.

Definition 4.4. A relative effective divisor D on the abelian torsor (A ~ P — S) is principal if
the line bundle O(D) defines a principal polarization on A. A principal symmetric abelian torsor
(p.s.a.t.) is a symmetric abelian torsor with an effective principal divisor that is symmetric, i.e.
it is i-invariant as hypersurface. A level n-structure on (A ~ P — S) is a level n-structure
¢ Aln] = (Z/nZ)% on A.

Adapting the Alexeev’s idea [Ale02] of identifying the stack of p.p.a.v with the stack of torsors
with a suitable divisor, Shepherd Barron in [SB08] proves that the stack A, is isomorphic to the
stack of principal symmetric abelian torsors (p.s.a.t). The proof works also if we add the extra
datum of the level structure, obtaining the following
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Proposition 4.5. [SB08, Proposition 2.4]. The stack Ay, is isomorphic to the stack whose
objects over a scheme S are the principal symmetric abelian torsors with level n-structure. A
morphism between two objects

(fig,h) : (AP —S,D,p)—= (A~ P — 5 D ¢)

are two cartesian diagrams

p—2.p A—f>A’

oL

s—Lls s l,g
where (f,g,h) is a morphism of abelian torsors such that ©' o f|ap) = (Id(Z/nZ)Z_q X h) o and
—1 /
g (D) =D.

Let NV, be the stack of the p.p.a.v. with a symmetric divisor defining the polarization. The
forgetful functor Ny, — Ay, is a X, ,[2]-torsor. In particular, the universal abelian variety
Xgn — Agn admits a universal symmetric divisor inducing the universal polarization if and
only if the torsor Ng,n — Ag,n admits a section. We can identify the stack Ng,n with the stack
of 4-tuples

(AP — S,D,p,x)
where (A ~ P — S, D) is p.s.a.t with a level n-structure ¢ and x is a section of Fizp — S.
A morphism between two objects is a morphism of Ay, compatible with the section of the i-
invariant locus. Using this interpretation, if we call Py, the universal abelian torsor on Ay .,
our problem is equivalent to showing that the X ,[2]-torsor Fixp,  — A, has a section.

We are now going to give another modular description of Ay ,, in terms of theta characteristics.

Definition 4.6. Let (A ~ P — S, D) be a p.s.a.t. and A : A = AV the principal polarization
induced by O(D). Let Tp be the subsheaf of Homg(A[2], u2 s) of morphisms ¢ such that

c(a)e(b)e(a + b) = e (a,b)
for any a,b € A[2]. Any morphism with this property will be called theta characteristic of the
p.s.at. (A~ P — S, D). The sheaf Tp is a torsor under the action of A[2]: b.c(a) = e3(b,a)c(a)
for a,b € A[2] and t € Tp. We will call Tp the torsor of theta characteristics of the p.s.a.t
(A~ P — S, D).

We have the following

Proposition 4.7. The stack N, is isomorphic to the stack Ty ,, which parametrizes the 4-tuples
(A~ P — S D,p,c) where (A~ P — S,D) is a p.s.a.t. over S with a level n-structure ¢ and
theta characteristic ¢ € Tp. A morphism between two objects

(f,9:0): (A~ P =8, D,p.c) = (A~ P = 8D ¢
is a morphism on A, such that ¢’ o f|apz = (Idy,, x h)oc.

First of all, we recall some preliminaries facts. Let A — S be an abelian scheme with a
symmetric line bundle. There exists a unique isomorphism ¢ : £ = *£ such that O% is the
identity. For any x € A[2](S) the isomorphism z*p : *L£ & 2*i*L = 2*L is a multiplication by
an element e“(x) of H°(S,0%) and it satisfies the following properties

(i) €£(04) = 15 and e“(z) € pa(S) for any = € A[2](9).

(ii) e£®M(x) = e£(x) - eM(x) for any = € A[2](S) and for any symmetric line bundle M.
(i) e (2) = e£(x +y) - e£(y) where t, : A — A is the traslation by y € A[2](S).
(iv) If £ is such that £2 2 04 then e(z) = ey(z, £).

