N

N
N

HAL

open science

Singular foliations with trivial canonical class

Frank Loray, Jorge Vitorio Pereira, Frédéric Touzet

» To cite this version:

Frank Loray, Jorge Vitorio Pereira, Frédéric Touzet. Singular foliations with trivial canonical class. In-
ventiones Mathematicae, 2018, 213 (3), pp.1327-1380. 10.1007/s00222-018-0806-0 . hal-00607116v3

HAL Id: hal-00607116
https://hal.science/hal-00607116v3
Submitted on 29 Aug 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00607116v3
https://hal.archives-ouvertes.fr

SINGULAR FOLIATIONS WITH TRIVIAL CANONICAL CLASS

FRANK LORAY!, JORGE VITORIO PEREIRA2 AND FREDERIC TOUZET!

ABSTRACT. This paper describes the structure of singular codimension one fo-
liations with numerically trivial canonical bundle on complex projective man-
ifolds.
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1. INTRODUCTION

Let F be a singular holomorphic foliation on a compact complex manifold X,
and let Kz be its canonical bundle. In analogy with the case of complex manifolds,
the canonical bundle of F is the line bundle on X which, away from the singular
set of F, coincides with the bundle of differential forms of maximal degree along
the leaves of F.

As in the case of manifolds, one expects that K governs much of the geometry
of F. When X is a projective surface, this vague expectation has already been
turned into precise results. There is now a birational classification of foliations on
projective surfaces, very much in the spirit of Enriques-Kodaira classification of
projective surfaces, in terms of numerical properties of Kx, see [39] [10].

In this paper, we investigate the structure of singular holomorphic codimension
one foliations on projective manifolds with K numerically equivalent to zero. We
were dragged into the subject by a desire to better understand previous results,
most notably [16] and [53], which we recall below. Further motivation comes from
the study of holomorphic Poisson manifolds, see [48] [35].

Key words and phrases. Foliation, Transverse Structure, Birational Geometry.
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1.1. Previous results. Cerveau and Lins Neto proved that the space of foliations
on P3 with Kz = 0 has six irreducible components [16], and gave a rather pre-
cise description of them. The paper [48] by Polishchuk contains a classification of
Poisson structures on P? under restrictive hypothesis on their singular set. But
(non-zero) Poisson structures without singular divisors on 3-folds are nothing more
than foliations with trivial canonical bundle, thus Polishchuk’s result is a particular
case of Cerveau-Lins Neto classification. Poisson structures on projective 3-folds
with isolated singularities (i.e. codimension one foliations with trivial canonical
bundle) are classified by Druel in [22].

Smooth codimension one foliations with numerically trivial canonical bundle on
compact Kéhler manifold X are classified in [53]. If F is one such foliation, then it
fits into at least one of the following descriptions.

(1) The foliation F is an isotrivial fibration by hypersurfaces with zero first
Chern class.

(2) After a finite étale covering, X is product of a compact Kéahler manifold Y
with ¢;(Y) = 0 and a complex torus 7' and F is the pull-back under the
natural projection to T of a linear codimension one foliation on 7.

(3) The manifold X is a fibration by rational curves over a compact K&hler
manifold Y with ¢1(Y) = 0, and F is a foliation everywhere transverse to
the fibers of the fibration.

1.2. Main results. One of the first examples of foliations with Kr = 0 that
come to mind are those with trivial tangent bundle. Foliations with trivial tangent
bundle are induced by (analytic) actions of complex Lie groups which are locally
free outside an analytic subset of codimension at least two. If the action is not
locally free, then a well-known result by Rosenlicht implies that the manifold must
be uniruled. We are able to generalize this well-known fact, confirming a recent
conjecture of Peternell [47, Conjecture 4.23].

Theorem 1. Let X be a projective manifold and L be a pseudo-effective line bundle
on X. If there exists v € H*(X, A\’ TX ® L*) not identically zero but vanishing at
some point, then X is uniruled. In particular, if there exists a foliation F on X
with ¢1(TF) pseudo-effective and sing(F) # 0, then X is uniruled.

Theorem [ reduces the task of classifying codimension one foliations with
c1(Kr) = 0 on arbitrary projective manifolds to uniruled manifolds, as smooth
foliations with numerically trivial canonical bundle have already been classified in
B3).

Our main result provides a description of an arbitrary codimension one folia-
tion with trivial canonical class on an arbitrary projective manifold. It should be
compared with McQuillan’s classification of foliations of Kodaira dimension zero
on surfaces, [39, IV.3].

Theorem 2. Let F be a codimension one foliation with numerically trivial canoni-
cal bundle on a projective manifold X of dimension at least two. If the singularities
of F are not canonical, then F is uniruled. Otherwise, if the singularities of F
are canonical, then, perhaps after passing to an étale covering, X is a product of
a projective manifold Y with trivial canonical bundle and a projective manifold Z;
and the foliation F is the pull-back of a foliation G on Z with trivial tangent sheaf.
Furthermore, if the general leaf of F is not algebraic, then dimZ > 2 and Z is
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a projective equivariant compactification of a complex abelian Lie group and G is
induced by the action of a codimension one subgroup.

It is not excluded from the statement above the case where Y is zero-dimensional.
Notice also that, if dim Z = 1, then G is a foliation by points and, consequently, F
is a smooth foliation by algebraic leaves with trivial canonical class.

1.3. Outline. Below, we describe the general structure of the proof of Theorem [2
and at the same time an outline of the paper.

In Section 2] we settle the basic terminology and recall some uniruledness criteria
for foliations. In Section Bl we discuss canonical singularities of codimension one
foliations, and we show how the presence of non-canonical singularities allow us
to apply the uniruledness criteria previously discussed. This section also contains
information on the polar divisor of closed rational 1-forms defining foliations with
canonical singularities. Section Ml studies the cohomology of the conormal bundle
of foliations with trivial canonical class. The results there contained form the
backbone of our strategy to prove Theorem In particular, there one can find
a proof that either H*(X, N*F) = 0, or F is uniruled, or Kx is pseudo-effective.
This leads us to Section [f] where we prove Theorem [I] and consequently reduce our
study to the category of uniruled manifolds. Section [(] studies deformation of free
rational curves along codimension one foliations with numerically trivial canonical
class; there we show how these deformations lead either to the uniruledness of the
foliation, or to the existence of a transversely projective structure for it. Section
[ studies the reduction of foliations with numerically trivial canonical bundle to
fields of positive characteristic. The outcome is that foliations not defined by closed
rational 1-forms have very well behaved singularities (outside a codimension three
subset they admit local holomorphic first integral). In Section Bl it is shown that
the existence of a transversely projective structure together with the constraints
on the singularities obtained through reduction to positive characteristic implies
the non vanishing of H!(X, N*F). Finally, in Section [0 we study codimension
one foliations with trivial canonical bundle defined by closed rational 1-forms and
conclude the proof of Theorem

1.4. Acknowledgments. We are very grateful to Stéphane Druel for useful dis-
cussions and for bringing [32] Theorem VI.1.3] to our knowledge. This paper also
owns a lot to Michael McQuillan who caught a number of mistakes in previous
versions, called our attention to the relevance of foliated canonical singularities to
our study, and made a number of other thoughtful suggestions. We also thank
the anonymous referee for pointing out some inaccuracies. Finally, we acknowledge
financial support from ANR-16-CE40-0008 project Foliage.

2. PRELIMINARIES

2.1. Foliations. A foliation F on a complex manifold X is determined by a coher-
ent subsheaf T'F of the tangent sheaf T'X of X such that

(1) T'F is closed under the Lie bracket (involutive), and that
(2) the inclusion TF — T'X has torsion free cokernel.

The locus of points where TX/TF is not locally free is called the singular locus of
F, denoted here by sing(F).
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Condition (1) allows us to apply Frobenius Theorem to ensure that for every
point z in the complement of sing(F), the germ of T'F at x can be identified with
relative tangent bundle of a germ of smooth fibration f : (X,x) — (C%,0). The
integer ¢ = ¢(F) is the codimension of F. Condition (2) is of different nature and is
imposed to avoid the existence of removable singularities. In particular, it implies
that the codimension of sing(F) is at least two.

The dual of T'F is the cotangent sheaf of F and will be denoted by T*F. The
determinant of T*F, i.e. (APT*F)** where dim(X) = n = p + ¢, is the canonical
bundle of F and will be denoted by Kr.

There is a dual point of view where F is determined by a subsheaf N*F of
the cotangent sheaf Q% = T*X of X. The involutiveness asked for in condition
(1) above is replace by integrability: if d stands for the exterior derivative, then
dN*F C N*F A Q% at the level of local sections. Condition (2) is unchanged:
QL /N*F is torsion free.

