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We show that the intermediate Jacobian fibration associated to any smooth cubic
fourfold X admits a hyper-Kahler compactification J(X') with a regular Lagrangian
fibration r: J — P>. This builds upon work of Laza, Sacca and Voisin (2017),
where the result is proved for general X, as well as on the degeneration techniques
introduced in the work of Kollar, LLaza, Sacca and Voisin, and the minimal model
program. We then study some aspects of the birational geometry of J(X): for very
general X we compute the movable and nef cones of J(X'), showing that J(X) is
not birational to the twisted version of the intermediate Jacobian fibration, nor to
an OG10-type moduli space of objects in the Kuznetsov component of X; for any
smooth X we show, using normal functions, that the Mordell-Weil group MW (rr) of
the fibration is isomorphic to the integral degree-4 primitive algebraic cohomology
of X, ie MW () = H?>?(X,Z)o.
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1480 Giulia Sacca

Introduction

The geometry of smooth cubic fourfolds has ties to that of K3 surfaces and, more
generally, to that of higher-dimensional hyper-K#hler manifolds. For example, with
certain special cubic fourfolds one can associate a K3 surface via Hodge-theoretic
(Hassett [34]) or derived categorical (Kuznetsov [43]) methods. From a more geometric
perspective, given a smooth cubic fourfold X, hyper-Kihler manifolds of K3["]—type
are constructed geometrically, via parameter spaces of rational curves of certain degrees
on X (Beauville and Donagi [12] and Lehn, Lehn, Sorger and van Straten [49]), or as
moduli spaces of objects in the Kuznetsov component of X (Bayer, Lahoz, Macri, Nuer,
Perry and Stellari [6] and Lahoz, Lehn, Macri and Stellari [44]). These constructions
give rise to 20—dimensional families of polarized hyper-Kéhler manifolds, the maximal
possible dimension of families of polarized hyper-Kihler manifolds of K3["—type.
As the cubic fourfold becomes special, for example when it acquires more algebraic
classes, the geometry of these hyper-Kihler manifolds also becomes more interesting.
For example, when X has an associated K3 surface in the sense of Addington and
Thomas [2], Hassett [34], Huybrechts [37] and Kuznetsov [43], these hyper-Kéhler
manifolds become isomorphic, or birational, to moduli spaces of objects in the derived
category of the corresponding K3 surface; see Addington [1] and Bayer, Lahoz, Macri,
Nuer, Perry and Stellari [6].

Laza, Sacca and Voisin [47] constructed a Lagrangian fibered hyper-Kéhler manifold
starting from a general cubic fourfold. This hyper-Kéhler manifold is a deformation
of O’Grady’s 10—dimensional exceptional example. More precisely, let X C P> be a
smooth cubic fourfold and let wy7: Jy — U C (P°)V be the family of intermediate
Jacobians of the smooth hyperplane sections of X. This fibration was considered by
Donagi and Markman in [25], where they showed that the total space has a holomorphic
symplectic form. The main result of [47] was to construct, for general X, a smooth
projective hyper-Kihler compactification J of Jy, with a flat morphism J — (P3)V
extending 7y, and to show that this hyper-Kéhler 10—fold is deformation equivalent
to O’Grady’s 10—dimensional example. In [80], Voisin constructed a hyper-Kéhler
compactification J T of a natural Jyy—torsor J (7; , which is nontrivial for very general X .
The two hyper-Kihler manifolds J and J7 are birational over countably many hy-
persurfaces in the moduli space of cubic fourfolds. These two constructions give rise
to two 20—dimensional families of hyper-Kéhler manifolds of OG10—type, each of
which forms an open subset of a codimension-two locus inside the moduli space of
hyper-K#hler manifolds in this deformation class.
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Birational geometry of the intermediate Jacobian fibration 1481

If one wishes to study the geometry of these hyper-Kihler manifolds as the cubic
fourfold becomes special, a first step is to check if a hyper-Kihler compactification of
the fibration Jiy — U can be constructed for an arbitrary smooth cubic fourfold. The
starting result of this paper is that this can indeed be done.

Theorem 1 (Theorem 1.6) Let X C P> be a smooth cubic fourfold, and let
ny:Jy — U C (P)Y

be the Donagi—Markman fibration. There exists a smooth projective hyper-Kéhler
compactification J of Jy with a morphism : J — (P>)Y extending my.

The same techniques also give the existence of a Lagrangian fibered hyper-Kéhler
compactification for the nontrivial Jy—torsor Jg — U of [80] for any smooth X’; see
Remark 1.14. Moreover, with little extra work, the theorem is proved also for mildly
singular cubic fourfolds such as, for example, cubic fourfolds with a simple node; see
Proposition 1.17. For a general cubic fourfolds with one node, the existence of such a
Lagrangian fibered hyper-Kihler manifold provides a positive answer to a question of
Beauville [11]; see Remark 1.18.

We should point out that as a consequence of the “finite monodromy implies smooth
filling” results of Kollar, Laza, Sacca and Voisin [41], we prove in Proposition 1.5 that
Jy admits projective birational model that is hyper-Kéhler. Theorem 1 shows that
there exists a hyper-Kédhler model with a Lagrangian fibration extending 7ys.

There are several ingredients in the construction of the hyper-Kéhler compactification
of [47]: a cycle-theoretic construction of the holomorphic symplectic form, the problem
of the existence of so-called very good lines for any hyperplane section of X, a
smoothness criterion for relative compactified Prym varieties, the independence of the
compactification from the choice of a very good line. Here we have pursued a different
direction, and instead rely on the existence of a hyper-K#hler compactification for
general X, use the degeneration techniques introduced in [41], and implement some
results from birational geometry and the minimal model program, following Kollar [40]
and Lai [45]. One advantage of our method is that it opens the door to using birational
geometry to compactify Lagrangian fibrations.

The second result of this paper is concerned with the hyper-Kéihler birational geometry
of J. We show that the relative theta divisor ® of the fibration is a prime exceptional
divisor and that for general X it can be contracted after a Mukai flop.
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1482 Giulia Sacca

Theorem 2 (Theorem 4.1) Let g be the Beauville—-Bogomolov form on H 2(] 7).
The relative theta divisor ® C J is a prime exceptional divisor with q(®) = —2. For
very general X, there is a unique other hyper-Kéhler birational model of J, denoted
by N, which is the Mukai flop p: J --> N of J along the image of the zero section. N
admits a divisorial contraction h: N — N, which contracts the proper transform of ©
onto an 8—dimensional variety which is birational to the LLSv 8—fold Z(X).

Thus, for very general X, J is the unique hyper-Kihler birational model with a
Lagrangian fibration, it is not birational to J T (Corollary 3.10), and its movable cone is
the union of its nef cone and the nef cone of N. This answers a question by Voisin [80].
As a consequence of this theorem we show that for very general X', J is not birational to
a moduli spaces of objects in the Kuznetsov component Ku(X') of X'; see Corollary 4.2.
In the opposite direction, it was recently proved by Li, Pertusi and Zhao [51] that
the twisted hyper-Kihler manifold J7 is birational to a moduli space of objects of
OG10-type in Ku(X'). By objects of OG10-type, we mean objects whose Mukai vector
is of the form 2w, with w? = 2. As a consequence, the family of intermediate Jacobian
fibrations is the only known family of hyper-Kéhler manifolds associated with cubic
fourfolds whose very general point cannot be described as a moduli space of objects in
the Kuznetsov component of X.

Given J = J(X), ahyper-Kéhler compactification of the intermediate Jacobian fibration
for any smooth cubic fourfold X, a natural question to ask is how the geometry of J
changes as X becomes less general. One way to answer this question is the following
theorem, describing the Mordell-Weil group of 7 in terms of the primitive algebraic
cohomology of X. In Section 5 we prove:

Theorem 3 (Theorem 5.1) Let MW (ir) be the Mordell-Weil group of w: J — P>,
ie the group of rational sections of i, and let H***(X,7Z), be the primitive degree-4
integral cohomology of X . The natural group homomorphism

¢x: H>*(X. 7)o > MW(x)
induced by the Abel-Jacobi map is an isomorphism.
The proof of this result uses the theory of normal functions, as developed by Griffiths
and Zucker, as well as the techniques used by Voisin to prove the integral Hodge

conjecture for cubic fourfolds. A consequence of this is a geometric description of the
Lagrangian fibered hyper-Kéhler manifolds with maximal Mordell-Weil rank, whose
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existence was proved by Oguiso in [64]: indeed, Oguiso’s examples are (birationally)
given by J = J(X) — P>, where X is a smooth cubic fourfold with H?2(X, Z) of
maximal rank.

Plan of the paper

In Section 1 we prove the existence of a hyper-Kéhler compactification for Jyy and
for J 5, in the case of any smooth, or mildly singular, X. This uses some results
from the minimal model program, which are briefly recalled. In Section 2 we review
some basic results about moduli spaces of OG10-type and we compute, using the
Bayer—Macri techniques adapted to these singular moduli spaces by Meachan and
Zhang [58], the nef and movable cones of certain moduli spaces of OG10—type that
appear as limits of the intermediate Jacobian fibration. The main result of Section 3
is the computation that ¢g(®) = —2. Section 4 is devoted to the proof of Theorem 2
and its preparation: Given a family of cubic fourfolds degenerating to the chordal
cubic, we construct a certain degeneration of the intermediate Jacobian fibration and
identify the limit of the corresponding degeneration of the relative Theta divisor. By
the results of Section 2, the limiting theta divisor can be contracted after a Mukai flop
of the zero section and we deduce the analogous result for ®. The computation of the
Mordell-Weil group occupies Section 5.

Finally, in the appendix by C Voisin, some applications to the Beauville conjecture on
the polynomial relations in the Chow group of a projective hyper-Kihler manifold are
given for J = J(X), in the case of very general J of Picard number 2 or 3. This is
obtained as an application of the computation of ¢(®) = —2 from Theorem 2.
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1484 Giulia Sacca

1 A hyper-Kihler compactification of the intermediate
Jacobian fibration for any smooth cubic fourfold

We denote by X C P> a smooth cubic fourfold, by (P3)V the dual projective space
parametrizing hyperplane sections Y = X N H C X, and by U C (P3)V the open subset
parametrizing smooth hyperplane sections. The dual hypersurface of X, parametrizing
singular hyperplane sections, is denoted by XV C (IP>)V. Its smooth locus

Uy := (P?)¥\ Sing(XY) C (P°)"

parametrizes hyperplane sections of X that are smooth or have one simple node and
no other singularities. In what follows, we freely drop the ¥ from (P°)V and write
simply 3. From the context it will be clear if we are referring to the projective space
parametrizing hyperplane sections of X or the projective space containing X . For a
smooth cubic threefold Y, the Griffiths intermediate Jacobian of Y will be denoted by

Jac(Y) = H'(Y, Q%)Y /H3(Y, Z).

It is a principally polarized abelian fivefold which parametrizes rational equivalence
classes of homologically trivial 1—cycles on Y [79, Theorem 6.24].

Over U consider the Donagi—-Markman fibration
(1-1) ny:Ju =Ju(X)—U,

whose fiber over a smooth hyperplane section Y = X N H is the intermediate Jacobian
Jac(Y'). By [25], Jy is quasiprojective and admits a holomorphic symplectic form o,
with respect to which 7y is Lagrangian. The main result of [47] is the following
theorem.

Theorem 1.1 [47] Let X be a general cubic fourfold. Then there exists a smooth
projective compactification J = J(X) of Jy, with a flat morphism : J — (P3)V
extending wy, which has irreducible fibers and which admits a rational zero section
s: (P3)Y --» J. Moreover, J is an irreducible holomorphic symplectic manifold,
deformation equivalent to O’Grady’s 10—dimensional exceptional example.

We will say that X is general in the sense of LSV if the construction of [47] works for
Jy(X), and we refer to J = J(X) as in Theorem 1.1 as the LSV fibration. A necessary
condition for this to happen is that the hyperplane sections of X are palindromic;
see [17]. For example, a cubic fourfold containing a plane is not general in the sense
of LSV.

Geometry & Topology, Volume 27 (2023)
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To extend the theorem above for any X', we use the existence of a hyper-Kéhler compact-
ification for general X, the cycle-theoretic description of the holomorphic symplectic
form that was given in [47], the degeneration results from [41], and techniques from
the minimal model program, following [40; 45]. We start by recalling the construction
of a natural partial compactification of Jy;, which already appeared in [25; 47].

Lemma 1.2 [25; 47] For any smooth X, there is a canonical partial compactification
Ju, = Ju,(X) of Jy, with a projective morphism ny, : Jy, — U; with irreducible
fibers extending myy. This Jy, is smooth and has a holomorphic symplectic form o Ju,
extending oy, .

Proof This is already proved in [25, Section 8.5.2 and Theorem 8.18]. Alternatively,
one can use [23, Corollary 2.38], and [47, Definitions 2.2 and 2.9, Proposition 1.4 and
Lemma 5.2]. O

Before giving an application of the cycle-theoretic construction of the holomorphic
symplectic form [47, Section 1], we recall the definition of symplectic variety.

Definition 1.3 A normal projective variety M is called symplectic if its smooth locus
carries a holomorphic symplectic form which extends to a regular (ie holomorphic)
form on any resolution of singularities of M.

Lemma 1.4 Let J be a normal projective compactification of Jy;. Then:

(1) The smooth locus of J admits a holomorphic two-form extending oj,,. In
particular, the canonical class K y of J is effective and is trivial if and only if
J is a symplectic variety.

2) J is not uniruled.
Proof (1) The first statement is [47, Theorem 1.2(iii)], while the second follows

from the fact that the canonical class of J is the (closure of the) codimension-one locus
where the generically nondegenerate holomorphic two-form is degenerate.

(2) Let J — J be a resolution of singularities. By (1), J has effective canonical class
and thus by [59] it is not uniruled. O

The following is an application of the degeneration techniques of [41].
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Proposition 1.5 Let X be a smooth cubic fourfold and let Jy = Jy(X) be as above.
Then there exists a smooth projective hyper-Kédhler manifold M birational to Jy and
of OG10-type.

Proof Let X — A be a family of smooth cubic fourfolds with Xy = X. Here A is
an open affine subset of a smooth projective curve, or a small disk. We will use the
notation ¢ = 0 to denote a chosen special point in A, and ¢ # 0 to denote any other
point. Up to restricting A if necessary, assume that for ¢ # 0, X is general in the sense
of LSV. By [47, Proposition 2.10], we can assume that for any ¢ # 0 all the hyperplane
sections of X; admit a very good line; see [47, Definition 2.9]. Consider the open set
V= (P°)¥ x A\ Sing(Xy) x {0}, so that V; = (P°)V for 1 # 0 and Vo = Uy x {0}
parametrizes the hyperplane sections of Xy = X that have at most one nodal point and
no other singularities. The construction of [47, Section 5] can be carried out in families,
yielding a projective morphism
Ty =V,

which is fibered in compactified Prym varieties and is such that, denoting by J; the
fiber of the induced smooth quasiprojective morphism 7, — A for ¢ # 0, J; is the
LSV fibration J(X;), and Jy = Jy,(X). Let J — A be a projective morphism
extending 7,y — A. The central fiber J has a multiplicity-one component which
contains Jy, as dense open subset. By Lemma 1.4, this component is not uniruled.
By [41, Corollary 5.2] there is a birational model M of Jy, (X) that is a hyper-Kihler
manifold, deformation equivalent to the smooth fibers J; = J(X}), for t # 0. |

By [57], given a hyper-Kéhler manifold M with a Lagrangian fibration v: M — P”,
the locus inside Def(M) where the Lagrangian fibration deforms is an open subset of
the hypersurface where the class 7*O(1) stays of type (1, 1). However, this fact alone
is not enough to imply the existence of a hyper-Kiahler compactification of Jy, for any
smooth X.