€
(&
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These properties (and their proofs) are slight generalizations of the ones in [Mum66, pp. 304-305].

Proof of Proposition 4.7. To prove the proposition it is enough to show that for any p.s.a.t.
(A~ P — S, D) there exists a canonical isomorphism ¢ of A[2]-torsors between Fixzp and the
torsor of theta characteristics 7p, such that, for any morphism (f,g,h) : (A ~ P — S,D) —
(A"~ P'— S',D') in Ay, we have that ¢'(g(9)) o f|ajy) = (Id, x h) o ¢(0) for any § € Fizp.

Let (A ~ P — S,D) be a p.s.at. Let T an S-scheme and § € Fixp(T). Then we have
an isomorphism s : Ar — Pp, which sends a to ¢,(4). Since D is a symmetric divisor, the
line bundle O(D) is symmetric, i.e. there exists a canonical isomorphism O(D) = O(i~}(D)) =
i*O(D) of line bundles on P. With abuse of notation, we will denote with the same symbol the
pull-back on Pr of the line bundle O(D). The map ¢s commute with the action of the involution,
then we have a canonical isomorphism ¢;O(D) = ¢3i*O(D) = i*¢;O(D). This allows us to
define a morphism of T-schemes

Cs - AT[Q] — M2, T i
a +— csa) = e?59D)(q).
Using the properties (i), (ii), (iii), (iv) of e, we can see that ¢s is a theta characteristic. Indeed,
let a,b € Ar[2], then
(@) Y e (a,tp;0(D) 0 p0(D) ) Y elieioPIBeiO0) (q) =
W t5030(0) (g) . £230(D) 7 ().

(4)

Moreover

rO(D o)~y @) o (iv) .
(5) ePs ( )(a).e%s (D) (a) — e AT(a) = e2(a’OA¥)_1T,

—1

By (i), this implies that e#59(P)(a) = #59(P)" " (a). Observe that by (iii) we have

(6) 950D (g) = e959D) (g 4 b) - 959D (p),

Putting all together, we see that c¢s is a theta characteristic:

7 €3 (a,b) = e959P) (a4 b) - 959D (p) . £#5O0D) (g “e a+b)es(b)es(a
(7) 2@, 5 s(0)cs(a),

Such construction is compatible with the base changes 7" — T. In other words, it defines a
morphism of functors
¢ :Fiecp — Tp
o6 — Cs.
Moreover, the properties (i), (ii), (iii), (iv) imply also that c,(5)(a) = e3(b,a)cs(a) for any
a,b € Ar[2], or, in other words, that ¢ is an isomorphism of A[2]-torsors.
Indeed, by definition ¢, (5)(a) = 0D (a) for any a,b € Ap[2]. Observe that ¢y, 5y =
s oty (by an abuse of notation we have denoted with the same symbols the translation by b € A
on P and on A). In particular

®)  ePu®OP)(g) = i @iOD) (g) W) (w50D) (4 4 p) . XiOD) (5) L i 1 b)es(b).
On the other hand,
(9) ey (b, a)cs(a) = cs(a+ b)es(b)es(a)es(a) © cs(a+ b)es(b).

Showing that ¢ is an isomorphism of A[2]-torsors. The second assertion follows from the fact that
for any morphism (f,g,h) : (A~ P — S,D) = (A’ ~ P’ = §',D') we have p,5)0 f = gops. O
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Remark 4.8. Let (A ~ P — S = Spec(k), D, ¢) be a geometric point in A ,,. For any k-point

0 of Fizp, let m(d) the multiplicity of the divisor D at §. By [Mum66, Proposition 2|, we have
05(a) = (_1)m(ta(5))—m(6).

The Proposition 4.7 allows us to prove Theorem 4.1.

Proof of of Theorem 4.1.