The normal bundle of F is defined as the dual of N*F. Over the smooth locus
X — sing(F) we have the following exact sequence

0—->TF—-TX - NF—=O0,

but this is no longer exact over the singular locus. Anyway, as the singular set has
codimension at least two we obtain the adjunction formula

Kx =Kr®det N*F

valid in the Picard group of X.

The definitions above apply verbatim to foliations on smooth algebraic varieties
defined over an arbitrary field. But be aware that the geometric interpretation
given by Frobenius Theorem will no longer hold, especially over fields of positive
characteristic.

2.2. Rationally connected and uniruled foliations. The result stated below
is a particular case of a more general result by Bogomolov and McQuillan proved
in [6], see also [29]. It generalizes a Theorem of Miyaoka, cf. [42, Theorem 8.5],
[30, Chapter 9].

Theorem 2.1. Let F be foliation on a complex projective manifold X. If there
exists a curve C C X disjoint from the singular set of F for which T F|c is ample,
then the leaves of F intersecting C are algebraic, and the closure of a leaf of F
through a general point of C is a rationally connected variety.

We recall that a variety Y is rationally connected if, through any two points
x,y € Y, there exists a rational curve C'in Y containing « and y. Foliations with all
leaves algebraic and with rationally connected general leaf will be called rationally
connected foliations. From Theorem 2.1l one can easily deduce the following result
closer to Miyaoka’s original statement.

Corollary 2.2. Let F be a foliation on a n-dimensional projective manifold X . If
TF is semi-stable with respect to a polarization H, and Kz - H*1 < 0, then F is
a rationally connected foliation.

Proof. If m > 0 and C' is a very general curve defined as a complete intersection
of elements of [mH]|, then T F|¢c is a semi-stable vector bundle of positive degree
according to [4I, Theorem 6.1]. Therefore, every quotient bundle of T has
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positive degree, and we can apply [25, Theorem 2.4] to see that T'F|¢ is ample. We
apply Theorem 2] to conclude. O

Quite recently, Campana and Patin obtained an alternative version of the above
Corollary, see [13].

Theorem 2.3. Let F be a foliation on a projective manifold X. If Kx is not
pseudo-effective, then F is a uniruled foliation.

While the conclusion is weaker — a foliation is uniruled if through a general point
of the ambient space passes a rational curve everywhere tangent to the foliation —,
the hypothesis is not only weaker, but also considerably easier to check. This result
already appeared implicitly in the proof of Theorem 1.4 of [14] but with a gap.

2.3. Tangent subvarieties and pull-backs. Let F be a singular foliation on a
projective manifold X of dimension n. We will say that F is the pull-back of a
foliation G defined on a lower dimensional variety Y, say of dimension k < n, if
there exists a dominant rational map 7 : X --» Y such that F = n*G. In this case,
the leaves of F are covered by algebraic subvarieties of dimension n — k, the fibers
of m.

Actually, the converse holds true. Suppose that, through a general point of
X, there exists an algebraic subvariety tangent to F having codimension k < n.
Since tangency to F imposes a closed condition on the Hilbert scheme and C is
uncountable, it follows that the leaves of F are covered by g-dimensional algebraic
subvarieties, ¢ > n — k. More precisely, there exists an irreducible algebraic variety
Y and an irreducible subvariety Z C X X Y such that the natural projections

7oy

-
X

are both dominants; the general fiber of 7o has dimension ¢; and the general fiber
of my projects to X as a subvariety tangent to F. By Stein factorization theorem,
we can moreover assume that 7o has irreducible general fiber.

The following result shows how the existence of algebraic subvarieties through a
general point and contained along the leaf through that point allows a factorization
of the foliation. A particular version of it can be found in the proof of [30, Theorem
9.0.3].

Lemma 2.4. Let F be a foliation on a projective manifold X of dimension n.
Assume that F is covered by a family of (n — k)-dimensional algebraic subvarieties
as above. Then F is the pull-back of a foliation defined on a variety Y having
dimension < k.

Proof. When 7 : Z — X is birational, which means that through a general point
passes exactly one subvariety Z, of the family, then my o 7 L2 X -5 Y is the
pull-back map.

Suppose that our covering family Z C X x Y is such that dim(7; *(y)) = ¢ is
maximal. If 71 is not birational, then take a general point z € X and let y € Y be
such that o € Z, = mymy '(y). Then w7y 'mom; ' (Z,) has dimension at least ¢ + 1
at « and is tangent to F by construction, see [30, Lemma 9.1.6.1]. This contradicts
the maximality of the dimension. The lemma follows. O



6 F. LORAY, J.V. PEREIRA AND F. TOUZET

3. CANONICAL SINGULARITIES

Let F be a foliation on a projective manifold X . Following [39] Section 2], see also
[40, Section 1], we will say that F has canonical singularities if, for every birational
morphism 7 : Y — X from a smooth projective manifold Y to X, we have that
the divisor K«r — m*Kr is effective. An irreducible subvariety S C sing(F) is a
non-canonical singularity for F if there exists a birational morphism 7 : ¥ — X
and an irreducible component E of the exceptional divisor of 7 such that 7(E) = S
and ordg (K +r — 7 Kr) < 0. Otherwise S is a canonical singularity of F.

Remark 3.1. If we blow-up a foliation with canonical singularities, then the re-
sulting foliation may not have canonical singularities, even when we blow-up along
smooth centers. The property of having canonical singularities is only preserved by
blow-ups along centers invariant by the foliation or everywhere transverse to it, cf.
[39, Fact 1.2.8].

Remark 3.2. In the definition of canonical/non-canonical singularities above, we
can always restrict to birational morphisms which are obtained by composition
of blow-ups along smooth centers. Indeed, by |25, Theorem 7.17] any birational
morphism 7 : Y — X between projective varieties can be described as the blow-up
along a suitable ideal Z. Hence, Hironaka’s resolution of singularities implies that
7 is dominated by 7 : Z — X a blow-up along smooth centers, i.e. there exists a
birational morphism ¢ : Z — Y such that # = g o m, cf. [8, Theorem 2.5]. Since
E has codimension one, ¢ is an isomorphism at a general point of E and therefore
the order of K +«r — 7" K along E will be the same as the order of Kz+r — 7*Kr
along the unique irreducible divisor on Z dominating F.

For a thorough discussion of the concept of canonical singularities, and other
related kind of singularities (terminal, log-canonical, log-terminal) the reader is
redirected to [39] Section I] where he can find a proof of the next proposition [39]
Fact 1.2.4].

Proposition 3.3. A singular point p of a foliation F on a smooth surface S is
canonical if, and only if, there exists a germ of holomorphic vector field v at p
defining F having one of the following forms:
(1) the vector field v has semi-simple and invertible linear part with quotient of
eigenvalues not belonging to Q%; or
(2) the vector field v is analytically conjugated to xa% + (ny—i—x""'l)a% for some
positive integer n; or
(3) the vector field v has linear part with zero determinant and non-zero trace.

Remark 3.4. Let us make some further comments on this result. The singularities
of type (1) and (3) are the so-called reduced singularities and are the simplest
models of singularities appearing after a suitable sequence of blowing-ups 7 over any
singular point of a foliation on a surface. This is Seidenberg’s resolution Theorem
(see [I0, Theorem 1, p.13]). The additional type (2) is called ”Poincaré-Dulac”
singularity (see [0, p.114]). For instance, the type (1) (non degenerate reduced
singularities) corresponds to foliations defined locally by a vector field of the form

A
v =Mz + )\gya% + (higher order terms) with )\—1 ¢ Qt. Take a foliation F
: 2

on a surface S admitting only non degenerate reduced singularities and consider
the blow-up 7, over a point p in S. It can be easily verified that the exceptional
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divisor £ = 7, *(0) is invariant by 7% F an that this latter foliation admits exactly
one or two singularities on E, depending on whether p is a regular point of F or
not. Moreover, these singularities are also of type (1). One can also check that the
canonical bundle of 7 and 7, F are related by the formula

Keorp =m,Kr +1(p)E

where [(p) = 1 if p is regular point of F and I(p) = 0 otherwise. As a by-product,
when 7 is a sequence of blowing-ups, we get that K «r = 7" Kr + D where D
is an effective divisor supported on the exceptionnal divisor of 7. This gives an
illustration of Proposition

It is also worth recalling that the union of germs of invariant analytic curves
(separatrices) for this three types of singularies is a normal crossing curve ([10,
Chapter 1]). We refer again to [10, Chapter 1,2] for further details on these aspects,
including also singularities of type (2) and (3).

It is not hard to deduce from Proposition 3.3 a description of codimension two
canonical singularities of codimension one foliations.

Proposition 3.5. Let F be a codimension one foliation F on a projective manifold.
Let S C sing(F) be a codimension two irreducible component of the singular set of
F. If S is a canonical singularity of F, then, at a Euclidean neighborhood U of a
general point of S, the foliation F is the pull-back under a submersion f:U — V
of a foliation G with canonical singularities on a neighborhood V of the origin of
c2.