This is what we prove in the following theorem, whose proof uses the mmp following
Kollar [40, Section 8] and Lai [45]. In Section 1.1 we will recall some basic facts about
the mmp that are needed in the proof of Theorems 1.6 and 1.19. We refer to [42] and
to [32] for the basic definitions and fundamental results.

Theorem 1.6 For any smooth cubic fourfold X, there exists a smooth projective
hyper-Kéhler compactification J = J(X) of Jy(X), with a projective flat morphism
w:J — P3 extending 7y .

Geometry & Topology, Volume 27 (2023)
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Proof Let J — P be any normal projective compactification of J u, with a regular
morphism 7: J — P°. By Lemma 1.4, there is a holomorphic two-form & on the
smooth locus of J extending o Ju, > the canonical class K 5 > 0 is effective, and K 7 =0
if and only if J is a symplectic variety. Since K 7 is supported on the complement
of Jy,, codim 7 (Supp(K 7)) > 2. By definition [40, Definition 7], this means that K 7
is m—exceptional, if it is nontrivial. If this is the case, then by [61, III 5.1] (see also
[45, Lemma 2.10]), K 5 is not 7—nef. More precisely, there is a component of Ky that
is covered by curves that are contracted by 7 and that intersect K y negatively.

Let J — P be a smooth projective compactification of Jy, admitting a regular
morphism 7 : J — PS5, and let K 7 be its canonical class. If the effective divisor K 5
is not trivial, we use the mmp to contract Supp(K ) relatively to P5. Let H be a
m—ample Q—divisor such that the pair (J, H) is kIt and K 7 + H is relatively big and
nef. The mmp with scaling over P> (see Section 1.1 below) produces a sequence of
birational maps

(1—2) f: JO _1/£O> Jl lp_l)...__) Jl _1/,_[)...

over P3 —ie there are projective morphisms 7;: J — P° such that 7y = 7 and
T =T 0 W,-_l —and a nonincreasing sequence of nonnegative rational numbers
to=1>t;>...t; =--- >0, with the following properties:

(1) Foreveryi >0, Ky, +1; H; is m;—big and m;—nef.

(2) Foreveryi >0, J; is a Q—factorial terminal compactification of Jy, . The fact
that the birational morphisms v/; are isomorphisms away from Jy, follows from
the fact that the K j,—negative rays of the mmp correspond to rational curves
that are contained in the support of K ;.. Thus, by Lemma 1.4, the smooth locus
of J; carries a holomorphic two-form o; extending o Ju, -

(3) Ky, is effective and, if not trivial, it has a component covered by K ;. —negative
curves which are contracted by ;.

(4) The process stops if and only if there exists an i such that Ky, is ;—nef. This
holds if and only if K, = 0.

The number of irreducible components of the support of K, is nonincreasing, since
the birational maps of the mmp extract no divisors. In fact, we claim that this number
is eventually strictly decreasing. By (4) above, this happens if and only if the process
eventually stops. Suppose that this is not the case. Then by Lemma 1.13, lim#; = 0.
Recall, as already observed, that if K, = 0, then there exists a component that is
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covered by K —negative curves that are contracted by ;. Since we are assuming
that lim#; = 0, this implies that for i > 0, #; is small enough that this component is
contained in the relative stable base locus B((K s, +; Hy)/P?). Since by Lemma 1.12,
the divisorial components of B((K j, + #; Hy) /P3) are contracted by J; —-> J;, it
follows that for i >> 0, the number of irreducible components of the effective divisor K j,
is strictly less than the number of components of K j, . Thus, the claim is proved and
for some i >> 0, the process gives a model with K7, = 0. By Lemma 1.4, J:=Jjisa
Q-—factorial terminal symplectic compactification of Jy, . Finally, by Proposition 1.7
below, J is smooth and the theorem is proved. O

Proposition 1.7 (Greb-Lehn—Rollenske) Let M be a Q—factorial terminal symplec-
tic variety. Suppose that M is birational to a smooth hyper-Khler manifold M . Then
M is smooth.

Proof This is [29, Proposition 6.5]. O

Remark 1.8 The techniques used to prove the theorem above can be applied to
similar contexts to give Q—factorial terminal symplectic compactifications of other
quasiprojective Lagrangian fibrations. We plan to come back to this in upcoming work.

As a consequence of Theorem 1.19 below, we will give a slightly stronger version of the
theorem just proved (see Remark 1.20) showing that, given a family of smooth cubic
fourfolds whose general fiber is general in the sense of [47], then up to a base change
and birational transformations, the corresponding family of LSV intermediate Jacobian
fibrations can be filled with a Lagrangian fibered smooth projective hyper-Kéhler
compactification of the Donagi—-Markman fibration of the limiting cubic fourfold.

Another approach to Theorem 1 would be to show that the rational map M --> P>
induced by the birational map ¢: M --> Jy, of Proposition 1.5 is almost holomorphic
[56, Definition 1]. By [56] this would imply the existence of a birational hyper-Kihler
model of M with a regular morphism to 3. It seems, however, that controlling the
mmp of Proposition 1.5 to ensure that M --> P> is almost holomorphic is not too far
from running the relative mmp as in the proof of Theorem 1.6.

Given a smooth cubic fourfold X, we will refer to both the Donagi—Markman fibration
Jy and to any hyper-Kihler compactification J of Jy as in Theorem 1.6, as the
intermediate Jacobian fibration. Hopefully, it will be clear from the context which one
we are referring to.
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Remark 1.9 Unlike the compactification of [47], the proof of Theorem 1.6 is not
constructive and, for a given X, the hyper-Kihler compactification that we show to
exist may not be unique. We will return to this question in Section 4.

1.1 The mmp with scaling

In this subsection we recall some basic tools and known results from the minimal model
program (mmp) that are used to prove Theorems 1.6 and 1.19. For the basic notions
and the fundamental results we refer to [42] and [32]. In this section, by divisor we
will mean a Q—divisor.

Let M be a normal Q—factorial variety with a projective morphism 7: M — B to
a normal quasiprojective variety B. Let A be an effective divisor on M and let H
be a general divisor on M that is ample (or big) over B. We assume that the pair
(M, A+ H) is kIt and that K3y + A + H is nef over B.

The mmp with scaling of H [32, Section 5.E] produces a sequence of birational maps
Vit M; --> M;q over B, such that My = M, Aj+1 = (Vi) «Ai, Hip1 = (Wi)« Hi
and ; is the flip or the divisorial contraction for a (Kps, + A;)-negative relative
extremal ray R; over B. We let r; be the induced regular morphism M; — B. The
sequence is defined inductively in the following way. Let

ti =inf{t > 0| Kps, + A; + tH; is nef over Bj}.

If t; = 0, then Ky, + A; is nef over B and the process stops. Otherwise, there is a
0 < ¢’ <t; such that Ky, + A + t' H; is not nef over B. By the cone theorem (see
[42, Chapter 3] or [32, Theorem 5.4]) Kps, + A; + £; H; is nef over B and there exists
a (Kpr; + Aj)—negative extremal ray R; over B such that (Kpy, + A; +1; H;) - R; = 0.

Let ¢;: M; — Z; be the extremal contraction over B associated to R;, which exists by
the “contraction” part of the cone theorem [32, (5.4.3)—(5.4.4)]. If dim Z; < dim M;,
then ¢; is a Mori fiber space and we stop. If ¢; is not a Mori fiber space then it is either
a divisorial or flipping contraction. In the first case, we let M;; = Z; and ¥; = ¢;.
In second case, we let v/; : M; --> M, be the (Kpg, + A; + ¢ H;)—flip (which exists
by [32, Corollary 5.73]). By construction, v; extracts no divisors, meaning that y;~ !
contracts no divisors.

By the contraction part of the cone theorem, the divisor Kps;  , + Ajy1 + i Hitq is
nef over B. The pair (M;, A;j4+1 + ¢ Hi+1) is kit (see [42, Corollaries 3.42-3.44]) and
M; is Q—factorial (see [42, Corollary 3.18]). If A = 0 and M is terminal, then so
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is M;. As long as Kpy, + A; is not w;—nef, 7; 11 is nonzero and A; 11 +#; H; 11 is big
over B. Thus we can keep going, producing a nonincreasing sequence #; > t; 41 > +--
of nonnegative rational numbers and a sequence of birational maps v;: M; --> M4
over B. The process stops if there exists an N such that cy: My — Zy is a Mori
fiber space over B or such that Kps,, + Ay is nef over B. Otherwise, the sequence is
infinite.

The pair (M;, A; + t; H;) is a log terminal model (Itm) for (M, A +t; H) over B; see
Definition 5.29 and Lemma 5.31 of [32]. We will need the following lemmas:

Lemma 1.10 Foranyi > j, let y;j: M; --> M; be the induced birational morphism
over B. Then y;; is not an isomorphism.

Proof This is [32, Lemma 5.62]. O

Lemma 1.11 [32, Exercise 5.10] Let (M, A) be a kit pair as above and suppose that
A is big over B and that Kjr + A is nef over B. Then Kps + A is semiample over B,
ie there exists a projective morphism f: M — Z over B and an ample divisor L on B
such that Kpr + A ~qQ,B f*L.

Proof Since A is big over B, we can write A ~g g A+ C, where 4 is ample over B
and C > 0. Choose an 0 < € < 1 such that (M, A’) is klt, where A’ = (1 —€)A +€C.
Then

(Kp+A)—(Kpy +A)=€4

is ample over B. By the basepoint-free theorem (see eg [32, Theorem 5.1]), Kps + A
is semiample over B. a

Lemma 1.12 Let the notation be as above and for any i > 0, let ¢;: M --> M;
be the induced birational map over B. Then the divisors contracted by ¢; are the
divisorial components of B((Kps, + A; + t; H;)/ B), the stable base locus over B;
cf [32, Section 2.E]. Similarly, ¥;; : Mj --> M; contracts the divisorial components of
B((Kp; +Aj + 14 Hj)/B).

Proof Since (M;, A; +1t; H;) is klt, A; + 1; H; is big over B, and Kps, + A; +1; H;
is nef over B, by the lemma above, Ky, + A; +1; H; is semiample over B.

Let W be a smooth birational model resolving ¢;, and let p and ¢ be the induced
birational morphisms to M and M;. By [32, Lemma 5.31] the pair (M;, A; +¢t; H;) is
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a log terminal model for (M, A + ¢; H) over B; see [32, Definition 5.29]. Thus,
(1-3) p*(KM+A+tiH)=q*(KMi+Ai+ZiHj)+E,
where
E=) (a(F:M.A+t;H)—a(F: M;, A; + 1; H))F
F

is an effective g—exceptional divisor whose support contains the divisors contracted
by ¢;. Since

p~'B((Knp + A+ H)/B) =B(p*(Ky + A +1;H)/B)
=B(¢"(Km; +Ai +1: H) + E/B)
= Supp(E),
the first statement follows. The second statement is proved in the same way, since by

[32, Lemma 5.31], the pair (M;, A;+t; H;) is alog terminal model for (M;, A; +t; Hj)
over B and hence the equivalent of (1-3) holds. O

Lemma 1.13 Let the notation be as above. If the mmp with scaling does not terminate,
then

lim # =0.

1—>00
Proof This is [26, Proposition 3.2]. The only difference is the relative setting, but the
proof is the same: Suppose the mmp does not terminate and that lim#; = 7, > 0. By
[13, Theorem E] there are finitely many log terminal models of (M, A + (to0c +¢) H),
with ¢ € [0, 1 — t5]. We have already observed that (M;, A; + ¢; H;) is an ltm for
(M, A+t; H)y= (M, A+too H+ (ti —to0) H)) over B. Thus, if the sequence is infinite
there are integers i > j such that the birational map M; --> M; is an isomorphism.
This gives a contradiction with Lemma 1.10 above. |

1.2 Variants

In this section we give some variants of the results of the previous section. First we notice
that the compactification result of Theorem 1.6 holds also for the twisted intermediate
Jacobian fibration; see Remark 1.14. Then we consider the case of the intermediate
Jacobian fibration associated to a mildly singular cubic fourfold; see Proposition 1.15
and Remark 1.16. We then give a slightly stronger version of Theorem 1.6, in that we
show that the Lagrangian fibered hyper-Kéhler compactification works in families; see
Proposition 1.17 and Theorem 1.19. As an application, we give a positive answer to a
question of Beauville; see Remark 1.18.
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Remark 1.14 (the twisted case) In [80], Voisin constructed a nontrivial Jg—torsor
J 5 — U defined from a class in H!(U, Jy[3]), where J is the sheaf of holomorphic
sections of Jy — U and where Jy[3] C Jy is the sheaf of 3—torsion points. The
nontriviality (for very general X) of this class corresponds to the nonexistence, for the
universal family of hyperplanes sections of X, of a relative one-cycle of degree one. The
main result of the paper is to produce, for general X, a hyper-Kéhler compactification
JT = JT(X) with Lagrangian fibration to P> extending J 5 — U. This builds on the
compactification of [47]. We will refer to this hyper-Kihler manifold as the twisted
intermediate Jacobian fibration. This hyper-Kéhler manifold is deformation equivalent
to the nontwisted version J(X), as they agree as soon as X has a two-cycle which
restricts to a one-cycle of degree one or two on its hyperplane sections. Lemma 1.4,
Proposition 1.5 and Theorem 1.6 work the same for the nontrivial torsor J 5 — U, giving
a Lagrangian fibered hyper-Kihler JT = JT (X) for every smooth X . In Section 4.1
we will return to the twisted intermediate Jacobian fibration and in Corollary 3.10 we
prove that for very general X these two fibrations are not birational and that on J
there is a unique isotropic class in the movable cone of J. This fact will be used in the
appendix.

Finally, we show that the Lagrangian fibered hyper-Kihler compactification exists
generically also over Cg, the divisor in the moduli space of cubic fourfolds whose
general point parametrizes cubics with one 4 singularity. The following proposition is
an adaptation of [47, Section 2] to the case of a cubic fourfold with mild singularities.

Proposition 1.15 Let X, C P> be a cubic fourfold with one simple node o € X, and
no other singularities. Let U C P> be the open locus parametrizing smooth hyperplane
sections, and let ny : Jy = Jy(Xo) — U be the Donagi—Markman fibration. Then
there exists a holomorphic symplectic form oy on Jy7, which extends to a holomorphic
two-form on any smooth projective compactification. As a consequence, Lemma 1.4
holds for Jy, namely any projective compactification of Jy has smooth locus admitting
a generically nondegenerate holomorphic two-form extending oys, and is not uniruled.
Similarly, for the twisted intermediate Jacobian, J. 5 =J 5 (Xo).