(«=). As observed before, there exists a symmetric line bundle on X, ,, inducing the universal
polarization if and only if the morphism of stacks N, — Ay, has a section. By Proposition
4.7, the existence of such a section is equivalent to showing that there exists a universal theta
characteristic ¢ : Xy ,[2] = p2.4,,. Since n is even, the level n-structure @ induces a level
2-structure @ : Xy n[2] = (Z/22)% . Let e : (Z/22)% X (Z/2Z)% = ps.a,, the standard
symplectic pairing and 7 (resp. m2) the endomorphism which sends (2/,2”) € (Z/27Z)?9 to (2, 0)
(resp. to (0,2")). For any a € X, ,[2]|(S), consider the map a — c(a) :=e(m o ®(a), w0 B(a)).
If we show that c is a theta characteristic, we have done. More precisely, we have to show that
for any a,b € X, ,[2] the morphism c satisfies the equality

(10) e®(a,b) = c(a+ b)c(a)c(b)
Indeed, on the left hand side we have
e (a,b) e(®(a), (b)) = e(m1 0 B(a) + w5 0 B(a), m 0 B(b) + w20 B(b)) =
e(m 0 ®(a),m 0 P(b) + m3 0 B(b)) - e(m2 0 P(a), m 0 P(b) + w2 0 B(b)) =
= e(m oP(a),m 0 P(b)) - e(mz 0 P(a), 1 o B(b)).
Instead, on the right hand side
(12) B B
cla+d)c(a)e(b) = e(moP(a+b),mod(a+b))- cla)e(b)=

= e(m o P(a), 2 0 b(a+ bl) -e(my o &(b), m3 0 b(a —I—i))) - c(a)c(b)
- (c(a) e(m 0 B(a), m2 0 qs(b))) : (e(m o B(b), 12 0 B(a)) - c(b)) - e(a)e(b).

(11)

Using these two equalities and the fact that we are working on ps, the condition (10) follows
immediately.

(=) Fix n > 0. Suppose that there exists a line bundle £ on 7 : X, ,, — A, inducing the
universal polarization. Up to tensoring with a line bundle from Ay ,, we can suppose that £ is
trivial along the zero section.

Claim: The line bundle (7,.£)~! is, up to torsion, a square-root of the Hodge line bundle in the
Picard group of Ag .

Suppose that the claim holds. If n is odd and g > 4 the Hodge line bundle does not admit a
square root in Pic(A, ,,) modulo torsion (see [Putl2, Theorem E and Theorem 5.4]). Therefore
n must be even.

It remains to prove the claim. Consider the cartesian diagram

®
Xg74n ? Xgm

J/ﬂ-/ lﬂ-
¢/
Ag,4n ? Ag,n

By what we have already proved before, on X 4, there exists a rigidified symmetric line bundle
M inducing the universal polarization. By [FC90, Theorem 5.1, p.25], 7, M is a line bundle such

7
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that
(13) (T M)® = (L ()" € Pic(Ag ).

In particular (7. M)~ is, up to torsion, a square-root of the Hodge line bundle. By Corollary
3.6, we have that ¢*£L ® P = M, where P is a rigidified 4n-root line bundle. Since L (resp.
M) is relative ample over Ay, (resp. Agan), we have that mL = 7.L (resp. MM = 7, M)
(see [MFK94, Prop. 6.13(i), p. 123]. Applying the Grothendieck-Riemann-Roch theorem to the
morphism 7, we have the following equalities (in the rational Chow group of divisors of Ay 4,)
(14)

ey (mM)

el (mL(¢7L © P)) = [ch(ml (6L & P)))1 = L ([eh(6"£) ch(P) TA(R)],4.1 ) =
= (050 B (h(@L) TAQY )],y ) =
= ([eh(6" ) TAOY )], 1) = [ehin' (6" L) = 1 (76" L),

The equality between the second and third row follows from the fact that c;(P)* (for k # 0) is
a torsion element. Since A, 4, is a smooth variety, the first Chern class map ¢; : Pic(Ag 4n) —
CH'(A, 4,) is an isomorphism. This fact together with (13) and (14) implies that (7.¢*L£)~" =
(¢*m L)~ is, up to torsion, a root of the Hodge line bundle in Pic(A, 45,). Since the homomor-
phism ¢ : Pic(Agn)/Pic(Agn)Tors = Pic(Ag an)/Pic(Ag an)Tors is injective, the claim follows.

O
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