Proof. Let p € S be a general point and w be a holomorphic 1-form defining F
at a neighborhood U of p. After clearing denominators we can assume that w has
singular set of codimension at least two.

Take a general surface ¥ C X intersecting S transversally at p. Since dim¥ =
2 all the singularities of G = }]E are isolated. We claim that S is a canonical
singularity for F if, and only if, p is canonical singularity for F|s.

Indeed, let 7 : Y — X be a composition of blow-ups along smooth centers and let
E be an irreducible component of the exceptional divisor of 7 such that 7(E) = S.
Since S has codimension two, we may restrict 7 to an open subset Y, of Y which
contains 7 !(p) and such that the induced map 7 : Yy — X is a composition of
blow-ups along smooth centers of codimension two, all of them dominating S. Since
3 is transverse to S, all the successive strict transforms of 3 are also transverse to
the irreducible components of the singular set of the corresponding strict transforms
of F which dominate S. Therefore 3, the strict transform of ¥ under 7, is smooth
along 77 1(p). Let Ex, be an irreducible component of 3. Once one remarks that

ordg(Kpvr — 7" Kr) =1 —ordg((7* (w)o)).
and that a similar formula holds for Kg, it follows that
ordg(Kpr — " Kr) = ordpy, (K(x 5)+¢ — (m5)"Kg).
Therefore S is a non-canonical singularity for F if, and only if, p is a non-canonical
singularity for G.
From now on, assume that S is a canonical singularity for F. Let v be a vector
field with isolated singularities defining G = Fx at a neighborhood of p. If the

quotient of eigenvalues of the linear part of v at p is different from —1, then dw(p) #
0 and S, at a sufficiently small neighborhood U of p, is a Kupka singularity for F.
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As was shown in [34], the vector fields annihilating dw define a smooth codimension
two foliation tangent to F, and the projection to ¥ along the leaves of such foliation
define a submersion f : (U,p) — (3, p) such that f*G = F. If instead the quotient
of eigenvalues of v is equal to —1, then dw vanishes identically on S, and we cannot
apply Kupka’s Theorem. Nevertheless the same phenomena persists as we now
proceed to prove. Notice that the coefficients of w generate the defining ideal Z of
S. After a local change of coordinates, we can assume that S = {z1 = x2 = 0} and
that
w = u(x1drs + x2dx1 + W>2)

where u is a unity and ws> have coefficients in Z2. If £ is a nowhere zero vector
field tangent to S, say £ = a%i for some i > 3, then the contraction w(§) belongs
to Z?. Therefore we can find a vector field £>; with coefficients in Z such that
w(€ +&>1) = 0. Using the local flow of £ + {>1 we produce a submersion f,_s :
(C™,0) — (C"1,0) and a codimension one foliation G,,_1 such that F = f;_,G,,_1.
We proceed inductively to conclude the proof of the proposition. O

Corollary 3.6. Let F be a codimension one foliation with canonical singularities on
a projective manifold X . If H is an invariant algebraic reduced hypersurface, then,
outside a closed subset R C H of codimension 2 in H (hence R has codimension 3
in X ), the only singularities of H are normal crossing, i.e. H is normal crossing
in codimension one. In particular, H is demi-normal in the terminology of [31,

Chapter 5].

Proof. The fact that H is normal crossing in codimension one follows from the
Remark B4] and the description of codimension two canonical singularities given
in Proposition Since the ambient space is smooth, H (as well as any local
complete intersection) is Cohen-Macaulay and therefore satisfies Serre’s condition
So. O

3.1. Uniruled foliations with canonical singularites. From the definition of
canonical singularities combined with Theorem [2:3] we obtain the following char-
acterization of uniruledness for foliations with canonical singularities.

Theorem 3.7. Let F be a foliation with canonical singularities on a projective
manifold. Then F is uniruled if, and only if, the canonical bundle of F is not
pseudo-effective.

Proof. If K is not pseudo-effective, then Theorem [2.3] implies F is uniruled.

Suppose now that F is uniruled and with canonical singularities. We want to
prove that Kz is not pseudo-effective.

The uniruledness of F implies the existence of a projective manifold Z endowed
with a surjective morphism p : Z — B to another projective manifold B and a
surjective morphism 7 : Z — X such that the general fibers of p are rational
curves, and the image of a general fiber of p under 7 is generically tangent to the
foliation. After replacing B by a general subvariety, we can further assume that Z
and X have the same dimension.

Let F' be a general fiber of p. There is no loss of generality in assuming that
7(F) is a rational curve which does not intersect the singular set of 7. Indeed,
if for a general fiber F' of p the curve m(F) intersects the singular set of F, then
there exists a divisor H on Z which dominates B and is mapped to the singular set
of F. According to [32] Theorem VI.1.3], we can find a composition of blow-ups
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q: X — X centered at 7(H) C sing(F) such that ¢~! o 7 does not contract H.
Since the singularities of F are canonical, by hypothesis, we have that the canonical
bundle of ¢*F is the sum of a pseudo-effective line bundle with an effective line
bundle, hence still pseudo-effective. Replacing X by X and Z by the elimination
of indeterminacies of g~' o 7, we arrive in a situation where a general fiber F of p
is mapped by 7 to the complement of the singular set of F.

Let L be the leaf of F containing 7(F'). Since 7(F) moves inside L in a family
of rational curves of dimension at least dim(F) — 1 = dim L — 1, it follows that
Ky -7(F) < 0. Using that w(F) is disjoint from the singular set of F, we deduce
the identity K - n(F) = Kr - n(F). As 7(F) moves in a family covering X, it
follows that K r is not pseudo-effective. 1

Corollary 3.8. Let F be a foliation with numerically trivial canonical bundle on a
projective manifold X . The foliation F has non-canonical singularities if, and only
if, F is uniruled.

Proof. If F is uniruled and has canonical singularities, then Theorem [3.7] implies
K is not pseudo-effective. Hence, if F is uniruled and Kz is numerically trivial,
then F cannot have canonical singularities.

Assume now that F has non-canonical singularities. Then, there exists a pro-
jective manifold Y, and a birational morphism 7 : Y — X, such that the foliation
G = m*F has canonical bundle of the form

Kg:Tr*K]:—I—D

where D is a non-effective divisor. As 7*Kr is numerically trivial, we have that
K¢ is pseudo-effective if, and only if, D is pseudoeffective. But, according to [33]
Corollary 13], a contractible divisor is pseudo-effective if, and only if, it is effective.
Since D is not effective, we deduce that K¢ is not pseudo-effective. Theorem 23]
implies G is uniruled, and so is F. O

Corollary 3.9. Let F be a foliation with canonical singularities on a projective
manifold X. If Kx is numerically equivalent to zero, then the tangent sheaf of F is
semi-stable with respect to any polarization of X, i.e., for every reflexive subsheaf
E CTF, we have c1(€) - H"1 <0 for every ample divisor H.

Proof. Fix a polarization H of X and, aiming at a contradiction, assume that T'F is
not semi-stable. Consider the Harder-Narasimham filtration of T'F with respect to
H. The maximal semi-stable subsheaf of T'F is closed under Lie brackets (see [30]
Lemma 9.1.3.1]) and therefore defines a foliation G. Notice that G is a subfoliation of
F with non pseudo-effective canonical bundle since —c;(T'G)- H" ! = Kg-H"™! <
0. It follows that G is a foliation with rationally connected general leaf, and F
is uniruled. But at the same time F has canonical singularities and numerically
trivial canonical bundle, contradicting Theorem 3.7 0

Corollary 3.10. Let X be a uniruled projective manifold, and let R : X --»
Rx be the maximal rationally connected meromorphic fibration on X. Let F be a
codimension one foliation with canonical singularities on X. If Kr is numerically
trivial, then every leaf of F dominates Rx, i.e. the restriction of R to every leaf
has generically maximal rank. Furthermore, if Frar is the foliation defined by R,
then det N F ot ts a numerically trivial line bundle.
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Proof. Let us call F,,; the codimension ¢ (= dim Rx) foliation with algebraic
leaves induced by R : X --» Rx. After [24], we know that Rx is not uniruled.
Therefore, [7] implies that F,.+ is given by an holomorphic ¢-form on X without
zeroes in codimension 1, and with coefficients in a line bundle £ = det NF, .4
such that E* is pseudo-effective. The restriction of such g-form on the leaves of F
defines a non trivial section o of Q% @ E, where Q% denotes the ¢g-th wedge power
of the cotangent sheaf of F. The previous Corollary implies that T'F is semi-stable
with respect to any polarization of X. Therefore, the section o has no zeroes in
codimension 1, and F = det N F,..+ must be numerically trivial. On the other hand,
any leaf which does not dominate Rx is contained in the zero locus of o. O

3.2. Foliations defined by closed rational 1-forms. Starting from Section [,
most of this paper will be devoted to prove that a codimension one foliation with nu-
merically trivial canonical bundle and canonical singularities is defined by a closed
rational 1-form after an étale covering.