Proof Let X, (resp. P3) be the blowup of X (resp. P>) at the point 0. Let E C P3 be
the exceptional divisor. Projection from o determines an isomorphism Xo =~ BL sP4,
where S is the (2, 3) complete intersection in P3 parametrizing lines in X; by o. The
surface S is a smooth K3 surface and thus H l(f 0s Q}O) is one-dimensional; let n
be a generator. The same argument as in [47, Theorem 1.2 ] shows that 7 induces
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a holomorphic two-form o on Jy, with respect to which the fibers of Jyy — U are
isotropic. To show that o is nondegenerate, it suffices to show that for any smooth
hyperplane section Y (which in particular does not pass by the point 0), the map

(1-4) Tiy)U = H(Y, 0y (1)) > H'(Y.Q}) = H'(Jy. Q)

induced by o, via the fact that the fibers of Jyy — U are isotropic, is an isomorphism.
By [47, Theorem 1.2(ii)], this map is given by the cup product with a class ny €
H'(Y, 92( 1)) defined in the following way: let ny € H'(Y, (93 )|Y) be the
restriction of 7 to Y. Since H' (Y, Q3 y) = 0, the exact sequence

0—>92(—1)—>(Q~)|Y—>Q;—>0

implies that ny lifts to a class ny € H 1(SZ (—1)). By Griffiths residue theory
[47, Lemma 1.7], H'(Q%}(—1)) is one-dimensional and cup product with any nonzero
element induces an isomorphism H°(Y, Oy (1)) — H (Y, Q2 3); more precisely, using
the canonical isomorphism 2 y(=1) = Ty (3), this space is spanned by the class
of the nontrivial extension 0 — Ty — (Tp4)jy — Oy(—3) — 0. It follows that
to show that (1-4) is an isomorphism, we only need to show that ny # 0, which
amounts to showing that 1y # 0. Under the isomorphism 93 %= Ty ( 3)(2E),
the class of a generator of H! (Xo, 93 ) corresponds to the class of the extension
0— Ty — (T; 5)|X - 0503)(— 2E) — 0. Restricting to Y and considering the
tangent bundle sequence for Y in P4, we get the diagram of short exact sequences

0 —— Tg)y — (Tps))y — O0y(3) —— 0

I

0 Ty (T]P’4)|Y — 0y(3)—— 0

where the first two vertical arrows are injective. The extension class of the first row is
1y and the second row is nonsplit, as we already observed. Since coker(a) = Oy (1),
we have Hom(Oy (3), coker(«)) = 0. Thus any splitting of the first row would induce
a splitting of the second row, giving a contraction. O

Remark 1.16 Proposition 1.15 holds, more generally, for any cubic fourfold with
isolated singularities, as long as a general one-parameter smoothing of it has finite
monodromy. This corresponds to the K3 surface S of lines through one of the singular
points having canonical singularities. The case of the degeneration to the chordal
cubic [34], which has finite monodromy but central fiber with 2—dimensional singular
locus, will be discussed at length in Section 4.2.
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Proposition 1.17 Let X, C P> be as in Proposition 1.15 (or as in Remark 1.16) and let
ny . Juy — U be the corresponding intermediate Jacobian fibration. Then there exists a
hyper-Kiihler compactification J = J(Xy) of Jy, with a regular flat morphism to (P>)V
extending wy. Moreover, if X — A is a general family of smooth cubic fourfolds
degenerating to Xy, then up to a base change, there exists a family of Lagrangian
fibered hyper-Kéhler manifolds

j—>P2—>A

such that fort # 0, J; = J(X}) is the LSV compactification and, fort =0, Jy is a
hyper-Kahler compactification of Jy = Jy(Xy). Similarly, the analogous statement
holds for the twisted intermediate Jacobian.

Proof By Proposition 1.15 above, Jyy has a holomorphic symplectic form that extends
to a regular form on any smooth projective compactification. As in Lemma 1.4, it
follows that Jy is not uniruled. Let X — A be a family of smooth cubic fourfolds
degenerating to Xy = X with the property that for ¢ # 0, X is general in the sense of
LSV. As in the beginning of Theorem 1.6, let 7,y — V be such that the fiber over ¢ # 0
of 7,y — A is the LSV compactification J(X;) and, over t =0, is Jy — U. We are
thus in the position of applying Theorem 1.19 below, which proves the proposition. O

A consequence of this proposition is a positive answer to a question of Beauville [11],
as explained in the following remark.

Remark 1.18 Given a smooth cubic threefold Y, let £ C Y be a line. In [9; 26] it is
shown that the moduli space of Ulrich bundles on Y with rank 2, ¢c; = 0 and ¢, = 2£ is
birational to the intermediate Jacobian of Y'; more precisely, it can be identified with the
blowup of the intermediate Jacobian fibration along the Fano surface. Now let X be
cubic fourfold with one simple node and let S C P* be the (2, 3) complete intersection
K3 surface parametrizing lines through the singular point of Xy. Consider the Mukai
vector v =2v9 =2(1,0,—1) € H*(S, Z) and let ]\221,0 (S) be the symplectic resolution
of the singular moduli space of OG10-type; cf Section 2.

By considering the relative moduli spaces of Ulrich bundles supported on the five-
dimensional family of cubic threefolds containing S and by restricting the bundles
to S, Beauville [11, Section 5, Example d = 3] shows that there is a birational map
Ju --> My(S). This induces a rational map My, (S) --> P, and Beauville asks
whether there exists a hyper-Kéhler manifold birational to M, (S) which admits a
regular morphism to P°. Proposition 1.17 thus gives a positive answer to this question.
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The proof of the proposition above relies on the following theorem, which is the
Lagrangian fibration analogue of results from [41, Theorem 2.1 and Corollary 5.2].
Theorem 1.19 will be used also in Section 4 for the proof of Proposition 4.5 (and thus
also of Theorem 4.1). As usual, A is an open affine subset of a smooth curve, or a
small analytic disk. In both cases, we keep the notation ¢ = 0 to denote a chosen special
point in A, and ¢ # 0 to denote any other point.

Theorem 1.19 Let f~ : J — A be a projective degeneration of hyper-Kihler manifolds
of dimension 2n. Suppose that there is a commutative diagram

~
J —— P}

N

A

where 7 — IPX is a projective fibration such that fort # 0, J; — P}’ is a Lagrangian
fibration. Assume that the central fiber 7o = Yo+ ;< m;Y; has a reduced component
Yo which is not uniruled. Suppose, furthermore, that there is an open subset of
Yo \ Ui>1(Yi N'Yp) such that the morphism to P{ is a fibration Jy, — Uy C P in
abelian varieties. Then:

(1) There exists a projective degeneration f_ : J — A of hyper-Kihler manifolds
such that

(a) J is Q—factorial, terminal and isomorphic to J over A*,

(b) the central fiber J  is a reduced, irreducible, and a normal symplectic variety
with canonical singularities and admitting a symplectic resolution, and

(c) there is a relative Lagrangian fibration 7: J — PR compatible, via the
birational map J --> J, with & and such that, up to restricting the open set
Uy C P%, the morphism J o — P’ extends the abelian fibration Jy, — Uy.

(2) Up to a base change A’ — A, there exists a (not necessarily projective) family
J — A of hyper-Kihler manifolds, with a birational morphism J — J ! =
J xas A over A, which is an isomorphism away from the central fiber and in
the central fiber is a symplectic resolution of 7. Moreover, J has a family of
Lagrangian fibrations 7" 7 — P}, compatible with the base change of 7.

Proof The proof follows ideas from [75; 40; 41]. Up to passing to a log resolution
of the pair (j (70), we can assume that jo =Yy+ Zf;l m;Y; is a normal crossing
divisor. By [41, Theorem 2.1 and Corollary 5.2], running the mmp over A contracts the
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components Y; for i > 1, and yields a birational model of J with an irreducible central
fiber which is a symplectic variety. In particular, Y} is the unique component of Jo
that is not uniruled; cf [41, Remark 2.2]. To prove the theorem we only need to show
that the birational maps required to contract the other components can be preformed
relatively to PX and, furthermore, that they induce isomorphism away from ( J;>, ¥;.
This is to ensure that the central fiber has a Lagrangian fibration extending Jy, — Uy
(maybe up to restricting the open subset Uy C P).

The canonical class K 7 is trivial over A*, so it is f —equivalent to a divisor of the form
Zf:o a}Y;. Following [75, Section 2.3, point (1)] we set r = mina;/m;, so!

k
Kz =q.a ZaiYi,
i=0

where a; = a;- —rm; > 0 are nonnegative rational numbers and a; = 0 for at least
onei. Let J ¢ {0,1,...,k} be the set of indices such that a; > 0 and let J€ be its
complement. By [75, Proposition 5.1]:

(1) For every j € J, the irreducible component Y; is uniruled.

(2) If |J€| = 2, then for every j € J¢, the irreducible component Y is uniruled.

Since Y is not uniruled, it follows that J = {1, ..., k} and thus
k
K>=qz Y _a;Y;. with a; >0.
i=1

By assumption, for every i > 1, the closed subset Yo N ¥; is in the complement of Jy,
and, since the fibers of j 0 — IP’Z are connected, it follows that the induced map
Y; — P is not dominant. Thus, the codimension of 77 (Y;) in P} is greater or equal
to two. In other words, Y; is T—exceptional.

We are in the same setting of Theorem 1.6, namely a projective morphism from a
smooth quasiprojective variety with a canonical class that is relatively Q-linearly
equivalent to an effective divisor all of whose components are relatively exceptional.
We can thus argue as in the proof of Theorem 1.6, running the mmp over PX with
scaling of an ample divisor in order to contract each of the Y;, for i > 1. This yields a
birational map j --» J over P”  where J — A has irreducible fibers and the fibration

For a projective morphism f: A — B and two Q—Cartier divisors D and D’ on A, we write D =q.p D’

orD~q, r D' if and only if D and D’ are Q-linearly equivalent up to the pullback of a Q—Cartier divisor
from B.
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T — PX has Q—factorial terminal total space and is such that K 7 = 7* B for some
Q-—divisor B on P}. Since at each step the K—negative rays of the mmp are contained
in uniruled components of the central fiber, it follows that the birational map T-->T
is an isomorphism away from | J;>; ¥;. In particular, the central fiber Jo, which
is irreducible, has an open subset which is isomorphic to Jy,. Since (K7)|7, =0
fort # 0, we get that Bjpn =0fort zé 0. In particular, B is p—trivial, where p: Py — A
is the projection, and thus K 7 is f—trivial. We can now argue as in the last part of
the proof of [47, Theorem 1.1] to show that 7 is normal with canonical singularities.
As in [47, Corollary 4.2] it follows that 7 is a symplectic variety and that, up to a
base change A’ — A, there exists a smooth family 7 — A’ with a birational morphism
J — T =7 xas A with the desired properties. m|

Remark 1.20 Theorem 1.19 gives another proof of Theorem 1.6, as well as the
stronger statement of the existence of a relative intermediate Jacobian fibration 7 — P g
associated to any family X — A of smooth cubic fourfolds for which the general fiber
is general in the sense of LSV.

2 Moduli spaces of OG10-type

By [47, Corollary 6.3] (see also [41, Section 6.3]) any hyper-Kéhler compactification J
of Jy is deformation equivalent to O’Grady’s 10—dimensional example. We start this
section by recalling the basic definitions and first properties of those singular moduli
spaces of sheaves on a K3 surface whose symplectic resolutions are hyper-Kéhler
manifolds in this deformation class. Then we use the methods of Bayer and Macri, as
adapted by Meachan and Zhang to this class of singular moduli spaces, to study the
movable cone of certain moduli spaces that appear naturally as limits of the intermediate
Jacobian fibration, when the underlying cubic fourfold degenerates to the chordal cubic;
see Section 4.2.

We start by recalling the following fundamental theorem.

Theorem 2.1 [60; 82; 63; 50; 38; 66] Let (S, H) be a general polarized K3 surface
and let vy € H;g(S, 7)) be a primitive Mukai vector which we suppose to be positive in
the sense of [8, Definition 5.1], see also [18, Remark 3.1.1]. Let m > 2 be an integer.
The moduli space My, g (S) of H—semistable sheaves on S with Mukai vector mvg
is an irreducible normal projective symplectic variety of dimension mzvé + 2, which
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admits a symplectic resolution if and only if m = 2 and vé = 2. When this is the case,
the symplectic resolution M5y, g (S) — Myy, g (S) is the blow up of the singular
locus Sym? My, 51 (S) C My, q(S), with its reduced induced structure. Moreover,
]\2721,0’ g (S) is an irreducible holomorphic symplectic manifold and its deformation
class is independent of (S, H) and of vy, in particular, ]\22,,0, H(S) is deformation
equivalent to O’Grady’s original 10—dimensional exceptional example.

We will refer to a Mukai vector of the form 2vqy with vg = 2 as a Mukai vector of
OG10-type and to a hyper-Kéhler manifold in this deformation class as a hyper-Kéhler
of OG10-type.

2.1 Contracting the relative theta divisor on the relative Jacobian of curves

It is known [4; 7; 8; 5] that the birational geometry of moduli spaces of pure dimension
one sheaves on a K3 surface is related to Brill-Noether loci. For example, on the degree
g — 1 Beauville-Mukai system of a genus g linear system on a K3 surface, the relative
theta divisor can be contracted, possibly after performing a finite sequence of birational
transformations. This is the content of the following example.

Example 2.2 [4; 5] Let (S, C) be a general polarized K3 surface of genus g, with
NS(S) = ZC. Setv = (0,C,0) € H*(S,Z) and let M, be the moduli space of
C-stable sheaves on S with Mukai vector? v. Since we are assuming (S, C) to be
general in moduli, we are suppressing the polarization from the notation — thus M,
will denote the moduli space of C—semistable sheaves on .S with Mukai vector v;
when we consider instead a Bridgeland stability condition o, the corresponding moduli
space will be denoted by M, . This moduli space is smooth and M, — P& = |C|
is the degree g — 1 relative compactified Jacobian of the genus g linear system |C|
on S. There is a naturally defined effective, irreducible, relatively ample theta divisor
6 C M, which parametrizes sheaves with a nontrivial global section and which can
be realized as the zero locus of a canonical section of the determinant line bundle;
see [48, Section 2.3] or [3, Theorem 5.3]. Recall that there is a Hodge isometry
NS(My) = vt ={((0,0,1),(1,0,0)); see for example [7, Theorem 3.6].

2This Mukai vector is not positive in the sense defined above, since both the first and last entry are
zero. However, since for general (S, C), tensoring by C induces an isomorphism with M/, where
v/ = (0, C, g — 1), the results of [7] still hold. See also [66] for other considerations about the last entry of
the Mukai vector.
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The class £ := (0, 0, 1) is the class of the isotropic line bundle inducing the Lagrangian
fibration M, — P& while the theta divisor 6 corresponds to the class —(1,0,1) =
—v(Oy); see [48, page 643] or also [7, Proposition 7.1 and Theorem 12.3].3 Since
62 = —2, the irreducible effective divisor 6 is prime exceptional. By [27], it can be
contracted on a hyper-Kihler birational model of M,,. Since the rays corresponding
to divisorial contractions and to Lagrangian fibrations must be in the boundary of the
movable cone [36], it follows that

Mov(My) = R>ol + Rxoh,

where 1 = (—1,0,1) € 0Lt nvlisa big line which is nef on some birational model
of My; this also follows from [7, Theorem 12.3]. Using [7], the walls of the nef cones
of the various birational models can be computed. Since we don’t need this, we omit
the computation.

2.2 Movable cones of certain moduli spaces of OG10-type

If we consider a nonprimitive genus g linear system |mC|, with m > 2, then the
relative compactified Jacobian of degree g — 1 is singular. For singular moduli spaces
of OG10-type, ie when v = 2w with w? = 2, Meachan and Zhang [58] adapted the
techniques of Bayer and Macri [8; 7] to compute the nef and movable cones of these
moduli spaces. We refer to [16; 4; 8; 7] for the relevant definitions and main results on
Bridgeland stability conditions on K3 surfaces, and to [58] for the results on moduli
spaces of OG10 type.