In this subsection, we study the polar divisor of foliations with canonical singu-
larities defined by closed rational 1-forms. We will make use of the concept of log
canonical pair, see [31] for a thorough treatment of this concept.

Proposition 3.11. Let F be a codimension one foliation on a projective manifold
X. Assume that F is defined by a closed rational 1-form w. Let A = (w)oo be the
polar divisor of w and let Aeq be the reduced divisor with the same support. If F
has canonical singularities, then the pair (X, Areq) is log canonical.

Proof. Let m : Y — X be a log resolution of the pair (X, Ayeq). As usual let us
write

KY + 7T;1Arcd - 7T*(I(X + Arcd) + ZazEz

where the sum runs through the exceptional divisors of m. We want to show that,
under our assumption, the integers a; are greater than, or equal to —1.

Let G = 7n*F be the pull-back of F under w. The normal bundle of F is equal
to Ox(A — Z), where A = (w)s is the polar divisor of w and Z = (w)o is the
divisorial part of the zero set of w. Now 7*w is a closed rational 1-form defining G
and therefore NG = Oy ((m*w)oo — (7*w)p). Since w is closed, then we can write

locally
k
dfi g

im1 1 k
where ¢ is a germ of holomorphic function, f; are irreducible germs of holomorphic
functions, \; are complex numbers, and n; are natural numbers. The coefficients
n; correspond to the coefficients of A — A,¢q on the hypersurface {f; = 0}. Writing
down a similar expression for 7*w we deduce that

NG =7"(A = Avea) + 7, (Drea) = 7, (Z) + Y miE;

where the sum runs over all exceptional divisors, and m; are integers not greater
than 1.
If we compute Kg — n* K using adjunction and the formulas above, we get

Kg—m"Kr=Ky+NG—7"(Kx + NF) = (a;+m;)E;.

If F has canonical singularities, then 0 < a; + m; < a; + 1. Therefore a; > —1, i.e.
the pair (X, Aeq) is log canonical. O
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4. THE CONORMAL BUNDLE
4.1. From the non-vanishing of cohomology to a foliation by curves.

Lemma 4.1. Let F be a codimension one foliation with numerically trivial canon-
ical bundle on a compact Kdhler manifold X. Then, for every integer i between 0
and n = dim X, we have that

HY(X,N*F)*~ H"Y(X,Kz) ~ H'(X,N'TX @ N*F).

Proof. By Serre duality, H'(X, N*F)* is isomorphic to H" (X, Kx ® NF). By
adjunction, H"~*(X, Kx ® NJF) is nothing but H"*(X, Kx). Since Kz admits
a flat unitary connection, Hodge theory implies H" ¢(X, Kr) is isomorphic to
HO(X,Q% " ® Kz*). Finally, from the identity Q% * = A'TX ® Kx, we obtain
that H(X, N*F) is isomorphic to H°(X, A"TX @ N*F), as claimed. O

Assume that H'(X,N*F) # 0 and let v be a non-zero twisted vector field
with coefficients in N*F produced through Lemma Il The twisted vector field v
determines a foliation G with canonical bundle given by the formula

(1) Kg=N"F®Ox(—(v)o).

Ifwe H'(X, Q% @ NF) is a twisted 1-form defining F, then w(v) € H°(X, Ox).
Therefore w(v) is either identically zero, or everywhere non-zero. Consequently the
foliation G is either contained in F, or it induces a splitting T X = TF & TG of the
tangent bundle of X.

When the tangent bundle of X splits, then F is clearly a smooth foliation. If
instead the contraction of w € H(X,Q% @ NF) with v € H(X,TX ® N*F)
vanishes identically, i.e., the foliation G defined by v is tangent to F, then we have
the following result.

Lemma 4.2. Let F be a codimension one foliation with numerically trivial canon-
ical bundle on a projective manifold X . Assume that F has canonical singularities.
If there exists a twisted vector field v € H*(X,TX @ N*F) everywhere tangent to
F, then the canonical bundle of X is pseudo-effective.

Proof. Since F has canonical singularities, Corollary B.8 implies that F is not unir-
uled. Therefore, Theorem 2] implies that the canonical bundle of G (the foliation
defined by v) is pseudo-effective. But Kx is numerically equivalent to N*F by
adjunction, and N*F = Kg ® Ox((v)o) according to Equation (). Hence Kx
is numerically equivalent to the product of a pseudo-effective line bundle with an
effective line bundle. It follows that Kx is pseudo-effective. O

It will be seen later, in Section [ that the pseudo-effectiveness of Kx automat-
ically implies that F is smooth.

4.2. Sufficient conditions for the non-vanishing of cohomology.

Lemma 4.3. Let F be a codimension one foliation on a projective manifold X
Suppose there exists a closed analytic subset R C X of codimension at least 3, and
a C-divisor D = Zle A H; supported on F-invariant hypersurfaces H; such that
for every x € X \ R, we can locally write

w A (ZA%) = dw
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where hy, ..., hig are local equations for Hy, ..., H, and w is a suitable defining one

form of F. Then c1(N*F) — c1(D) belongs to H (X, N*F).

Proof. One can assume for simplicity that R = 0 since H*(X, N*F) ~ H'(X \
R,N*F). Let U = {U,} be a sufficiently fine open covering of X. If {gas €
O*(Uap)} is a cocycle representing NF, then, according to our hypothesis, the
collection of holomorphic 1-forms {05 € Q% (U,s)} defined by

7,3 i,

Y]
vanishes along the leaves of F. Thus, we have an induced class in H!(X, N*F)
with image in H'(X, QY) representing c1(N*F) — 3 Xic1 (Ox (H;)). O

When the foliation F has singular set of codimension at least three, we can apply
the lemma above to conclude that N*F is numerically equivalent to zero, or that
HY(X,N*F) # 0. Indeed, under this assumption, we are always in the latter case
as one can see by applying the next lemma in the case D = 0.

Lemma 4.4. Let F be a codimension one foliation on a projective manifold X
satisfying the assumptions of Lemmal[].3 Moreover, assume that the divisor D has
real coefficients strictly greater than —1 and that its support is normal crossing in

codimension one (see the definition in Corollary[Z.8). Then H'(X, N*F) # 0.

Proof. We will keep the notations used in the proof of Lemma If D is not
numerically equivalent to N*F, then the result follows from Lemma Hence,
we will assume from now on that N*F is numerically equivalent to D.

There exists on any sufficiently small open set U, C X a function ¢, expressed
locally as 252‘1 i with ;.o = A;log|hj.o|°. Notice that the functions ¢ , satisfy
the identity 5-00p; o = Aj[H;]jy, of currents. Moreover, for some appropriate
choice of local defining forms w,, of F, we get the following equalities

dh;
2 Ol/\aoz:da d 8(1: )\1 1,
2) o Mo =ity and g = 3N
on open subsets U, of the covering U.

Since N*F is numerically equivalent to D, the local expressions

(3) jePotloglHaly, A g

give rise to a positive (1, 1)-current 7' on V = X \ sing(F) for a suitable choice of
H, € O*(U,). Indeed, e¥~ is locally integrable on V, since A; > —1. Note also
that T, = ieP*w, AWy is closed on U, NV, thanks to ([2)). Beware that e®= may fail
to be integrable near some point of the singular locus. Nevertheless, as sing F has
codimension > 2, T, extends uniquely to a closed positive current on U, (namely
the trivial extension of T, ), again denoted T,. Observe now that the globally
defined positive current T' = |H,|T, is also closed. Indeed, i00T = i00(|H|)Tx
is identically zero as an exact positive (2,2)-current. Because T, is directed by
the foliation, this implies that |H,| is pluriharmonic, hence constant on the leaves,
whence the closedness of T'. Note that replacing ¢, by @, +log|H,| does not affect
equality ([@). In particular, one can suppose that H, =1 in (3.

One can reformulate more intrisically the previous construction by saying that
Y can be interpreted as a local weight of a singular metric g on N*F and w, as
the local trivialization of a holomorphic one form w with coefficients in NF. The
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current T is then nothing but ¢*(w,w), where g*(-,-) is the sesquilinear pairing
induced by the dual metric g* at the level of H(X, Q%" @ NF).

Remark that T splits on V as —nAw, where n = ¢*(-,w) is the d-closed (0, 1)-form
valued in N*F associated to W via g*, i.e. 7 = ie¥~w, in local patches.

By assumption, D is locally normal crossing on X — S where S has codimension
>3 in X. Hence the splitting above can indeed be defined on X — S.