By [58, Theorem 7.6(3)], all birational models of M5, = M>,, ¢ which are isomorphic
to M>,, in codimension one are isomorphic to a Bridgeland moduli space M3y, , for
some Bridgeland stability condition o on S. Moreover, by [58, Corollary 2.8],

(2-1) NS(May o) = wt.

We now apply the results of [58] to describe the nef and movable cones of certain
singular models of OG10 appearing as limits of the intermediate Jacobian fibration.
By [67], the factoriality properties of a singular moduli space M, of OG10-type
depend on the divisibility of the primitive Mukai vector w € Ha"fg(S , Z)). More precisely,
by [67, Theorem 1.1], M>,, is factorial if and only if w-u € 27Z for every u € Ha"{g(S, 7).
Otherwise, M»,, is 2—factorial. Since there can be different birational models with

3Compared to [7], there is a difference in a choice of sign in the isomorphism NS (M) == vt
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different factoriality properties (cf Remark 2.3), it is important to choose the correct
model to work with.

Now let (S, C) be a general K3 surface of degree 2 and set
(2-2) v :=(0,C, k—2).

The Le Potier morphism 7 : M3, — P> realizes the singular moduli space M»,, as
a compactification of the degree 2k relative Jacobian of the genus-five hyperelliptic
linear system |2C|. Composing 7 with the symplectic resolution m: Mka — My, ,
we get a natural Lagrangian fibration

(2-3) 71 My, — P>,

By the result of Perego and Rapagnetta mentioned above, M5y, is factorial if and only
if k is even. It turns out that the birational class of these moduli spaces is independent
of k, but the isomorphism class depends on the parity of k [18, Proposition 3.2.7]:
indeed, tensoring a pure dimension one sheaf by Og(C) determines an isomorphism

(2_4) Mka e Mka_A,_z-

Remark 2.3 Tensoring a line bundle supported on a smooth hyperelliptic curve of
genus 5 by the unique g on the curve defines a birational morphism My, --> Moy, . .
(I thank A Rapagnetta for pointing out this to me.) As a side remark, notice that the
map thus defined is not an isomorphism in codimension one. Indeed, it can be checked
that when passing to the birational morphism Mka -—> szk 4, between the two
resolutions, which is an isomorphism in codimension two, the exceptional divisor of
one model is exchanged with the proper transform of the locus parametrizing sheaves
on reducible curves on the other model.

In view of Lemma 4.4 below and the isomorphism (2-4), we will focus on the case
k=0.

Remark 2.4 For general (S, C) it is not hard to check that the structure sheaf of
every curve in |2C| satisfies the numerical criterion for C—stability and hence that the
fibration M, — P35 admits a regular zero section. Notice also that the image of this
section is not contained in the singular locus of Mj,,.

By [58, Corollary 2.8], NS(M3,,) = voL =U ={((0,0,1), (-1, C,0)), where, as above,
(2-5) £ =(0,0,1)
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is the line bundle inducing the Lagrangian fibration 7 : M»,, — P35 = |2C|. Under
the isomorphism M»,, = M»,,, induced by tensoring with Og(—C), the relative theta
divisor is mapped isomorphically to the prime exceptional divisor

(2-6) 0:=—(,-C,2)

parametrizing sheaves which receive a nontrivial morphism from the spherical object
Os(—C); see also Lemma 2.6. Indeed, the relative theta divisor in M>,, parametrizes
sheaves with a nontrivial morphism from Og and thus its image in M»,,, is exactly the
divisor 6. Notice that

(2-7) 6% = —2.

For later use we highlight the following remark.

Remark 2.5 The effective divisor 6 C My, with cohomology class (2-6) does not
contain the singular locus of M»,,,: using the description of 6 as the zero locus of
a section of the determinant line bundle [3, Theorem 5.3], which is compatible with
S—equivalence classes, it is enough to show that the section defining 6 is not identically
zero on the singular locus of M»,,,. It is therefore sufficient to show that there are
S—equivalence classes of polystable sheaves all of whose members have a zero space of
global sections. This is clear, since the generic semistable sheaf with Mukai vector 2v
is an extension of two degree-one line bundles each supported on two distinct curves
of genus two.

The following lemma is an application of [58, Theorems 5.1-5.3] to M»>,,,. (Note that
Example 8.6 of loc. cit. is for odd &, so in view of Remark 2.3 it is concerned with a
birational model of M»,,, which is not isomorphic in codimension one, and hence we
cannot immediately apply it here.)

Lemma 2.6 Let the notation be as above. Then

Nef(M3y,) = R>0l +Rx>0ho, Mov(M3y,,c) = R0l +Rxoh,
where

£=(0,0,1), ho=(-1,C,1), h=(-1,C,0).

Moreover, the wall spanned by ho = (—1, C, 1) contracts the zero section of My, — P>
and the class corresponding to h = (—1, C, 0) is big and nef on the Mukai flop of M3y,
along the zero section and contracts the proper transform of 6.
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Proof Since { = 7*Ops(1) is nef and isotropic, it is one of the two rays of both the Nef
and the movable cones of M,,. By [58, Theorem 5.3] there is a divisorial contraction
of BNU-type (notation as in loc. cit.), determined by the spherical class s = (1, —C, 2),
which is orthogonal to vy. The second ray of the movable cone is thus determined by
st N v(J)-. We pick &7 = (-1, C,0) as a generator of this ray, since /- £ > 0. By the
same theorem in [58], the flopping walls are determined by wtn v(J)- for w spherical
and such that w - vo = 2. There is a unique ray in Mov(M3,,) that is of this form. It is
determined by w = (1, 0, 1) = v(Oy) or, equivalently, by w’' = (—1,2C, —5) = 2vg—w.
We can choose g = (—1, C, 1) as generator of this ray. As in [58, Remark 8.5], we
can see that this wall corresponds to the flop of the P> corresponding to the sheaves
with a morphism from Og, ie of the image of the zero section. |

Remark 2.7 It can be shown that the birational model on the other side of the wall
can be identified with the Gieseker moduli space M>y,,, where wo = (2, C, 0). Since
we don’t need this in the rest of the paper, we omit the proof.

Remark 2.8 The theta divisor 6 is Cartier, since by [66] M»,,, is factorial; see also
Section 2.2. Moreover, it is relatively ample over P>, since by the description of the
Nef cone of Lemma 2.6 we can write 8 as a sum of an ample line bundle and a multiple
of £ = *Ops(1).

3 The relative theta divisor on the intermediate Jacobian
fibration

For any smooth cubic threefold Y, there is a canonically defined theta divisor in
Jac(Y') which is (—1)—invariant and whose unique singular point lies at the origin. For
the hyper-Kihler compactification J = J(X) — (P?)V of the intermediate Jacobian
fibration associated to a smooth cubic 4-fold X, there is an effective relative theta
divisor ® C J, which is defined as the closure of the union of the canonical theta
divisor in the smooth fibers. More precisely, by [20; 21], see also [47, Lemma 5.4],
® can be defined as the closure of the image of the Abel-Jacobi difference mapping

(3-1) ‘FX(IP’S)V F -—> J, (Z,El, Y) d ¢Y(£ —2/)

The relative theta divisor ® played an important role in [47], where it was shown that
for general X the divisor ® is w—ample and J is identified with the relative Proj of the
sheaf of Ops—algebras associated with this divisor. Another useful way of realizing the
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theta divisor is using twisted cubics [21]. Let Z = Z(X) be the Lehn-Lehn-Sorger—
van Straten 8—fold [49]. Then Z is the blowdown g: Z’ — Z of a smooth 10—fold Z’
whose points parametrize nets of (generalized) twisted cubics. The exceptional locus
of g parametrizes non-ACM cubics and its image in Z is isomorphic to the cubic itself.
Let

r:P yAdd A

be the P! —bundle over Z’ whose fiber over a twisted cubic [C] € Z is the pencil IP’CI, of
hyperplane sections of X containing ¢ := X N(C). Here (C) = P3 is the linear span
of the curve. By [47, Sublemma 5.5], see also [21, Section 4] or [41, Proposition 6.10],
the Abel-Jacobi map

(3-2) 0: Py ——>J, (C.Y) ¢y(C—h?),

is birational onto its image, which is precisely ®. Here 4?2 is the class of the intersection
of two hyperplanes in Y.

Remark 3.1 For later use, we note the following two facts. First of all, the restriction
of Pz to the locus of nonCM cubics is mapped to the zero section of J — P> (which
lies in ®). Second, using the Gauss map, see [20, Section 12] or also [33, Section 3],
one can see that if C is a twisted cubic in a smooth cubic threefold Y with the property
that ¢y (C —h?) = 0 in Jac(Y), then the cubic surface ¢ = Y N (C) is singular.

For every X, the Néron—Severi group of J = J(X) has at least rank two, since
NS(J(X)) D (L, ®).
Here L = 7*Ops(1) and O is, as above, the relative theta divisor obtained as the

closure of the image of (3-1).

Lemma 3.2 For any smooth X, there is an isomorphism of rational Hodge structures
H*(J,Q)y = H*(X, Q). In particular, p(J) =rk H>?(X,Q) + 1.

Proof The first statement was already noted in [47], while the second follows from
the first and the fact that b,(J) = 24 and b4(X) = 23. |

Remark 3.3 The locus, inside Def(J), parametrizing intermediate Jacobian fibrations

is of codimension two and corresponds to the locus where the classes L and © stay
of type (1, 1). By [74, Theorem 6], a Lagrangian fibration with a section deforms,
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as Lagrangian fibration with a section, over a smooth codimension-two locus of the
deformation space of the underlying hyper-Kéhler manifold. Since by Theorem 1.1 for
general X the LSV compactification J(X) has a section, it follows that the codimension-
two locus where L and ©® stay algebraic is exactly the locus where the section deforms.

We highlight the following corollary for future reference.

Corollary 3.4 For very general X, we have that p(J) = 2. Thus:

(1) J is the only projective hyper-Kéhler birational model of Jyy where L is nef. In
particular, any hyper-Kéhler compactification of Jyy with a Lagrangian fibration
extending Jy — U is isomorphic to the compactification of [47].

(2) There is at most one prime exceptional divisor on J .

Proof (1) Since p(J) = 2, the boundary of the movable cone of J has two rays, of
which L is one.

(2) If there is a prime exceptional divisor, its class has to be orthogonal to the second
extremal ray of the movable cone [52, Theorem 1.5]. Since two prime exceptional
divisors with proportional classes have to be isomorphic [53, Corollary 3.6(3)], there is
at most one prime exceptional divisor. |

The following lemma was communicated to me by K Hulek and R Laza. I thank them
for sharing this observation with me and for raising the question of computing ¢(®).

Lemma 3.5 We have that g(L, ®) = 1. In particular, (L, ®) is a primitive sublattice
of NS(J), isomorphic to the standard hyperbolic lattice U of rank two. For very
general X,NS(J)=U.

Proof The computation of ¢(L, ®) goes as in [73, Lemma 1]: one expands in ¢ the
Fujiki equality ¢(L +t©)> = c¢(L +t©)!°, where ¢ = 945 is the Fujiki constant [71],
and uses the fact that ®°L> = (©),,,)> = 5. The final statement follows from
Lemma 3.2. O

I thank C Onorati for many discussions around ® and for his interest in the following
computation.

Proposition 3.6 The irreducible divisor ® C J is prime exceptional. In particular, it
can be contracted on some projective birational hyper-Kéhler model of J. Moreover,
q(®)=-2.
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Proof Let ¢: Pz --> ® be the Abel-Jacobi map as in (3-2) and let V C Z’ be a
nonempty open subset such that the restriction of ¢ to r ! (V) =: Py is regular. By
restricting V' if necessary, we can assume that all twisted cubics parametrized by V are
such that 3¢ is smooth and, in particular, that C is ACM.

Recall that for any twisted cubic [C] € V, we have set IP’CI. = r~1(C). The rational
curve <p(1P’é) C J is smooth because it maps to n(q)(IP’(lj)) C IP3, which is the pencil of
hyperplane sections of X that contain the curve C. Moreover, (7 o ¢)(IP}/) intersects
the dual variety X' in a dense open subset and, similarly, ¢(Py) intersects © xv, the
restriction of © to X'V, in a dense open subset. (This statement follows from [21] and
the fact, proven there, that for a cubic threefold with one A singularity the Abel-Jacobi
mapping is birational onto its image.)

We start by showing that for a general [C] € V, the smooth rational curve (p(IP’é) is
contained in the smooth locus of ®. The singular locus Og;ye of © has an irreducible
component that is equal to the closure of the zero section of Jy — U, while any
other irreducible component of the singular locus is properly contained in ®yv, the
restriction of ® to X'V. Since V parametrizes ACM curves, by Remark 3.1 it follows
that the intersection of ¢(Py) with the image of the zero section of J — P? is
contained in Jyv, the restriction of J to XV C P3. Let B := (p_1(®sing Ne(Py))
be the locus in [Py, parametrizing points mapped to the singular locus of ® and let
Wy = (mo@) (XY N (7 0 9)(Py)) be the locus in Py of pairs (C, Y) such that
Y is singular. By what we have observed, it follows that B € Wy . Notice that Wy
is irreducible of dimension 8, because it maps to an open subset of XV, with fibers
parametrizing equivalence classes of twisted cubics contained in a cubic threefold
with one A4; singularity; these form an irreducible subset of Z(X), as follows from
[21, Section 3]. We have already observed that the general point of ®xv is contained
in the image ¢(Py). Thus, if Y, corresponds to a general point in XV, there is a twisted
cubic C C Yy, with [C] € V and such that ¢(C, Yy) = ¢y, (C) lies in the smooth locus
of ®. It follows that B is strictly contained in W} . Since Wy is irreducible, dim B = 7.
Thus B does not dominate V' and hence the image of the open subset Py := r~1(V’),
where V' := V \ r(B) is contained in the smooth locus of ©.

For the general pointin (C, Y) € Py, let R:= (p(Pé) C O be the corresponding element
of the ruling. By generic smoothness, the differential of ¢ is of maximal rank at a
general point x € R, so by [39, Chapter II, Proposition 3.4], the vector bundle (7g)|r
is globally generated at x € R. It follows that (Tg) g = @ Or(a;), with a; > 0. By
Lemma 3.8 below, the restriction of the tangent bundle of J to the smooth rational
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curve R is of the form (’);‘?8 @D Or(2) & Or(—2). Using this and the fact that R is
contained in the smooth locus of ®, we find that (Te)|g = Or(2) ® 0%8 and hence
that Ngje = EBO%S. In particular, ® - R = —2.

Consider the lattice embedding H?(J,Z) C H*(J,Z)" = H,(J,Z) induced by the
Beauville-Bogomolov form. We claim that under this embedding, the classes of R
and of ® are equal, ie that R -x = ¢(©, x) for every x € H?(J, Z). This immediately
proves the proposition, as it implies that ¢(®) = ® - R = —2. By [53, Corollary 3.6(1)]
and [27, Proposition 4.5], the class of the ruling of a prime exceptional divisor is
proportional, via a positive constant, to the class of the exceptional divisor. Thus, to
prove the claim it suffices to show that ® is prime exceptional, since the constant would
have to be equal to 1, as both R- L and ¢(®, L) are equal to 1.

To prove that ® is prime exceptional we use standard techniques on deformations of
maps from rational curves to hyper-Kzhler manifolds, following [53, Section 5.1] or
also [19, Section 3]. We include a proof because the setting of Markman is different and
because the proof in [19, Section 3] is for projective families of hyper-Kéhler manifolds.
Choose R C © a general element in the ruling and let Def(J) g C Def(J) be the smooth
hypersurface in the deformation space of J where the class of R stays of Hodge type.
Let Hilb — Def(J) g be the component of the relative Douady space containing the
point [R]. Since Ng|j = Or(-2) ® O%S, then by [70, Theorem 1] it follows that
the morphism p: Hilb — Def(J) g is smooth at R and of relative dimension 8. Let
T C Def(J)g be a general curve containing 0 (in particular we can assume that for
very general ¢ € T, the Néron—Severi of the corresponding deformation J; of J is
one-dimensional and spanned by a line bundle whose class is proportional to Ry, the
parallel transport of the class of R to J;) and let pr: Hilby — T be the component of
the base change to 7' of Hilb — Def(J) g that contains [R]. Since p is smooth at [R],
o1 1s dominant of relative dimension 8. Up to a base change and to restricting 7', we
can assume that Hilby — T has irreducible fibers for ¢ £ 0. Let 77 — T be the base
change of the universal family to 7' — Def(J) and let D C J7 be the image of the
universal family over Hilbr under the evaluation map. Then D is irreducible of relative
codimension one. Moreover, Dy is irreducible for # # 0, and D := Dy is a union of
effective uniruled divisors containing ® as an irreducible component (with a given
multiplicity m > 1). By the choice of 7', for very general ¢, p(J;) = 1. It follows that
the class of D; is proportional to the class of R; and hence that the class of D = Dy is
proportional to that of R. Moreover, the proportionality constant is positive, as both
D and R intersect positively with a Kéhler class. Hence, since ® - R is negative, so
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is ¢(®, D). Moreover, since the product of two distinct irreducible uniruled divisors is
nonnegative, it follows that g(®, D) > m ¢(®, 0). Thus ¢(®, ®) <0, ie O is prime
exceptional. Thus, as already observed, the classes of ® and of R have to be the same
and hence ¢(0,0) = —2. |

Remark 3.7 A posteriori, once we know that ® is prime exceptional, we can use
[53, Lemma 5.1] to show that Dy = ©.

Lemma 3.8 Let M be a hyper-Kéihler manifold of dimension 2n and R C M be a
smooth rational curve. Suppose R is a general ruling of a uniruled divisor. Then

(Ta) R = 08" 2 B Or(2) ® Or(-2),
and thus
Nrim = Or(=2) @ O,

Proof Since Ty is self dual, (Tas) g = B; Or(ai) ® B, Or(—a;), where a; > 0.
Since R is general and its deformations sweep out a divisor, by [39, Chapter II,
Proposition 3.4], the rank of the evaluation map rk[ H°(R, (Tm)|R) ® Or — (Tar) ]
at a general point of R is equal to 2n — 1. Hence ay = --- = a, = 0 and a; > 2;
cf [27, Proposition 4.5]. Since the normal sheaf of R in M is torsion-free and contains
the quotient Og(a1)/Tr = Or(ay)/Or(2), it follows that a; = 2. |

Notice that the same argument as the last part of the proof of Proposition 3.6 shows
the following.

Proposition 3.9 Let M be a hyper-Kéahler manifold of dimension 2n and let E C M
be an irreducible uniruled divisor. Suppose that a general curve R in the ruling is
smooth and that E - R < 0, eg if R is contained in the smooth locus of E. Then E is
prime exceptional and hence, under the lattice embedding H>*(M,7Z) C H>*(M, 7)Y =
H,(M, Z) induced by the Beauville-Bogomolov form, the classes of E and R are
proportional by a positive constant.

Corollary 3.10 For very general X, the movable cone of J(X) is spanned by L
and H, where H is a generator of ®+ C NS(J) withq(H, L) > 0 and g(H) > 0; ie

Mov(J) =R>oL +R>oH.

In particular, there is a unique hyper-Kéhler model of J with a Lagrangian fibration,
and J is not birational to the twisted intermediate Jacobian fibration J T .
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Proof We already know that one of the rays of the movable cone of J is spanned
by L. By [53, Theorem 1.5] the closure of the movable cone is spanned by classes that
intersect nonnegatively with all prime exceptional divisors. Since by Proposition 3.6,
© is prime exceptional, the second ray of the movable cone is determined by ©+,
which is spanned by a class H which is big and nef on some birational hyper-Kéhler
model of J. Thus, g(H) > 0 and ¢(H, L) > 0. In particular, the movable cone is
strictly contained in the positive cone, implying that the only isotropic class that is
movable is L. |

In terms of the other projective hyper-Kéhler birational models of J, we can actually
prove something more precise. The main result of Section 4 describes, for general X,
which birational model of J the proper transform of ® can be contracted on.

3.1 Induced automorphisms

For hyper-Kihler manifolds of K3 [”]—type, a considerable amount of literature has been
devoted to the study and classification of automorphism groups. This includes studying
the automorphisms induced from a K3 surface to the moduli spaces of sheaves on it.
In view of Theorem 1.6, a natural question is to study the induced action on J of the
automorphism group of X in relation to the Lagrangian fibration structures. I thank
G Pearlstein for asking questions that led me to the following observations.

Let X be a smooth cubic fourfold and let ¢ be an automorphism of X. Then 7 acts on
the universal family of hyperplane sections of X and thus also on the Donagi—-Markman
fibration Jy — U, which is identified with the relative Pic? of the family of Fano
surfaces of the hyperplane sections of X'. By abuse of notation we denote by

- J
the induced birational morphism. Notice that t preserves ® and L, so the induced
action of t* is the identity on U = (L, ®) C NS(J).
Proposition 3.11 Let X be a smooth cubic fourfold and suppose that the fibers of

m:J — P are irreducible. (By [47] this happens for general X.) Then:

(1) ® is m—ample and so is any B € NS(J) withgq(L, B) > 0.

(2) Any birational automorphism t: J --» J which fixes L = n*O(1) extends to a
regular automorphism.
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(3) L is nef on a unique hyper-Kihler birational model of J. In other words, if J' is
a birational hyper-Kéhler model of J, with birational map f: J' --> J, and the
induced map n’: J' —-> J — P is regular, then f is an isomorphism.

Proof (1) Let H be an ample line bundle on J and let J; be a smooth fiber of
J — P>. Then [H,7,] = m[©);,] for a positive integer m, so the restrictions of H
and m® are topologically equivalent for any smooth fiber. Since the fibers of & are
irreducible, it follows that the restrictions of H and m® to any fiber are numerically
equivalent; see [80, Lemma 4.4]. By Nakai—-Moishezon, m® is m—ample. Similarly,
if ¢(B, L) > 0, then there exists positive integers a and b such that ¢ B and b©® are
numerically equivalent on every fiber.

(2) By assumption, t*L = L so ¢(t*©,L) = ¢(®, L) = 1. As a consequence,
70 and O are topologically equivalent on the smooth fibers and hence, as above,
numerically equivalent on every fiber. Thus, t*© is 7—ample. It follows that 7 is a
regular morphism.

(3) Let H’' be any ample line bundle on J’ and let L' = f*L = 7/*O(1). Then
0<q(L',HY=¢q(L, f*H'),soby (1) f*H'is ample and f is an isomorphism. O

In addition to birational automorphisms induced by the automorphisms of X, some
examples of birational automorphisms which preserve L are:

(1) The map ¢: J — J induced by the action of (—1) on the smooth fibers of J — P,

(2) The map t,: J — J induced by the translation of a rational section of oz : P> ——> J;
cf Section 5.

(3) More generally, any birational automorphism induced by an element of the
automorphism group of Jg, the generic fiber of J — P>,

Remark 3.12 As already mentioned just below Theorem 1.1, a necessary condition
for the irreducibility of the fibers of J — P3 is given in [17]. This condition is satisfied
if and only if the hyperplane sections Y of X satisfy

d(Y) :=by(Y) = bs(Y) =0,
where b;(Y) denotes the i Betti number of ¥ and where d(Y) is called the defect

of Y. It is easy to see that if ¥ contains a plane then d(Y) > 0.
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4 Birational geometry of J(X) for general X

To describe the birational geometry of the intermediate Jacobian fibration we degenerate
the underlying cubic to the chordal cubic, following an idea already contained in [41].
There, it was observed that the central fiber of the corresponding family of intermediate
Jacobian fibrations can be chosen to be birational to a moduli space of sheaves of OG10—
type on a K3 surface of genus two. As in Section 2, by moduli space of OG10-type we
mean a moduli space of sheaves on a K3 surface with Mukai vector 2w, with w? = 2.
We first refine the construction of this degeneration in order to have a central fiber that
is actually isomorphic to a certain singular moduli space of sheaves on the associated
K3 surface. In this way, we can keep track of the limits of the relative theta divisor
and of the line bundle inducing the Lagrangian fibration. This is done in Section 4.2.
The results of Meachan and Zhang [58], which were recalled in Lemma 2.6, imply
that the central fiber of the relative theta divisor can be contracted after a Mukai flop
of the zero section. For X general, we then deduce the same result for J(X) and, for
very general X, we compute the nef and movable cone of J(X'). This is the content of
Theorem 4.1.

Theorem 4.1 Let X be a smooth cubic fourfold and let J = J(X) — P> be a
hyper-Kahler compactification of the intermediate Jacobian fibration as in Section 1.

For very general X:
(1) There is a unique other hyper-Kéhler birational model of J, denoted by N, which
is the Mukai flop p: J --> N of J along the image of the zero section.

(2) There is a divisorial contraction h: N — N which contracts the proper transform
of ® onto an §—dimensional variety which is birational to the LLSvS 8—fold
Z(X).

In other words, we have Mov(J) = (L, H) = Nef(J)U p* Nef(N), Nef(J) = (L, Hy)
and p* Nef(N) = (Hy, H), where Hy is a big and nef line bundle on J which contracts
the zero section of J — P> and H is as in Corollary 3.10.

For general X, the relative theta divisor ® can be contracted after the Mukai flop of the

zero section of J — P2,

Before the proof of the theorem, which will be given in Section 4.2, we mention, as
a consequence of the theorem above, the relation between the intermediate Jacobian
fibration and moduli spaces of objects in the Kuznetsov component of X.
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4.1 Comparison with moduli spaces of objects in the Kuznetsov component
of X

The recent paper [6] establishes the existence and the fundamental properties of moduli
spaces of objects in the Kuznetsov component u(X) of a smooth cubic fourfold X.
We refer the reader to Section 29 of loc. cit. for the relevant definitions and the precise
statements of the results.

Given a smooth cubic fourfold X, the extended Mukai lattice H (Ku(X),Z) is a lattice
whose underlying group is the topological K—theory of Ku(X) and whose Mukai
pairing and weight-two Hodge structure are induced from those on X. The only classes
in H (Ku(X), Z) that are of type (1, 1) for very general X are contained in a rank-two
lattice A,, which is spanned by two classes A; and A, that satisfy A% = k% =2 and
A1-Ay =—1; see [6, equation (29.1)]. A description of a full connected component of the
space of Bridgeland stability conditions on Ku(X) is also produced; see Theorem 29.1
of loc. cit. It is shown that, for a primitive Mukai vector with v> > —2 and for a
v—generic stability condition ¢ in this component, the moduli space My (Ku(X), v)
of Bridgeland stable objects in Ku(X) with Mukai vector v is a nonempty smooth
projective hyper-Kihler manifold of dimension v? + 2, deformation equivalent to a
Hilbert scheme of points on a K3 surface; moreover, the formation of these moduli
spaces works in families; see Theorem 29.4 of loc. cit. for the precise statement.

For a Mukai vector of OG10-type in the A4, lattice, ie of the form v = 2A with
A% =2,1in [51] it is shown that, for a A—generic stability condition o, the moduli space
My (Ku(X), v) is an irreducible normal projective symplectic variety of dimension 10
admitting a symplectic resolution which is deformation equivalent to a manifold of
OG10-type. The genericity condition here means that the polystable objects with
Mukai vector v are the direct sum of two stable objects with Mukai vector A. More
precisely, the singular locus of My (Ku(X), v) is isomorphic Sym? My (Ku(X), A).

Moreover, in [51] it is shown that for general X the twisted intermediate Jacobian
fibration J T (X) is birational to My (Ku(X),21), for A2 = 2. For the nontwisted case
we have the following corollary of Theorem 4.1 that goes in the opposite direction.

Corollary 4.2 For very general X, J(X) is not birational to a moduli space of the
form My (Ku(X),v).

Proof First of all, by [6, Remark 29.3], if nonempty, the dimension of a moduli
space My (Ku(X),v) is v2 4+ 2. This dimension is equal to 10 if and only if either
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v is primitive (hence My (Ku(X),v) is of K35]—type and thus cannot be birational
to J(X)) or else v = 2A with A2 = 2. By the results of [51] cited in the remark
above, for v = 2\ with A € A, and A?> = 2 and o a A—generic stability condition,
the singular locus of M (Ku(X), v) is isomorphic to the second symmetric product
of a hyper-Kéhler manifold of K3[2]—type. By dimension reasons, the symplectic
resolution ]\ZG(ICu(X ),v) = Myz(Ku(X),v) is not a small contraction. Suppose
by contradiction that J(X') is birational to M, (Ku(X),v). Then by Theorem 4.1,
the symplectic resolution has to coincide with N — N, and My (Ku(X),v) = N.
This implies that the singular locus of My, (Ku(X),v) has to be birational to the
Lehn—-Lehn—Sorger—van Straten 8—fold Z(X), which gives a contradiction. Indeed,
Z(X) cannot be birational to Sym? M, (Ku(X), A) since, by Proposition 1.7, this
would imply that the latter has a symplectic resolution. This, however, is not true
because Sym? M (Ku(X), 1) is a Q—factorial symplectic variety with singular locus of
codimension strictly greater than two and hence does not admit a symplectic resolution
(since it does not admit a semismall resolution). O

Remark 4.3 We expect the more general statement to hold: for very general X,
J(X) is not birational to a Bridgeland moduli space of objects on a 2-CY category
that is deformation equivalent to the derived category of a K3 surface. We present
a rough sketch of the argument. Assume there is a family of Bridgeland stability
conditions on the family of derived categories realizing the deformation. Then, as
in [6, Theorem 21.24], a relative moduli space exists as an algebraic space; by a
generalization of a theorem of Mukai [68, Theorem 1.4], the stable locus of each fiber
is smooth and has a holomorphic symplectic form; the singular locus parametrizing
strictly semistable objects of codimension > 2. One then expects such moduli spaces
to be normal and irreducible. As in the proof of the projectivity in [6, Theorem 29.4] it
follows that these moduli spaces are projective. Finally, a similar argument to the one
above shows that the contraction N — N cannot be the symplectic resolution of one
of these moduli spaces.

In the next subsection we construct the degeneration of the intermediate Jacobian
fibration that will allow us to prove Theorem 4.1. The proof of the theorem will be
given at the end of the section.