In particular, if we denote by B, an open ball centered at p € X, the restriction
of n to B, — S is indeed 0 exact. Therefore, by Mayer-Vietoris, the cohomology class
{n} defined in H'(X — S, N*F) extends to a class in H'(X, N*F). The positivity
of T implies that this class is non—trivial, and the lemma follows. O

For later use, let us record a consequence of the above. Notice that, in its
statement, we refer to the residues of a 1-form with coefficients in a flat line bundle.
Of course, when the line bundle is not trivial, such residues are not well-defined
complex numbers, but it makes sense to ask whether they are zero or not.

Corollary 4.5. Let F be a codimension one foliation with canonical singularities.
If F is defined by a closed rational 1-form n without residues and with coefficients
in a flat line bundle, then H*(X, N*F) # 0. In particular, if F is a fibration, then
HY(X,N*F) #0.

Proof. Since F has canonical singularities, Proposition[3.5implies that the supports
of (7)o and (1) are disjoint.

If x € |(n)o], then there exists a neighborhood U containing x and a holomorphic
primitive of f : U — C of n, i.e., gy = df. If w is a holomorphic 1-form defining
Fy with zeros of codimension at least two, then w)y = hdf for some meromorphic
function h : U — P! without zeros. It follows that

dw=dhNdf =wAN (—%) .

Since the residues of d—,f are all negative, we conclude, using also Corollary 3.6 that
F satisfies the assumptions of Lemma [I4] at a neighborhood of |(1)o].

Let now z € |(1)so|. Since the supports of (1)¢ and () are disjoint and 7 has no
residues, we can write 7y = d(f~1) where f is a holomorphic function f: U — C
with zero set contained in [(7)s|. As before, we can write wjy = hdf for some
meromorphic function h without zeros on U, and conclude that the assumptions of
Lemma [I4] are satisfied everywhere. Therefore H!(X, N*F) # 0.

Finally, if F is a fibration, then we can take n = df where f : X — P! is any
first integral for F. O

5. CRITERION FOR UNIRULEDNESS

The main goal of this section is to obtain information about the ambient manifold
when there exists a codimension one foliation with numerically trivial canonical
bundle with non-empty singular set.

5.1. Pseudo-effectiveness of the canonical bundle implies smoothness. A
particular case of the result below (p = dim X — 1) already appeared in [54]. The
arguments here are a simple generalization of the arguments therein and heavily
rely on an integrability criterion due to Demailly in [21]. They have also high order
of contact with the arguments carried out by Bogomolov in [5], see also [46, Section
5].
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Theorem 5.1. Let X be a compact Kdhler manifold with Kx pseudo-effective, L
a flat line bundle on X, p a positive integer and v € H*(X, A\’ TX ® L) a non-zero
section. Then the zero set of v is empty.

Proof. Let ¢ = dim X — p. From the isomorphism A" TX =~ Q% @ Kx* we see that
v defines a twisted g-form w € H%(X, Q1 ® Kx* ® L).

The pseudo-effectiveness of Kx implies the existence of singular hermitian metric
on it with non-negative curvature. The same holds for Kx ® L* by flatness. A metric
on Kx*® L can be identified with a section g of (Kx ® L*)® (K x ® L*) and we can
use it to define a (g, ¢)-form n with L7° coefficients through the formula n = g(v, v).
Concretely, if {U,} is an open covering of X, then there exists plurisubharmonic
functions ¢, on U, such that

|hasl® = exp(pa — 05) -
where hqg is a cocycle defining Kx ® L*. Thus
1 = iexp($a)wa A Wa-
Demailly, in [2T], proved that the identity of currents dw, = —9¢as A w, holds
true, see also the proof of [I2, Proposition 2.1]. In other words, w is V4-closed,
where V, is the Chern connection associated to g. Consequently, dn = 0 as a

current, and 7 defines a class in H?9(X,C). Poincaré-Serre duality implies the
existence of [p] € HP?(X,C) such that

(4) (] A [p) # 0.

Decompose 7 as the product n = v A g(v) where g(v) = g(-,v) is seen as a (0, q)-
form with values in Kx ® L* (g(7) = i exp(pa )wg in a local patch). It is crucial to
remark that g(7) is d-closed, thanks to the d-closedness of .

Therefore the non vanishing of the cup-product (@) can be reformulated as

[g@)] Ao Ap]#0
where the bilinear pairing involved is Hg’q(KX QL) ® Hg’"_q(L) — H?"(X,C).
By Hodge symetry, one can choose a representative of [v A p] € Hg’"fq(L) of the
form 7 where 7 is a holomorphic (n — ¢)-form valued in the unitary flat bundle L*.

In particular g(v) A% # 0, and then, by conjugation, v Ay # 0. On the other hand,
v A is asection of Kx @ Kx* ® L ® L* = Ox. It follows that v has no zeros. [

Theorem 5.2. Let D be a distribution of codimension q on a compact Kahler
manifold X. If ¢;(TD) = 0 and Kx is pseudo-effective, then D is a smooth foli-
ation. Moreover, there exists a smooth foliation G on X of dimension q such that
TX =TD&®TG. Finally, if X is projective, then the canonical bundle of D is

torsion.

Proof. The integrability follows from [21I]. The previous theorem implies that
sing(D) = () and that there exists a holomorphic (n — ¢)-form ~ which restricts
to a volume form on the leaves of the foliation defined by D.

In order to prove the result we just need to modify v to obtain that its kernel
is the expected complementary subbundle defining G. This can be done as follows.
There is a natural monomorphism of sheaves

n—q—1

v: J\ TD - Qk,
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defined by the contraction of v with n—g—1 vectors fields tangent to D. Notice that
the projection morphism of Q% onto T*D is actually an isomorphism in restriction
to Imep. Its inverse provides a splitting of the exact sequence

0= N*D— QY =T*D—=0.

Since det T*D is numerically trivial, Im1) is an integrable subbundle of Q%. This
subbundle defines the conormal bundle of the sought foliation G.

Let L = KD* and v € H(X,Q% ® L), p=n — ¢, be a twisted p-form defining
G. After passing to a finite étale covering, we can assume that the integral Chern
class of L is zero, i.e., L € Pic’(X).

Since L is flat, Hodge symetry implies that H(X, Q% ® L) = HP(X,L*). Let
m = h?(X, L*) and consider the Green-Lazarsfeld set

S ={E € Pic"(X) | h?(X,E) > m}.

According to [51], if X is projective, then S is a finite union of translates of subtori
by torsion points. To conclude the proof of the Theorem, it suffices to show that
L* is an isolated point of S. Let ¥ C Pic’(X) be an irreducible component of S
passing through L. If P is the restriction of the Poincaré bundle to ¥ x X, and
w3 x X — ¥ is the natural projection, then, by semi-continuity, RPm,P is locally
free at a neighborhood of L. Therefore, we can extend the element HP (X, L*)
determined by v to a holomorphic family of non-zero elements with coeflicients in
line bundles E € ¥ close to L*. Hodge symetry gives us a family of holomorphic p-
forms with coefficients in the duals of these line bundles. Taking the wedge product
of these p-forms with a ¢-form defining D we obtain, by transversality of D and G,
non-zero sections of H(X, Kx @ ND® E*) for E varying on a small neighborhood
of L* at ¥. Since Kx ® ND ® E* € Pic’(X), this implies that E € ¥ if, and only
if, F = Kx ® ND = L*. Thus X reduces to a point. O

Remark 5.3. The Theorem above provides evidence toward the following con-
jecture of Sommese ([52]): if F is a smooth foliation of dimension p with trivial
canonical bundle on a compact Kdhler manifold X, then there exists a holomorphic
p-form on X which is non-trivial when restricted to the leaves of F.

5.2. Criterion for uniruledness. Theorem [5.1] allow us to deduce Theorem [II
of the Introduction which we state again below for convenience. It confirms [47]
Conjecture 4.23].

Theorem 5.4 (Theorem [ of the Introduction). Let X be a projective mani-
fold and L be a pseudo-effective line bundle on X. If there exists non trivial
ve HYX, \' TX ® L*) vanishing at some point, then X is uniruled. In particular,
if there exists a foliation F on X with ci(TF) pseudo-effective and sing(F) # 0,
then X s uniruled.

Proof. If X is not uniruled, then Kx is pseudo-effective [7, Corollary 0.3]. The-
orem [2.1] together with Mehta-Ramanathan Theorem [41] imply that the Harder-
Narasimhan filtration of the restriction of TX to curves obtained as complete inter-
sections of sufficiently ample divisors has no subsheaf of positive degree. Therefore
the same holds true for A" T X, and consequently L cannot intersect ample divisors
positively. This property together with its pseudo-effectiveness implies ¢1 (L) = 0.
We can apply Theorem [5.1] to conclude that sing(v) = (), and obtain a contradic-
tion. O
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Corollary 5.5. Let F be a codimension one foliation with canonical singularities
and numerically trivial canonical bundle. If H*(X, N*F) # 0, then F is smooth.