4.2 Degeneration to the chordal cubic

The secant variety to the Veronese embedding of P2 in P is a cubic hypersurface
isomorphic to Sym? P2, called the chordal cubic. Such a singular cubic fourfold is
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unique up to the action of the projective linear group. Given a one-parameter family
of cubic fourfolds degenerating to the chordal cubic, it was proved in [41] that, up to
a base change, one can fill the corresponding degeneration of intermediate Jacobian
fibrations with a smooth central fiber that is birational to ]\221,0 = 1\221,0 (S), where
(S, C) is the degree-two K3 surface associated to the degeneration of cubic fourfolds as
in [22; 34; 46], and where vg = (0, C, —2) is as in (2-2). We will use this degeneration
to study the birational properties of the intermediate Jacobian fibration, at least for
general X. For this purpose, we need to control what happens to the line bundles L
and ©® under the corresponding degeneration of intermediate Jacobian fibrations. We
achieve this by constructing a particular degeneration whose central fiber is precisely
the singular moduli space M, and is such that the Lagrangian fibrations of the
members of this degeneration fit in a relative Lagrangian fibration. This is done in
Proposition 4.5. With this degeneration, we are not only able to identify precisely the
limits of L and ® (see Lemma 4.7), but we are also able to deform the results about
the birational geometry of M,,, away from the central fiber (see Proposition 4.9),
eventually proving Theorem 4.1.

Let X — A be a one-parameter family of cubic fourfolds degenerating to the chordal
cubic. By this we will mean that A is a small disk or an open affine subset in the base
of a pencil of cubic fourfolds with the property that the general fiber is smooth and
the central fiber is isomorphic to the chordal cubic. The following facts were proved
in [34], see also [46] and [41]:

(a) The monodromy of this family has order two.

(b) To such a degeneration one can associate a degree-two polarized K3 surface
(S, 0).

(c) For a general pencil, the polarized K3 surface (S, C) is general in moduli.

Suppose that for ¢ # 0 the cubic fourfold X; is general in the sense of LSV —ie in
the sense that the construction of the hyper-Kéhler compactification of [47] works for
Ju(X;)—and let 7* — A* be the family of intermediate Jacobians associated to
the smooth locus X* — A* of the pencil, with corresponding family of Lagrangian
fibrations wax: J* — Pg*.

Lemmad4.4 [22;41] Up to adegree-two base change, we can extend wp=: J* — P g*

to a projective morphism my: Jy — V, where V C P x A is an open subset such that
V; =P3 fort # 0 and Vy C P is nonempty fort = 0, and where Jy — Vo C P is
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identified with the restriction of My, (S) — [2C| = P> (cf (2-3)) to an open subset
V C |2C|. Moreover, Jy, — V has a zero section and is polarized by a relative principal
polarization.

Proof Let H CP° be a general hyperplane. For the degeneration ) := X N (H xP3) of
a single smooth cubic threefold the statement is due to Collino [22]. In Proposition 1.16
of loc. cit., it is also shown that the class of the limit polarization is the theta divisor
of the Jacobian of the genus-five hyperelliptic curve, which is the limiting abelian
variety. For the statement about the limit of the intermediate Jacobian fibration, this is
[41, Section 6.3]. O

We now compactify the projective family 7, of the lemma above to construct a family
of Lagrangian fibered holomorphic symplectic varieties in such a way that the central
fiber is exactly Moy, = May,(S) (or May, = Moy, (S)); cf (2-3).

Proposition 4.5 Let X — A be as above a general family of smooth cubic fourfolds de-
generating to the chordal cubic. Suppose that for very generalt € A, X is very general.
Let (S, C) be the corresponding K3 surface of degree two as above. Then, possibly
up to a base change, there are two degenerations of the corresponding intermediate
Jacobian fibration, fitting in the commutative diagram

MM
1) \ lf
f

A
where:

(1) ]7 : M — A is a family of smooth hyper-Kihler manifolds, with M; = J(X;)
fort # 0 and Mg = M vo(S). The family is equipped with a relative Lagrangian
fibration M — P g, where for each t the corresponding Lagrangian fibration is
the obvious one.

(2) f: M — A is a degeneration of hyper-Kihler manifolds, with M; = J(Xy)
fort # 0 and Moy = My,(S). The morphism m: M — M is proper and
birational, fort # 0 it is an isomorphism and fort = 0 it is the natural symplectic
resolution my: MZUO (S) = M3, (S) of Theorem 2.1. Moreover, there is a
relative Lagrangian fibration M — IP’z where for each t the corresponding
Lagrangian fibration is the obvious one.
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Proof Start from the projective morphism my: Jy — V of Lemma 4.4. There is an
isomorphism [Jy,, = (MZUO)V, where (szO)V is the restriction of the Lagrangian
fibration 7 : My, — P (cf (2-3)) to an open subset V C P3. Let 7 — PP} be any
projective morphism extending my,. Applying Theorem 1.19(2) to /) — P g yields,
possibly up to the base change, a family g: 7 — A of smooth hyper-Kéhler manifolds
(projective over (A)*), with a relative Lagrangian fibration T — ]P’z. Let £ be the line
bundle on J inducing it on every fiber. Let

4-2) bo: To > szo

be the birational morphism induced by the isomorphism of open subsets 7y, = (M 200) V-
Then ((f)o)*ﬁo ={:= 7~T*OP5 (1)

We now use an argument very similar to that in the proof of [41, Theorems 1.3 and 1.7],
to construct a family which is isomorphic to 7 over A and whose central fiber is actually
isomorphic to M 20 (S). Let A be the OG10 lattice. Fixing a marking of the central
fiber and trivializing the local system R2g4Z induces a marking n;: H*(J;,Z) — A
of every fiber. Let D C P(A ®z C) be the period domain and let P: A — D be the
period mapping induced by these markings. Let pg = 1o(¢o)*: H? (MZUO, Z)— A
be the induced marking on M 2vo- Let pr i H 2(M,,Z) — A be markings induced by
0o = 1o (o)™ on fibers of the universal family over Def(]\} ) and let Py : Def(M )—>D
be the induced period mapping. Since P; is a local isomorphism, we can lift P to a
map £: A — Def(M 2v,)- Pulling back the universal family gives a family f ‘M- A
with central fiber Mo = MZv(y As in [41] the two families §: 7 — A and f~ ‘M= A
are relatively birational over A, since for every ¢ € A, the marked pairs (7, 7s)
and (M, p;) are nonseparated points. To show that the two families 7 and M are
isomorphic away from the central fiber, first recall that by [35, Theorem 4.3] (cf also
[52, Theorem 3.2]), for every ¢ there exists an effective cycle

Ft:Zt-i-ZVVi,t

of pure dimension 10 in M; x T such that Z; is the graph of a birational map, the
codimension of the images of the W; ; in M ¢ and in T ¢ are equal and positive, and
[[';]« is a Hodge isometry and is equal to p; ' on,: H* (T, Z) — H*(M;,Z). Let £
be the line bundle on M such that £; = 07 'n: (L) =[T']«(L;). Since Lo= T*Ops(1)
induces a Lagrangian fibration on M = M 200> DY [57] £ induces a Lagrangian fibration
on M; for every ¢ (maybe up to restricting A). For very general 1, £; = [Z;]+(L;),
since the isotropic class [Z;]«(L;) lies in the movable cone of M, and hence by
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Corollary 3.10 it has to be equal to Z;. Corollary 3.4 implies that for very general 7, Z;
is the graph of an isomorphism between J+ and M;. The same countability argument
as in the proof of [41, Theorems 1.3 and 1.7] shows that there exists a component of the
Hilbert scheme parametrizing graphs of such cycles Z; C J; x M, that dominates A.
It follows that there is a cycle Z in the fiber product J x o M which, maybe up to
restricting A, induces an isomorphism for # # 0. The conclusion is that the family
M — A is such that central fiber is Mg = ]\221,0 while for ¢ # 0, we have M, = J(X;).

Now we construct the second family. By [62, Theorem 2.2] there is a finite morphism
& : Def(Myy,) — Def(May,)

induced by the symplectic resolution mg: M 2v9 —> M2y, and compatible with the
universal families on the two deformation spaces; for more details see Section 2
of loc. cit. Set v = B 0&: A — Def(M>,,) and let

M- A

be the pullback via v of the universal family on Def(M5,,). Then the birational map
m: M — M over A induced by [62, Theorem 2.2] has the desired properties.

Finally, the statement about the Lagrangian fibrations follows from the fact that, since
the Lagrangian fibration M5,, — IP3 in the central fiber factors via My, — May,,
the morphism M — P} factors via a morphism M — P3. m|

As a consequence of the last part of the proof, notice that there is a line bundle £ on
M with
m*E M= Z

and whose restriction to the central fiber satisfies £, = £, where £ is as in (2-5).
For any ¢ # 0, let ®; be the relative theta divisor in M; = J(X;).
Lemmad.6 For x = M or M, let ®, be the divisor defined as the closure of |_J 10 O

in x. Then, ® », is a Cartier divisor and hence the following compatibility conditions
hold (notation as in diagram (4-1)):

(4-3) ®/\710 = (m*®M)|/\710 = mS@MO,

where O, := (O.))o is the fiber of O, over t = 0.
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Proof LetZg,, C Oy be the ideal sheaf of © 5 in M. Since the morphism © » — A
is flat, it follows that the restriction (Zg,,)|r, is the ideal sheaf of ® ¢, in M.
By [66] (cf Section 2.2), Mg = My, is factorial so (Zg,, )|, is locally free. Hence,
50 is Zg . It follows that the divisors ® ¢; and m*® »( agree and so do their central
fibers. a

The next lemma identifies the limit of ®; in M>,,, = M and shows that all line bundles
on M,, deform over M — A. Recall first that by (2-1), NS(M3,,) = U = ({,0),

and for every ¢,
NS(Mt) 2 Ut = (Eh ®t>,

with equality holding for very general . Here ®9 = ©®3,. In particular, inside
NS (]\221,0) we have the following rank-two sublattices both of which are isomorphic
to the hyperbolic lattice U: the limit lattice Uy spanned by the limits £y = ¢ and O,
and the pullback lattice mg NS(May,) = (myl, mgy0).

Lemma 4.7 Let the notation be as above. Then:
(1) The two sublattices Uy = (£, O o) and (mgl, mg6) of NS(MZUO) are the same.

(2) The limit of the relative theta divisor in M is precisely 0, the relative theta
divisor on My, (S) of (2-6).

Proof By Lemmas 4.4 and 4.6, the limit theta divisor (® )¢ is an effective line bundle
on Mo = Mjy,, which restricts to a theta divisor on the smooth fibers of M»,, — P3.
Thus © , is linearly equivalent to an effective line bundle of the form 6 + a{ for
some integer . We show that a = 0. By (4-3), © i = mg®p, = mg (0 + al) and
Lo = mgL. This is enough to conclude that the two sublattices

U=(03,.Lo) and U =my(6.£) =m§NS(May,)

of NS(]\szO) are the same. This proves the first part of the lemma. By Remark 2.5
above, 6 does not contain the singular locus of M, thus mS@ coincides with its
proper transform and is irreducible. Since it has negative Beauville-Bogomolov square
(cf (2-7)), it is a prime exceptional divisor. By [53, Section 5.1], a prime exceptional
divisor deforms where its first Chern class remains algebraic. Thus m;6 deforms
to a relative effective prime exceptional divisor 6; on M. By Corollary 3.4 and
Proposition 3.6, for very general ¢ # 0, the fiber over ¢ of the two irreducible effective
divisors 6 ¢; and © g have to agree since there is only one prime exceptional divisor
on M;. Thus 6 and © ;; have to be equal for every 7. In particular, so are their
restrictions to the central fiber. |
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Corollary 4.8 Let X be a general cubic fourfold and let w: J(X) — P> be the
intermediate Jacobian fibration of [47]. The natural rational zero section of 7 is regular.

Proof Consider a degeneration of cubic fourfolds to the chordal cubic as in Proposition
4.5 and let M — A be the corresponding family. By Lemma 4.6 the divisor ® x4 is
Cartier and by Remark 2.8 it is relatively ample (up to restricting A). Since ® 4 is
—l—invariant, it follows that the birational involution —1 is biregular. One component
of the fixed locus of this involution has the property that its restriction to every fiber is
precisely the closure of the corresponding rational zero section. Since by Remark 2.4, in
the central fiber the section is regular, it follows that for general € A the corresponding
rational section is also regular. a

Consider the family M — A of Proposition 4.5, with its relative theta divisor ® . By
Druel [26] we know that for every ¢, the prime exceptional divisor ®; can be contracted
on a hyper-Kihler projective birational model of M. In the central fiber M; = My,
we have, by Lemma 4.7, that ® »(, = 6. By Lemma 2.6 this divisor can be contracted
after a Mukai flop. We now show that the same is true for any ¢ # 0, namely, that after
a Mukai flop the relative theta divisor can be contracted, possibly up to restricting A.

Proposition 4.9 For general X, the relative theta divisor ® on J = J(X) can be
contracted after the Mukai flop of the zero section.

Proof Let M — IP’g be as in Proposition 4.5. By Corollary 4.8, there is a relative
zero section s: P 2 — M. Let T be its image. Then T is contained in the smooth locus
of the fibers of M — A. Let

P M-->N

be the relative Mukai flop of 7" in M. By Lemma 2.6, the Mukai flop of the zero section
in the central fiber M»,, can be performed in the projective category. Thus, the central
fiber of NV is projective and so are all the fibers of g: N'— A (since by Lemma 4.7
there is an ample class on the central fiber that deforms over A). For ¢ # 0, N} is
smooth while the central fiber N has the same singularities as Mo = M»,,,, since they
are isomorphic away from the flopped locus, which does not meet the singular locus.
Via the birational morphism P, which is a relative isomorphism in codimension one,
we can identify the second integral cohomology group of the fibers of the two families.
In particular, for every t € A we have P,U; C NS(N;), with equality holding for very
general ¢ and for = 0. In what follows we freely restrict A, if necessary, without any
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mention. As in Lemma 2.6, let H be the big and nef line bundle on N that contracts 6,
ie H is a generator of the ray 6+. Since H € PyUy, by Lemma 4.7, H deforms
to a line bundle H on A. For very general ¢, its restriction H; is a generator of the
one-dimensional space (P,)*@,L C NS(NVg). By [27], (P;)«®; can be contracted on a
birational model of N;. We now show that it can be contracted on N} itself. For very
general ¢, the line bundle inducing the divisorial contraction has to be #;, or rather
its proper transform on an appropriate birational model of N;. It follows that for very
general 7 (and thus for all #) H, is big. Moreover, since H is big and nef and Ny has
rational singularities, H* (N, ng ) =0 fori > 0 and any k > 0. It follows that the
locally free sheaf g+« H¥ satisfies base change. Since H is semiample, so is H; for
all 7 in A. For k > 0, the regular morphism W: A" — P (g*g+#¥), relative over A,
is birational onto its image and contracts ®;, for very general ¢ and for t = 0. Up to
further restricting ¢, we can assume that the locus contracted on N is irreducible, and
hence that W, contracts precisely (P;)«®; for every ¢. |

The proof of Theorem 4.1 is now complete:

Proof of Theorem 4.1 Let X be general. By Proposition 4.9 the Mukai flop p:J--> N
of J along the zero section is projective and on J there exists a big and nef line
bundle that contracts the zero section. For very general X, Hjy is unique, up to a
positive rational multiple, and Nef(J) = (L, Hy). Moreover, we have shown that
for general X there is a divisorial contraction N — N, contracting p«©. Since the
divisorial contraction N — N contracts the ruling of ® (cf Proposition 3.6), by (3-2)
it follows that the image of ® in N is birational to the LLSvS 8—fold Z(X). For
very general X, Nef(N) = (p«Hy, p« H), where p* H is the unique (up to a positive
multiple) big and nef line bundle inducing the contraction. By [36, Proposition 4.2],
H is the second ray of the movable cone of J, ie Mov(J) = (L, H). |

5 The Mordell-Weil group of J(X)

Leta: A— B be a projective family of abelian varieties over an irreducible basis B and
suppose that ¢ admits a zero section. The Mordell-Weil group MW (@) of a: A — B is
the group of rational sections of a: A — B. Equivalently, if K denotes the function
field of B, MW(a) is the group of K-rational points of the generic fiber Ag. For
Lagrangian hyper-K#hler manifolds, the study of the Mordell-Weil group of abelian
fibered hyper-Kéhler manifolds was started by Oguiso in [65; 64]. The aim of this
section is to prove the following theorem.
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Theorem 5.1 Let X be a smooth cubic fourfold and let w: J = J(X) — P> be
as in Theorem 1.6, a smooth projective hyper-Kéhler compactification of Jyy. Let
MW(x) be the Mordell-Weil group of r, ie the group of rational sections of 7, and
let H*2(X,7Z), be the primitive degree-four integral cohomology of X . The natural
group homomorphism

¢x: H**(X,Z)o — MW(n)
induced by the Abel-Jacobi map (5-1) is an isomorphism.
Corollary 5.2 The group MW () is torsion-free.