Proof. If HY (X, N*F) # 0, then Lemma [A1] implies the existence of a nonzero
ve HYX,TX ® N*F). Let w € H'(X,Q% ® NF) be a twisted 1-form defining
F. Ifw(v) # 0 in H°(X, Ox), then clearly F is smooth. If instead w(v) = 0, then
Lemma 2] implies Kx is pseudo-effective, and Theorem Bl implies that F is also
smooth in this case. O

5.3. Foliations with compact leaves. In the statement below, by a compact leaf
of a foliation we mean a compact invariant submanifold of the same dimension as
the foliation which does not intersect the singular set.

Theorem 5.6. Let F be a codimension q foliation with numerically trivial canonical
bundle on a compact Kahler manifold X of dimension n > q. If F admits a
compact leaf, then F is smooth, and there exists a smooth foliation G of dimension
q everywhere transverse to F. Furthermore, if X is a projective manifold, then K r
is a torsion line-bundle.

Proof. Let w be a Kihler form and consider £ = w" 9. Let v € H)(X, A" ITX ®
K7) be a (n— q)-vector defining 7. Contract ¢ with v in order to obtain a d-closed
(0, — q)-form a with coefficients in K. If this form is not 0-exact, one obtains
by Hodge symetry a holomorphic (n — ¢)-form with coefficients in the dual of Kr
which is by construction non zero on a general leaf of F. By adjunction formula,
this (n — ¢)-form defines a foliation G totally transverse to F.

To prove that « is not d-exact, observe that the restriction of a to a com-
pact leaf L can be naturally identified with a non-trivial volume form. Indeed, if
(#1,...,2n—q) are local coordinates on L, then the restriction of v to L is, up to a
scalar multiple, nothing but

7] 7]

and therefore we can identify o) with §r.
Finally, when X is projective we can argue exactly as in the proof of Theorem
in order to deduce that Kz is torsion. O

Corollary 5.7. Let F be a foliation with numerically trivial canonical bundle on
a rationally connected manifold X. If F has a compact leaf, then F is the foliation
by points.

Proof. First notice that the foliation G constructed in Theorem has canonical
bundle K¢ numerically equivalent to Kx. Consider now the inclusion Kg* —
AT X and restrict it to a very free rational curve C'. Because T'X|¢ is a direct sum
of line bundles of strictly positive degree, this morphism must vanish identically
along C unless ¢ = dim X. Since the very free rational curves cover X, we deduce
that TG = TX, i.e. G is the foliation with just one leaf and F is the foliation by
points. 0

When all the leaves are compact, the structure of the foliation is particularly
simple:

Theorem 5.8. Let F be a smooth and algebraically integrable foliation with nu-
merically trivial canonical bundle on a n-dimensional projective manifold X . Then,
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perhaps after passing to a finite étale covering, the manifold X is a product of pro-
jective manifolds and F is defined by the projection to one of them.

5.4. Proof of Theorem[5.8l By [26, Proposition 2.5, F is induced by a morphism
¢ : X — Y onto a normal projective variety Y with connected fibers. Let us state
in the first place the following proposition due to Druel.

Proposition 5.9. [23] Lemma 6.4,6.5]. Theorem holds true whenever ¢ is
smooth. Moreover, if the irreqularity of every fiber of o is zero, the product structure
on an étale cover is induced by an appropriate base change: there exists complex
manifolds Y1 and F', as well as a finite étale cover Y1 — Y such that Y1 Xy X ~
Y1 X F' as varieties over Y7.

Remark 5.10. In the original statement of [23], loc.cit, it is also assumed that
the canonical bundle Kx is pseudo-effective in order to ensure that F admits a
transverse foliation. On the other hand, the existence of this foliation is guaranteed
by Theorem 5.6l Note also, that the existence of a transverse foliation implies that
¢ (assumed to be smooth) is a locally analytically trivial fibration. In particular
all fibers are isomorphic.

Proposition 5.11. Suppose that a fiber of ¢ is a Calabi-Yau manifold (as the
terminology may vary, this means here that its universal cover is compact). Then
Theorem [5.8 holds true.

Proof. The proof follows verbatim the nice arguments developped by Druel in the
proof of Proposition 6.6, loc.cit. For the sake of convenience of the reader, we recall
the strategy and also extract what is really necessary in our setting.

By applying Hwang-Viehweg’s étale version of Reeb stability theorem [26], The-
orem 2.7], there exists a finite set of indices I', morphisms g, : Y, — Y with Y,
smooth, finite onto their images and such that

(1) U’yef‘ gy(Yy) =Y.

(2) The normalization X, of Y, Xy X is smooth and the canonical projec-
tion ¢ : Xy — Y, (which then defines f3F by the natural smooth étale
morphism f, : X, — X) is smooth projective with connected fibers.

In that way, we obtain, by taking Y7 to be the normalization of Y in the Galois
closure of the compositum of the fields C(Y ), that the projection ¢; : X1 — Y;
is smooth with connected fibers, where X is the (singular) variety defined as the
normalization of Y7 Xy X. Note that ¢; defines the foliation f{'F where f; : X; —
X is the natural morphism. Finally, by considering a desingularization Y5 of Y7,
we inherit on the smooth projective variety Xo = Y5 xy, X; a foliation given by
the (smooth) projection o : Xo — Y2 which is nothing but the pull-back of f;F
under the natural morphism fy : Xo — X;. This construction can be performed
from the datum of any regular and algebraically integrable foliation. In the case
where ¢1(TF) = 0, an elementary but fundamental calculation yields

Kx,/v, ~0,
ie. Kx, v, is linearly equivalent to zero.

In our case, we have moreover that the fibers F' of o are Calabi-Yau manifolds.
One can thus invoke Proposition to claim that there exists a finite étale cover
gs : Ys — Yo such that X3 := Y3 xy, X9 ~ Y3 x F. This allows to "go back”
in the previous construction and exhibit a (singular) variety X, having a product
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structure Yy x F' and equipped with finite dominant morphism f; : X4 — X3 such
that (f1 o f4)"F is given by the projection ¢4 : X4 — Y;. Indeed, one takes Y
as the normalization of Y7 in C(Y3) and X, as the normalization of Y; xy, Xi.
By replacing Y; by a suitable finite cover, one can assume that there exists a
finite group G € Aut(Yy) such that Y = Y, /G. In particular, X = X,/G for the
natural extention of G on the fiber product X4. By construction, G preserves the
vertical fibration on Xy = Yy x F'. One can then write g(z,y) = (g1(z), g2(z,v)).
The family go(x,.) of automorphisms of F' depends continuously on z, hence is
constant thanks to the vanishing of h°(F,Tr). In other words, G acts diagonally
on Y, x F. Replacing G by some appropriate quotient , there is no loss of generalities
in assuming that G injects into Aut(Yy) and Aut(F'). This prevents the existence of
a non trivial element of G fixing pointwise an hypersurface in X4. Then the quotient
map X4 — X4/G = X is étale in codimension one, hence étale by Nagata-Zariski
purity criterion. This concludes the proof. 0

The following statement will give a way to deal with the general case by extract-
ing the abelian factor and reducing to the previous case.

Proposition 5.12. Assumptions as in[52.8. There exists two regular algebraically
foliations Fi and Fa such that Tr = Tr, @& Tr, with the additional properties:
(1) Kz, ~ Kz, ~0
(2) The leaves of F2 are Calabi-Yau manifolds.
(3) Up to passing to a finite étale cover, Tx, is holomorphically trivial. In
particular Fy is defined by the orbits of an algebraic subgroup A of Aut0(X)
isomorphic to an abelian variety.

Proof. Recall firstly (cf.[4]) that, for a compact Kahler manifold X with ¢;(X) = 0,
the splitting 77X := £ @ £+ with respect to a Ricci flat metric, where £ is the flat
factor, is indeed intrinsically defined, i.e. does not depend on the choice of the
metric and that, up to finite cover, correspond to a unique decomposition 7" x V'
where T' is a compact torus and V a simply connected Calabi-Yau manifold. In
particular this splitting is invariant by automorphisms and descend to finite étale
quotients.

With the notations of the proof of Proposition [5.11] let us examine on X, the
pull-back foliation F., = f7F defined by the smooth projective morphism ¢,. Each
fiber F' of ¢, is equipped with a canonical splitting of 7'r recalled above. Note
that X, comes equipped with a transverse foliation G, = fJG to F,, where G
is a foliation on X transverse to F whose existence is guaranteed by Theorem
In particular, the fibration ¢, is locally trivial from the analytic viewpoint
and consequently these fiberwise splittings fit together to produce two regular and
algebraically integrable subfoliations F ., (corresponding to the flat factor on the
fibers), F2 , of F, such that

T]:w = T]:lw ® T]:QW
These two foliations obviously descend to foliations on f,(X,) which glue to-
gether when ~ varies and finally define on X two regular algebraically integrable
subfoliations Fi, Fo of F such that
Tr =TFr ©TF,

Moreover, observe that on each fiber F of p,, Tz, |F is endowed with a unique flat
holomorphic connection Vg with finite monodromy coming from the decomposition
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T x V on a finite cover. Note that Vg extends uniquely as a flat connection on 7'z,
in restriction to an analytic neighborhood of F trivialized as a product U x F by
the transverse foliation G,. By uniqueness of Vg on each fiber, these connections
glue together to produce a flat connection V. which descends to f,(X,). For the
same reasons of uniqueness and the fact that the G, come from the same foliation
G on X, the flat connections f, V., v € I' glue together, hence give rise to a
flat holomorphic connection V on T'7 . In particular Kz, ~ 0 and automatically
K7, ~ 0 thanks to the above splitting.

We claim now that V has finite monodromy. Remark that it suffices to show
that for some v € T', f, V, (or equivalently V) has finite monodromy, since
m1(fy(X,)) surjects onto m(X). For this purpose, observe that, by fixing some
z € Y, and considering F' = ¢, !(z), G, defines a representation (the holonomy
representation)

p:mi(x,Y,) = Aut(F)
by lifting loops on leaves of G, .

Because the morphism ¢, is projective, the image G of p has to fix some Kéhler
class on F', hence contains a subgroup of AutO(F ) of finite index. Hence, by replac-
ing X, by Y’y Xy, Xy, with }77 some suitable finite étale cover of Y., one can assume
without any loss of generalities that G C AutO(F ), this latter being an Abelian va-
riety. Take g € G, g = exp(tX) for X € H(F,TF), t € C. Denote by L, the stalk
at y € I of the local system L associated to Vp and consider v € L,. Because
the commutation relation [X, L] = 0 holds (L lifts as a constant local system on
T xV'), one can infer that g.u € Lg(,,) must coincide with the analytic continuation
of u along s — exp(a(s)X)(y) where a : [0,1] = C is a continuous path joining 0
to t.

Thanks to the exact sequence of the fibration ., we can easily conclude that the
monodromy group of V., coincides with that of its restriction Vr and in particular,
is finite. This finishes the proof of the Proposition. O

By [9, Proof of Theorem 1.2] (see also [23, proof of proposition 6.6]), up to
replacing X by a finite étale cover, one can suppose that X = A x Y, A Abelian
variety where JF; is defined by the projection pry : X — Y. Note that F2, whose
leaves have irregularity 0, is automatically tangent to the second projection pr, :
X — A. Moreover, the action of A on each leaf £ of F has to preserve Tz, |L. This
implies that F» projects via pry as a foliation on Y. This last property, combined
with Proposition [.11] allows to conclude the proof of Theorem O

5.5. Algebraic leaves of singular foliations. A generalization of the argument
used to prove Theorem [5.6] imposes constraints on algebraic leaves of singular foli-
ations with trivial canonical class.

Theorem 5.13. Let F be a foliation with numerically trivial canonical bundle on
a projective manifold X . Assume sing(F) # 0. If L is an algebraic leaf of F, then
the Zariski closure of L is uniruled.

Proof. Since F is singular and X is smooth, F has dimension and codimension
different from zero. Theorem implies that L is not compact. Let L be the
closure of L and n : Y — L be its normalization.

According to [II Proposition 4.5] (see also [2] Definition 3.4 and Lemma 3.5])
there exists an effective Weil divisor A on Y such that n* K is linearly equivalent
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to Ky + A. In the terminology of [2], the pair (Y,A) is a log leaf of F. Let
m: Z — Y be a resolution of singularities of Y.

If A > 0, then Kz is not pseudo-effective. Indeed, if H is a very ample divisor
on Y and d is the dimension of Y, then H%'-A > 0 and H%~! can be represented
by a curve in Y which does not intersect the singular locus of Y, or even better the
centers of m. Thus Kz - (m*H)?! = Ky - H¥"! < 0. Since m*H is big and nef,
it follows that Kz is not pseudo-effective. Thus by [7] Z is uniruled and the same
holds for L. Similarly, if A = 0 and the singularities of Y are not canonical, then
K7 is also not pseudo-effective, and we conclude as before.

If A =0 and the singularities of Y are canonical, then m* Ky injects into K.
Let ¢ be the codimension of F and « be the (0,n — g)-form with coeflicients in Kr
constructed in the proof of Theorem 0] i.e. « is the contraction of the (n — ¢)-
th power of a Kéhler form w with a (n — g)-vector field v € HY(X,A"79TX ®
Kx) defining F. In order to conclude the proof, we will show that a is non-
trivial in cohomology, what implies that F is smooth (by the proof of Theorem
B0l contradicting our hypothesis. For that, let p = n o m be the composition
of the normalization with the resolution of singularities. The pull-back p*« is a
(0,n — g)-form with coefficients in p*Kr = m*Ky. Since m* Ky injects into Kz,
it yields a (0,n — ¢)-form on Z with coefficients in Kz. Thus we can regard p*« as
a (n—gq,n— q)-form on Z. Away from the union of the critical locus of p with the
pre-image of the singular locus of F, we have, as in the proof of Theorem [5.0] the
identity p*a = p*w™ ™7 up to replacing v by a suitable scalar multiple. By continuity,
this equality holds on the whole Z. Hence, p*« is a non-trivial semi-positive form
what guarantees the non-triviality of o in cohomology. O

Theorem 5.14. Let F be a foliation with numerically trivial canonical bundle
and canonical singularities on a projective manifold X . If the general leaf of F is
algebraic, then, perhaps after passing to a finite €tale covering, the manifold X is a
product of projective manifolds and F is defined by the projection to one of them.

Proof. Since K r is numerically trivial and the general leaf is algebraic, Theorem
combined Corollary implies that F is a smooth foliation. We can thus
apply Theorem in order to conclude. O

6. DEFORMATIONS OF FREE MORPHISMS
The goal of this section is to prove the following result.

Theorem 6.1. Let F be a codimension one foliation having al worst canonical
singularities on an uniruled projective manifold X . If the canonical bundle of F is
numerically trivial, then F is a transversely projective foliation.

Before dealing with the proof of this result, let us recall the definition of trans-
versely projective foliation following [37], see also [I7,[18]. A transversely projective
structure for a codimension one foliation F on a projective manifold X is the data
(P,H,0) of a P-bundle P — X, a Riccati foliation H on P, and a meromorphic
section o : X --» P such that o*H = F. Notice that this last condition implies
that o is generically transverse to H.

Another triple (P',H',o’) defines the same transversely projective structure if
it is derived from the initial one by a birational bundle transformation P --» P’.
Up to such birational bundle transformations, one can always assume that P is the
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trivial bundle X x P! with vertical coordinate z, and o is the section {z = 0}. The
foliation H is therefore defined by a Riccati 1-form

w:dz+w0—|—w1z—|—w2z2

where wg,w1,ws are rational 1-forms on X. The integrability of H, w A dw = 0, is
equivalent to the equations

dwy = wg A wq
(5) dwi = 2wg A wa
dws = wi A ws

Since we have normalized the section o to {z = 0}, then F is defined by the rational
1-form wp. Hence, a foliation F on P™ is transversely projective if, and only if, there
exist rational 1-forms wg,w;,ws on X satisfying (B where wy defines the foliation
F; we recognize the definition of transversely projective foliations given in [49].

If there exists a transversely projective structure (P, H, o) for F in which we = 0
(or equivalently there exists a section ¢ : X --» P invariant by H), then we say
that F is a transversely affine foliation.

If there exists a transversely projective structure (P, H, o) for F in which we =
wy = 0, then F is a transversely Euclidean foliation. In other words, a foliation
F is transversely Euclidean if, and only if, F can be defined by a closed rational
1-form.

Transversely projective foliations behave rather nicely with respect to dominant
rational maps as the lemma below shows.

Lemma 6.2. Let F' : Y --» X be a dominant rational map between projective
manifolds, F be a codimension one foliation on X, and G = F*F be the foliation
induced by F on'Y . Then the following assertions hold true.

(1) The foliation G is transversely projective if, and only if, F is transversely
projective.
(2) The foliation G is transversely affine if, and only if, F is transversely affine.

Proof. If F is transversely projective (resp. affine or Euclidean), then G = F*F is
transversely projective (resp. affine or Euclidean) since such a structure (P, H, o)
for F pulls back to a similar structure (F™* P, F*H, F*o) for G.