Remark 5.3 In [64] Oguiso proved the existence of Lagrangian fibered hyper-Kéhler
manifolds whose Mordell-Weil group has rank 20. This is the maximal possible rank
among all the known examples of hyper-Kihler manifolds, as follows from the Shioda—
Tate formula of [65]; see also Proposition 5.4 below. Oguiso considers deformations of
the abelian fibration ]\221,0 — P (cf (2-3)) preserving both the Lagrangian fibration
structure and the zero section; among these deformations, Oguiso shows the existence
of Lagrangian fibration with rank 20 Mordell-Weil group [65, Theorem 1.4(2)]. The
general deformation of M 209 —> IP3 for which both the Lagrangian fibration structure
and the zero section are preserved (this is a codimension-two condition) is, up to
birational isomorphism, J(X); see Remark 3.3. By the theorem above, Lagrangian
fibrations of the form J(X), for X with rk H??(X, Z) = 22, satisfy rk MW (xr) = 20.
Thus, they provide an explicit description of Oguiso’s examples.

The following proposition is essentially a reformulation of results from [65; 64].

Proposition 5.4 Let w: M — PP" be a projective hyper-Kéhler manifold with a fixed
(rational) section. Let K = C(IP") be the function field of the base and let M g be the
base change of M to the generic point of P". There is a commutative diagram

0 0

0—— ZL® P, ZD; L+ Pic®(Mg) —— 0

0—— ZL @@, ZD; — NS(M) —= Pic(Mg) —— 0

b

7, ——— NS(Mx)
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where L = n*Opn (1) and where the Dy, ..., Dy are the irreducible components of
the complement of the regular locus of & that do not meet the section. In particular,
k(MW (r)) =1tk(NS(M)) -tk ZL & ZD; — 1 =rk(NS(M)) — k.

Proof The column on the left is exact by definition. By [76], for b in the locus
U C P" parametrizing smooth fibers of 7, Im[r, : NS(M ) — H?(M})] = Z. The same
argument as in Lemma 3.5 shows that a line bundle D on M lies in L= if and only if
D"-L" = (Dypr,)" = 0. Since rk rp, = 1, this holds if and only if D-L" = Dps, =0,
which is equivalent to D € ker rp. This shows that the central column is exact. The same
argument of [64, Theorem 1.1], which was used to show that rk NS(Mg) = 1, shows
that any element in ker(r;) = L goes to zero in NS(M). Thus there are induced
horizontal morphisms L+ — Pic® (Mg ) and Z —NS(M[). Since NS(M ) — Pic(Mk)
is surjective, the bottom horizontal morphism is an isomorphism. The natural morphism
ZL & Z D; — NS(M) is injective, since by [65, Lemma 2.4] it has maximal rank
over Q and NS(M) is torsion-free. Clearly, ZL &; Z D; C ker(rg). To show the
reverse inclusion, let D be any line bundle on M that goes to zero in Pic(Mg). Then,
by what we have already proved, for any smooth fiber we have r, (D) = [D|as,] = 0.
It follows that D is a linear combination of L = 7*Opn (1) and boundary divisors,
ie D e ZL®;ZD;. As k(MW (rr)) = rk Pic® (M), the last statement also follows. O

Remark 5.5 The study of the Mordell-Weil group for the Beauville-Mukai system is
being carried out in joint work in progress with Chiara Camere.

Corollary 5.6 LetJ = J(X) — P? be a hyper-Kihler compactification of the inter-
mediate Jacobian fibration. Then

tk MW () = kNS(J) —2 =tk H>*(X, Z),.

Proof The discriminant locus of 7 is irreducible and the fibers of 7 over the general
point of the discriminant are also irreducible; cf Lemma 1.2. Thus, in the notation
of the proposition above, kerrg = Z L and the equality rk MW () =tk NS(J) —2
follows. The remaining equality follows from Lemma 3.2. a

Remark 5.7 The corollary just proven, which relies on Oguiso’s Shioda—Tate formula
above, is the only part of this section where we use that Jyy admits a hyper-Kéhler
compactification with a regular Lagrangian fibration extending Jyy — U. Indeed, to
define the Abel-Jacobi map ¢y and to prove that it is injective (Section 5.3), we don’t
need to assume the existence of a hyper-Kihler compactification. However, we will
use this corollary in the proof of the surjectivity (Section 5.4).
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Remark 5.8 An interesting problem is to study the action on J of the birational
automorphisms induced by translation by a nontrivial element of MW (xr), as well
as to study the automorphism group of the generic fiber Jg. A consequence of the
observations of Section 3.1 is that if J — P> has irreducible fibers, then the birational
automorphisms induced by translation are regular morphisms.

5.1 The Abel-Jacobi mapping

This sections uses some ingredients from the theory of normal functions (certain
holomorphic sections of intermediate Jacobian fibrations), as developed and used by
Griffiths [30; 31], Zucker [83; 84] and Voisin [78]. We refer to these papers, as well as
to [77, Sections 7.2.1 and 8.2.2], for the relevant theory.

The first task is to define the morphism ¢y : H*2(X,Z)y — MW(x). One way to
do this is to use relative Deligne cohomology, which allows us to define an algebraic
section of the fibration Jyy — U. See, for example, [78; 28].

A more geometric way to define the morphism ¢y is in terms of algebraic cycles and
Abel-Jacobi maps, which is what we use here. This is possible because the integral
Hodge conjecture holds for degree-four Hodge classes on X [78; 84]. It allows us
to avoid, in the current presentation, defining the normal function associated with a
cohomology class. The reader should keep in mind, however, that constructing an
algebraic section of the intermediate Jacobian fibrations with a Hodge class on X is a
key ingredient in the proof of the Hodge conjecture of [78; 84], so the shortcut is only
at the level of our presentation.

As already mentioned, the integral Hodge conjecture holds for degree-four Hodge
classes on X. In particular, for every class « € H?2(X,Z), there is an algebraic
cycle Z such that [Z] = a. Let V C IP3 be the open subset parametrizing smooth
hyperplane sections of X that do not contain any of the components of Z. If « is a
primitive cohomology class, then for b = [Y3] € V, the one-cycle Z, satisfies

[Zy,]=0 in H*(Y;.Z) =Z,

and hence determines a point ¢y, (Zp) € Jac(Y}) in the intermediate Jacobian of Y.
By Griffiths [31] (see also [77, Section 7.2.1]) the assignment

oz:V—=>Jy, b oy, (Zp),

defines a holomorphic section of the restriction of J to V C IP>. By [83], this section
is, in fact, algebraic: indeed, consider a Lefschetz pencil )’ — P! of hyperplanes of X
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with P! C V' and with the property that none of the singular points of the members
of the pencil are contained in Z. By [83, Proposition (4.58)] the restriction of oz to
the nonempty open subset V N P! of the pencil extends to a holomorphic function
on all of P! and is thus algebraic; see also [28]. Since a holomorphic function that is
algebraic in each variable is algebraic (see for example [14, Chapter IX, Theorem 5]),
it follows that oz actually defines a rational function on P, ie

oz € MW(mr).

The holomorphic section gz does not depend on the algebraic cycle representing «.
Indeed, since CHy(X) = Z, by [79, Theorem 6.24] it follows that the cycle map
CH?(X) — H*2(X,Z) is injective. It follows that if Z and Z’ are homologous, then
they are rationally equivalent in X and hence so are their restrictions to a general
smooth hyperplane section. The conclusion of this discussion is that the Abel-Jacobi
map induces a well-defined group homomorphism

(5-1) dx: H**(X,Z)o > MW(r), a=[Z]—o04:=0y.

We prove injectivity of ¢x in Section 5.3 and surjectivity in Section 5.4. Since we
will restrict to general pencils in IP3, we start by recalling a few standard facts about
Lefschetz pencils of cubic threefolds.

5.2 Preliminaries on Lefschetz pencils

We start by setting up the notation. Let P! C (P°)V be a Lefschetz pencil with base
locus a smooth cubic surface ¥ C X. We have the diagram

ZXPIQV
Y>e——— X

where ) = Bly X, ¢: ) — P! is the fibration of threefolds, and i: ¥ x P! — )/
is the inclusion of the exceptional divisor in ). Let j: U’ C P! be the open subset
parametrizing smooth fibers.

The following lemma is standard. We include a proof for lack of reference.

Lemma 5.9 The homology and cohomology groups of a cubic threefold which is
smooth or has one A, singularity have no torsion. Moreover, using notation as above,

R'g«Z =0, R*>qsZ =17, R3¢q:Z=jxj*R3q+Z, R*q:Z7Z =1.
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Proof The statement about the homology groups of a cubic threefold with at most an
A1 singularity follow from [24, Example 5.3 and Theorem 2.1]; using the universal
coefficient theorem, the statements on the cohomology groups then follow. From loc. cit.
it also follows that H*(Y,Z) = H4(Y,Z)V = Z, and hence R*q+7Z = Z follows by
proper base change. The first two statements on the higher direct images follow from
the Lefschetz hyperplane section theorem. The third equality, which is also known as
the “local invariant cycle” property, is well known to hold with Q—coefficients, and we
now show it with Z—coefficients, as follows. By adjunction, there is a natural morphism

e R3guZ — ju J¥*R3q4Z,

which is an isomorphism over U. To show ¢ is an isomorphism over any point of
B :=P!\ U’ we restrict, for every by € B, to a small disk A centered at by. Then ¢ is
an isomorphism around b if and only if the specialization morphism

H3(Ypy, Z) = H* (Y, Z) — H>(Yp, Z)™ = (ju j*R*qxZ)p,

is an isomorphism (cf [69, pages 439-440]), where b € ANU’ and H?(Y}, Z)™ C
H?3(Y}, Z) are the local monodromy invariants. Let § € H3(Y}, Z) be the vanishing
cycle of Y'aA. By the Picard-Lefschetz formula, H 3(Yy, Z)™ = 7.8+, where L is
taken with respect to the intersection product, which is nondegenerate since H3 (Y}, Z)
is torsion-free. By [77, Corollary 2.17], there is a short exact sequence

0—>7Z6—~ H3(Yb,Z) — H3(y,A,Z) = H3(Yb0,Z) — 0,

where 0 # § € H3(Yp, Z) is the class of the vanishing cycle. Dualizing, we get a short
exact sequence

0— H?(Yp,, Z) - H*>(Yp,Z) — (Z8)¥ — 0.

(Recall the absence of torsion in the homology groups of ¥, and Yj,.) Using the
isomorphism Hj3(Yy,Z) = H?3(Y},Z) induced by Poincaré duality, we make the
identification Z§1 = ker[H> (Y}, Z) — Z§V] =Im[H3 (Yp,, Z) — H3(Y},Z)]. O

It is well known that for a Lefschetz pencil the Leray spectral sequence with coefficients
in Q degenerates at E,. For a Lefschetz pencil of cubic threefolds, this is true also for
Z coefficients. Again, we include a proof for lack of reference. For the whole family of
smooth hyperplane sections of X the Leray spectral sequence with integers coefficients
does not degenerate at E5; this is the starting point of the construction of the nontrivial
Jy—torsor of [80], cf Remark 1.14.
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Lemma 5.10 Letq:)’ — P! be as above. The Leray spectral sequence with 7. coef-
ficients degenerates at E,. In particular, the Leray filtration on H*()', Z) is given by
Z=H*P',R*f,Z)Cc Ly c H*(Y',Z) - H°(P',R* ,72) = Z,

(5-2)
0— H*(P',R*f,7) > L %> H'(P', R} f,7Z) — 0.

Proof Because of the many vanishings in the E,—page of the spectral sequence, the
only map we need to show is trivial is H*(P!, R*¢q4«Z) — H?*(P', R3¢.7Z). For this,
it is enough to show that H* (Y}, Z) — H°(P!, R*q«7Z) is surjective, which is clearly
true since both groups are generated by the class of a line. |

Consider the decomposition
(5-3) H*(Y'.Z)= H*(X.2) ® H*(3.Z) ® H*(Z.Z)

given by the blowup formula. The inclusion of the first summand is given by the
pullback p*; we freely omit the symbol p* when viewing H*(X, Z) as a subspace of
H*()',Z). The inclusion of the second factor is via the map H*(X,Z) — H*()',Z)
given by C > i,(C x P1). Finally, the inclusion of the last summand is through the
map H%(2,2) = H'(Z,2) @ H*(P',Z) — H*()', Z) that sends [Z] = [ x p] —
i«([Z x p]), where p € P! is a point. We highlight the following results for later use.

Lemma 5.11 There is a natural isomorphism H°(Z,7) =~ H*(P', R?>q4Z) which
allows the identification of the inclusion

HY(£.2) = H(S.2)® HX(P'.2) 1> H*(Y'. Z)
of (5-3) with the inclusion H*(P', R?>q4«Z) — H*()', Z) induced by the Leray filtra-

tion of Lemma 5.10.

Proof The closed embedding i: ¥ x P! < ) determines an isomorphism p,,7Z =
R?q47 of constant local systems. Here, p,: ¥ x P! — P! is the projection onto the
section factor. Since H?(P!, p,,7Z) = H*(X,Z)® H?*(P', Z) the lemma follows. O

Via p*, we identify H*(X,Z)o = L, N H*(X,Z) and set L}> = L; N H>2(V, 7).
Here L1 C H 4 (', Z) denotes the second piece of the Leray filtration; see (5-2).

Corollary 5.12 The surjective morphism y: Ly — H'(P!, R3q.Z) of (5-2) restricts
to an injection

y:LiN(H>*(X,Z)® H*(2,2)) = L7?/ ker(y) — H' (P!, R3¢, Z).
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Proof From Lemmas 5.10 and 5.11 above, it follows that ker(y) = H?(P!, R?>q4Z) =
H°(%,Z). Thus, by (5-3), it follows that H*(X,Z) @ H*(X,Z)) Nker(y) = {0}.
Since H%(X,7Z) C L; and
(5-4) LiN(H**(X,Z)® H*(Z,Z)® H°(X,Z))

=L N(H**(X,Z)® H*(Z.,Z)) ® H*(Z, Z),
the corollary follows. O

Lemma 5.13 The restriction morphism H'(P!, R3¢q.Z) — H'(U', R3qu,7) is
injective.

Proof The Leray spectral sequence for the open immersion j: U’ — P!, applied to
the sheaf j*R3¢«Z = R3qy' .7, gives a five-term exact sequence starting with
0—> H' (P!, juj*R3qsZ) - H'(U', R3qu:,Z) — --- .

This concludes the proof, since by Lemma 5.9, R} ¢+Z = j« j* R3¢+ Z. a

5.3 Injectivity of ¢ x
The proof of injectivity uses the Hodge class of a normal function; see [83] and
[77, Section 8.2.2].
For a pencil ) — P! as above, set
H*2(V L) := L} =kerlH**(V', Z) - H*(P', R*q.Z)] = L1 N H*?(V', Z),
and let

7=J ->P' and Jy —>U’

be the restriction of the intermediate Jacobian fibration to P! and to U’. Choosing a
set of generators for H?2(X,Z), let )’ — P! be a general enough pencil that the
restriction morphism

(5-5) ¢y H**(X, 7)o — MW(rr')

is well-defined. Here, MW (7r’) is the group of rational sections of 7. Similarly, we get
a group homomorphism ¢/, : H*2(Y', Z)o — MW (). Moreover, if « € H*>2(X, Z)o,
then

¢y (p*e) = (@) € MW ().

Recall the Hodge class of a normal function; see for instance [77, Section 8.2.2] and
[83, Proposition (3.9)]. Let H3 = R3qU/*Z ®z Oy be the Hodge bundle associated
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to the weight-three variation of Hodge structure of the pencil and let F*#> be the
Hodge filtration. The sheaf Jy+ of holomorphic sections of the intermediate Jacobian
fibration fits into the exact sequence

0= R [y 7 —H ) F*H — Jyr — 0,
and the coboundary morphism
HOU', Ju) L HY(U', R} £, Z), v cl(v),

associates to every holomorphic section v of Jy» — U’ aclass cl(v) in H'(U’, R3q+7Z),
called the Hodge class of v —in the present context, this class is of Hodge type with
respect to the Hodge structure on H'(U’, R3¢+7) induced from that on H*()',7Z)
via the degeneracy of the Leray spectral sequence; see [83, Section 3].

Lemma 5.14 Let)’ — P! be a general pencil. The homomorphism

O H(X. Z)o L> MW (')

of (5-5) is injective.
Proof By [83, Proposition (3.9)] —see also [77, Lemma 8.20] — the diagram

H2>2(X, 7)o —2— H?2(V'. 7)o —— H' (P!, R? p,Z)

(5-6) k ¢g,¢ ls

HO(U/v \-7U’) T) Hl(Ulv R3f/*Z)

is commutative. The map ¢ is injective by Lemma 5.13, and p* o y is injective by
Corollary 5.12. Hence, clo ¢} is injective and thus so is ¢ . O

5.4 Surjectivity of ¢ x

There are three ingredients in the proof of surjectivity:

o the fact that tk MW (rr) = tk H>2(X, Z)y, as proved in Corollary 5.6;
¢ the restriction, once again, to Lefschetz pencils;

¢ the techniques used in [78; 84] for the proof of the integral Hodge conjecture
for cubic fourfolds.
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We remark that we use their argument in a slightly different way. To prove the Hodge
conjecture one starts with a cohomology class, uses it to define a normal function,
and then uses the normal function to construct an algebraic cycle representing the
cohomology class (possibly up to a multiple of a complete intersection surface). See [78]
for more details. Here we start with a rational section of the intermediate Jacobian
fibration, we restrict to a general pencil, and use the same method of Voisin to construct
an algebraic cycle inducing the section via the Abel-Jacobi map. Then we have to check
that the cohomology class representing this cycle is primitive, that it is independent of
the pencil, and that it induces, via ¢x, the section we started from.

Since by Corollary 5.6 the cokernel of the injection ¢y : H>*(X,Z)o — MW(r)
is finite, for any 0 € MW () there is an integer N and a cohomology class o €
H?*2(X,Z) such that

(5-7) Oy = ¢x (o) = No.

We will show, again using Lefschetz pencils, that given o and o as above, there exists a
B’ € H*?(X,Z), such that o = N B’. This will give the desired surjectivity. Before
we do so, let us introduce some results that we will need.

For a general pencil ) — P!, let
Ty > P!

be the restriction of the intermediate Jacobian fibration JIT — P35 of [80] (compare with
Remark 1.14) to the pencil. For a conic C C X, consider the relative one-cycle of degree
two in ) — P! —any other degree-two relative one-cycle that comes from X will do.
This defines a section of (JT) — P!, which trivializes the torsor (J7)y inducing
an isomorphism J/,, = (J 7). It is easily seen that this extends to an isomorphism
tc:J = (JT) over P'. For any o’ € H*(U’, Jy), we may consider the induced
section

(0TY :=tcoo’ e HOU', JL)).
The following result is proved in Voisin [78]; see also [84, Theorem (3.2)], where the
result is proved over Q.

Proposition 5.15 [78, Section 2.3] For any section 6’ € MW (x), there is a relative
one-cycle Z on')’ of degree two such that the cohomology class

p'=12]-[CxP'le H**(V.Z)o
satisfies ¢\, (B") = o’ in MW (xr').

Geometry & Topology, Volume 27 (2023)



Birational geometry of the intermediate Jacobian fibration 1529

Proof For the reader’s convenience, we give a brief sketch of the argument. By a
result of Markushevich and Tikhomirov [54] and Druel [26] there is a relative birational
morphism ¢3: My, — J, 5,, where M, — U’ is the relative moduli space of sheaves
on )'y — U’ with ¢; = 0 and ¢, = 2{. The morphism associates to every sheaf
corresponding to a point in M/, the Abel-Jacobi invariant of its second Chern class.
Given a section (67)" € HO(U’, (]5,) as above, Voisin uses M7;, — U’ to construct a
family Cy of degree-two curves in the fibers of )’y — U’ with the property that for
every b € U’, the curve Cp, represents the ¢, of a sheaf over (o7 )’(b). By construction,
letting Z be the closure of Cy- in )’ and setting ' :=[Z]—[C x P! e H>2()', 7).,
we have ¢1, (') =0’ in HU', Ju). |

Let 0 € MW (). For a general pencil P! C P3, let o’ = ojp: be the restriction of o
to P!, and let B’ be as in the proposition above so that ¢}, (B") = o’. It is tempting to
say that, via ¢y, the class B’ induces o globally and not just on that pencil. This is
indeed the case, though we first need to check that B’ lies in the primitive cohomology
of X and that 8’ is independent of the pencil as well as of the chosen isomorphism
tc:J' = (JT)'. More precisely, we need to check that 8’ induces o over an open
subset of P> and not just on the chosen pencil. Before checking this, we have the
following proposition.

Recall that we have set H>2()',Z)o = L1 N H*2(Y', 7).

Proposition 5.16 [83, Theorem (4.17)] The Abel-Jacobi morphism
¢yt H**(V', Z)o —MW(x') c H'(U'. Ju)
is surjective and defines an isomorphism
¢y LiN(H*2(X,Z)® HX(Z,Z)) - MW(x)).
Proof By diagram (5-6) and the fact that ¢ is injective, ker(¢yr) = ker y, which by
Lemma 5.10 is equal to H°(X, Z). Since ¢y is surjective by the proposition above,

the induced morphism ¢y : H22(Y', Z)o/ H(X, Z) — MW () is an isomorphism.
Finally, by (5-4), H>2()',Z)o/H*(2,Z) = L N (H**(X,Z)® H*(X,Z)). O

We can now end the proof of surjectivity. For 0 € MW(x), let o € H*2(X,Z),

be as in (5-7). Restricting to a pencil )’ — P!, set o/ = opp1 and let B’ be as in
Proposition 5.15 such that ¢y (8’) = o’. Finally, let 8’ be the projection of 8’ onto
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LN (H*2(X,Z)® H*(X,Z)). In an abuse of notation, we are omitting p* from
the inclusion of H*(X,Z) in H*()’, Z) and we will write « instead of p*o. We have

¢y (@) = (¢x (@) p1 = No' = Ny (B") = ¢y (NB).
By Proposition 5.16, 0 = N’ € L1 N (H*2(X,Z) ® H*(Z,Z)). Since
ae€ H**(X,Z)g C L1 N (H**(X,Z) ® H*(Z, 7)),

it follows that B, too, has to lie in H22(X, Z)o C H*2()', Z). Moreover, the class 8/,
which a priori depends on the chosen Lefschetz pencil, is independent of the pencil.
Set 0g = ¢x (B'). Then, for any sufficiently general Lefschetz pencil P! C P3, we
have an equality of sections

(OB,)|P1 =op!,

and hence the two rational sections 0g and o coincide. This proves surjectivity.

Appendix On the Beauville conjecture for LSV varieties
by Claire Voisin

In this appendix we explain a consequence of Corollary 3.10 on the following conjecture
made by Beauville in [10].

Conjecture A.1 Let M be a projective hyper-Kéhler manifold. Any polynomial
cohomological relation P(dy,...,d;) =0in H*(M,Q), where d; are divisor classes
on M, already holds in CH(M).

Here CH(M) denotes the Chow groups of M with rational coefficients. Let now
M — B be a projective hyper-Kéhler manifold of dimension 2n equipped with a
Lagrangian fibration, and let L € Pic M = NS(M) be the Lagrangian class pulled
back from Bj; see [55]. We have ¢(L) = 0 by the Beauville-Fujiki relations, since
L*" = 0. Let also & € Pic M = NS(M) be the class of an ample divisor on M, so
that the intersection pairing ¢ restricted to (L, &) is nondegenerate by the Hodge index
theorem. The same argument as in [15] shows that the polynomial cohomological
relations between L and / are generated by the relations

(A-1) "1 =0 in H*""2(M,Q) when g(a) =0 for o € (L, h).

Here we can restrict to rational cohomology classes because we know that there is
an isotropic class in (L, #). We consider now, more specifically, an LSV variety J
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(which is of dimension 10, so n = 5) constructed in [47] as a Lagrangian fibration
over P>, The Picard group of a very general such variety is a rank-two lattice which
contains as above the Lagrangian class L and an ample class, but we take as a basis the
classes L and ©, where ® was introduced in [47] and is studied in the present paper.
Riess proved in [72] that a hyper-Kéhler manifold M which has a Lagrangian fibration
and satisfies the “RLF conjecture” characterizing classes associated to Lagrangian
fibrations, satisfies Beauville’s conjecture. However we do not know that the LSV
varieties satisfy the RLF conjecture. We prove here the following result.

Theorem A.2 The relations (A-1) hold in CH(J) for the lattice (L, ®) of an LSV
variety J. Conjecture A.1 is thus satisfied by an LSV variety with Picard number two.

Proof There are, up to multiples, exactly two classes L and L’ in (L, ®) satisfying
q(L)=0,g(L") =0. Obviously L® =0 in CH(J) since L comes from the base which
is of dimension 5, so we only have to prove that L'®*=0in CH(J). We use Riess’
argument in [72], however, in a different way. As a consequence of fundamental results
of Huybrechts in [36], Riess proved the following:

Theorem A.3 [72, Theorem 3.3] Let K be an isotropic class on a projective hyper-
Kahler manifold M of dimension 2n. Then there exists a cycle I" € CH?"(M x M)
such that T'* acts as an automorphism of CH(M) preserving the intersection product,
the action of I'* on H*(M ) preserves the Beauville-Bogomolov form gz, and T'* K
belongs to the boundary of the birational Kéhler cone of M .

Here the birational Kihler cone of M is defined as the union of the Kihler cones of
hyper-Kihler manifolds M’ bimeromorphic to M (the bimeromorphic map M’ --> M
inducing an isomorphism on H?). We apply this theorem to our class L’ on J and
thus get a correspondence I" as above. The class I'* L’ is an isotropic class, hence it
must be proportional to either L’ or L. Furthermore, it belongs to the boundary of the
birational K#hler cone. We now have:

Lemma A.4 The class L’ does not belong to the boundary of the birational Kéhler
cone.

Proof This is proved in Corollary 3.10 of the present paper. a

By Lemma A.4, we conclude that T'* L’ is proportional to L. As L% = 0 in CH®(J)
and I'* is an automorphism of CH(J) preserving the intersection product, we conclude
that L'® = 0 in CHS(J). 0
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If we consider the case of Picard rank three, where the Picard lattice N of J is
generated by three classes L, ® and D with g(L, D) =0 and ¢(®, D) = 0, there are
now, according to [15], 13 degree-six cohomological relations between L, ® and D,
generated by the classes a® € S°N C S®H?(J,Q), where « belongs to the conic
¢(a) = 0. Among these relations, two of them, namely those involving only L and ©®,
are established in CH(J) by Theorem A.2. We also have the relations

(A-2) L°D=0 and L’D=0 in H'*(J,Q),

which are obtained by differentiating the relation (A-1) at « = L or « = L’ in the
direction given by D, which is tangent to the conic at these points since g(D, L) =0
and ¢(D, L") = 0. We prove the following:

Theorem A.5 The relations (A-2) are satisfied in CH®(J).

Proof The first relation is proved by applying the following result from [81], which
works in a more general context and needs a mild assumption on the infinitesimal
variation of Hodge structure of a family of abelian varieties at the generic point of the
base. More generally, let M — B be a fibration into abelian varieties and let A € Pic M
be a line bundle whose restriction to the general fiber M}, is topologically trivial.

Proposition A.6 Assume that at the generic pointt € B, there exists a class o €
H'O(Myp) such that V(«): Tgp — H%1(My) is surjective. Then there exists a point
b € B such that M}, is smooth and Ay, is a torsion line bundle.

If all fibers M}, have the same class F in CH(M), it thus follows that F.A = 0 in
CH(M).

Coming back to our situation, we have to check that the assumption on the infinitesimal
variation of Hodge structures is satisfied in our situation. Let J be the LSV variety
of a cubic fourfold X. The infinitesimal variation of Hodge structure for the fibers of
the Lagrangian fibration J — (IP3)V is thus canonically isomorphic to the variation
of Hodge structure on the H? of the hyperplane section Xz C X. If Y is a smooth
cubic threefold in P# defined by an equation f = 0, Griffiths’ theory of IVHS of
hypersurfaces says that there are isomorphisms

H>'(Y)=R; and H"“(Y)= R}

such that the infinitesimal variation of Hodge structure on H3(Y, C) is given (using
the identification R} ~ H!(Y, Ty)) by the multiplication map R} — Hom(R!, R}).
Now consider the case where Y is a hyperplane section Xpg, defined by a linear
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equation H, of the cubic fourfold X. It is immediate to see that the inclusions
Xy € X C P? determine a quadratic polynomial Q X,H € R}% such that the nat-
ural map p: HO(X H,Oxy, (1) — R3, defined as the first-order classifying map
for the deformations of Xy in X, is given by multiplication by Qx, g. Combin-
ing these facts, we conclude that the desired infinitesimal criterion for the fibration
J — (P3)V holds if there exist a smooth hyperplane section Xz C X and a linear
form x € H%(Xp, Ox, (1)) = R} such that, with the above notation, the product map

xXOx,H: R} — R;}
by xQx, g is an isomorphism. It is quite easy to show that the existence of such a
hyperplane section is satisfied by X in codimension one in the moduli space of cubic
fourfolds, hence at the generic point of any Hodge locus in this moduli space, or
equivalently any Noether—Lefschetz locus for the corresponding LSV variety J. The

relation L3 D = 0 in CH®(J) is thus satisfied at the generic point of the deformation
locus of J preserving the Hodge class D, hence everywhere by specialization.

To conclude the proof of Theorem A.5, we have to prove the relation L’ D =0in
CH®(J). This follows however from the relation L°>D = 0 in CH®(J) by the same
argument as in the proof of Theorem A.2, using the specialization of the cycle I" and
observing that T'* acts by £1 on H2(J, Q)1{£-©) hence on D. |
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