Suppose now that G is transversely projective (resp. affine). Restrict G and its
projective structure to a sufficiently general submanifold having the same dimension
as X. This reduces the problem to case where F' is a generically finite rational map,
and we can apply [I5] Lemme 2.1, Lemme 3.1] to conclude. O

We note that, if G is transversely Euclidean, then F is not necessarily transversely
Euclidean. The simplest examples are linear foliations on Abelian surfaces which
are invariant by multiplication by —1 while the defining 1-forms are not. By taking
the quotient, we obtain foliations which are transversely affine, but not transversely
Euclidean.

6.1. Deformation of free morphisms. Let X be a projective manifold of di-
mension n. The morphisms from P' to X are parametrized by a locally Noetherian
scheme Mor(P!, X) [32, Theorem 1.1.10]. The Zariski tangent space of Mor (P!, X)
at a given morphism f : P! — X is canonically identified with H°(P!, f*TX) [20,
Proposition 2.4] [32, Theorem 1.2.16]. To understand this, suppose Mor(P!, X) is
smooth at a point [f], and let v : (C,0) — Mor(P!, X) be a germ of holomorphic
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curve in Mor(P*, X) such that v(0) = [f]. If we fix x € P! and compute +/(0)(z),
we obtain a vector at Ty X ~ (f*TX),. Thus 4'(0) € H°(P*, [*TX).

For an arbitrary morphism f, the local structure of Mor(P!, X) at a neighbor-
hood of [f] can be rather nasty, but if ' (X, f*TX) = 0, then Mor(P!, X) is smooth
and has dimension h°(P!, f*TX) at a neighborhood of [f], see [32, Theorem 1.2.16]
or [20, Theorem 2.6].

If [f] € Mor(P!, X), then Birkhoff-Grothendieck’s Theorem implies that f*7T'X
splits as a sum of line bundles Opi(a1) @ Opi(az) & -+ & Opi(a,) with a3 >
as > -+ > ap. The morphism f is called free when a, > 0. Notice that
R (P, f*TX) = 0 when f is a free morphism. Therefore Mor(P!, X) is smooth
of dimension h°(P, f*TX)=n+ )., a; at a neighborhood of [f].

The scheme Mor(PP!, X') comes together with an evaluation map

F:P' x Mor(P', X) — X
(@, [f]) — f(z).

Let f be a free morphism and M = My be the irreducible component of
Mor (P!, X) containing [f]. The evaluation map F has maximal rank at any point
of a neighborhood of P! x {[f]} in P! x M [32, Corollary I1.3.5.4]. Indeed, it has
maximal rank at a neighborhood of any point of the Aut(P!)-orbit of [f] under the
action of Aut(P') on Mor(P!, X) defined by right composition.

6.2. Tangential foliation on the space of morphisms. Let F be a foliation on
X (not necessarily of codimension one). We will say that a germ of deformation
fi: P — X, t € (C,0), of a free morphism f = fo: P! — X is tangent to F if the
curves fi(z) : (C,0) — X are tangent to the foliation F for every x in P!. These
deformations correspond to germs of curves on M tangent to a foliation Fi4ng on
M which we will call the tangential foliation of F.

The construction of Fi4ng is rather simple. Since TM ~ 7, F*T X, where 7 :
P! x M — M is the natural projection, the inclusion TF <« TX gives rise to
a morphism 7w, F*TF — TM. If T denotes its image, then we define Fiqpng as
the foliation on M determined by the saturation of Z inside T'M, i.e., T Fiqng is
the smallest subsheaf of T'M containing Z and with torsion free cokernel. The
involutiveness of T'Fiqng follows easily from the involutiveness of T'F as verified
below.

Proposition 6.3. The sheaf T Fiang C TM is closed under Lie brackets.

Proof. Tt suffices to verify at a neighborhood of a general morphism [g] € M. We
can assume for instance that the image of ¢ is disjoint from the singular set of F,
thus F foliates a neighborhood of g(P'). If &1, &> are germs of sections of T'Fiang
at [g], then the orbits of the corresponding vector fields give rise to deformations
of morphisms ¢y, ¢2 : (C,0) x P! — X with ¢;(0,z)g(z) and 0:¢;(t, ) € T, (1,0)F
for i = 1,2. The involutiveness of F implies that [0;¢1(0, ), 0p2,4(0, )] € Ty F for
2 € P, The involutiveness of T Firang follows. O

Remark 6.4. The idea of studying a foliation through the induced foliations on
the space of morphisms is not new, and can be traced backed to [42]. While it is
explored, there, to prove the uniruledness of the ambient manifold, here we will
explore the uniruledness of the ambient manifold (through the existence of free
rational curves) to unravel the structure of the original foliation.
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6.3. Tangential foliation and transverse structures. Consider a complex
manifold Y endowed with a proper morphism 7 : ¥ — Z with connected fibers
to another complex manifold Z. Given a foliation G on Y, we define the direct
image of G under 7 as the foliation 7,G on Z with tangent sheaf given by the
saturation in T'Z of the image of the natural morphism

TG — mTY - TZ

induced by the composition of the inclusion of T'G in T'Y with the differential of 7.

Let now X be a uniruled projective manifold carrying a foliation F, and let
M be an irreducible open subset of Mor(P*, X) formed by free rational curves. If
we consider on P* x M the foliation G defined as the pull-back of F under the
evaluation morphism, and the codimension one foliation H defined by the fibers of
the projection P! x M — P!, then the tangential foliation of F is nothing but the
direct image of the intersection of G with H, i.e.

Frang = (G NH).

When the direct image of a foliation is non-trivial (i.e. its dimension is different
from zero), then our next result shows that the transverse structure of the original
foliation is constrained.

Theorem 6.5. Let M be an algebraic manifold, let G be a codimension one foliation
on P! x M, let m : P' x M — M be the natural projection, and let H be the
codimension one foliation defined by the fibers of the other natural projection p :
Pt x M — PL. If the general fiber of w is generically transverse to G, and the general
leaf of the direct image T = m.(GNH) is Zariski dense, then the codimension of T
is at most three. Moreover,

(1) If codimT =1, then G is defined by a closed rational 1-form (i.e is trans-
versely Fuclidean);

(2) If codimT = 2, then G is transversely affine;

(3) If codim T = 3, then G is transversely projective.

Proof. After replacing M by a Zariski open subset, we can assume that NG is of the
form p*Op: (v 4 2) for some non-negative integer v, and G is defined by a rational
1-form © which can be written as

v+2

6= (io bi(w)z%)dz + ; 02"

where b; are regular functions on M and 6; are holomorphic 1-forms on M. Notice
that 7 is the foliation defined by the 1-forms 6;. If Q is the quotient of ©® by

(>V_bi(z)z"), then
O =dz+ Z w2
i>io
where ig is an integer and w; are rational 1-forms on M. Of course, € is a rational

1-form defining G and the foliation 7T is defined by the 1-forms w;.
The integrability condition takes the particularly simple form

QANdQ = Zzidz A dw; + iji“_lwi ANdz N w; + Zzi“wi ANdwj =0.
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In particular, looking at the coefficient of z*dz, we obtain the existence of constants
)\1(-?) such that

(6) dwy, = Z /\g—c)wi A wj

for any k > ig.

Let ¢ be the codimension of 7, and p = dim M — ¢ be the dimension of 7.
Choose ¢ 1-forms a1, ..., among the 1-forms w; such that aq,..., o4 define 7.
We claim that any of the 1-forms w; can be written as linear combination with
constant coefficients of the 1-forms ayq,...,a,. Indeed, for any fixed k there exits
rational functions by,. .., b, such that

q
Wp = E bloal
i=1

Differentiating this expression, taking the wedge product of it with the (¢—1)-forms
Bj =01 A...Na; A...Aag and using equation (@), we obtain that

dbj Noj ANBj =0 = dbj Aag A---Nag=0.
Hence b; is constant along the leaves of 7, and since the general leaf is Zariski
dense, b; must be constant. We conclude the existence of constants ,uz(-f) such that

k

(7) doy, = Z:uz('j)ai Aaj.
Choose p = dim M — g rational functions hi,...,h, on M such that the product

al/\.../\aq/\dhl/\.../\dhp;éO
does not vanish identically. Let vq,...,v4 be the unique rational vector fields on
M satisfying

Oéi(’l)j) = 61']' and dhi(’l)j) = 0,
where §;; is the Kroenecker delta. Notice that the vector fields vy, ..., v, satisfy a
dual version of equation (), that is

[vi, 0] = ZMS—C)UI@ -
Let v be the ¢g-dimensional Lie algebra defined by vy, ..., vq.

We claim that there exists an injective morphism of Lie algebras from v to the
Lie algebra of rational vector fields on P'. Indeed, for each i there exists a unique
lift 0; of v; to Pt x M tangent to G. More precisely, v; is the unique lift of v; such
that Q(9;) = 0. Due to the particular form of ), it follows that we can write

. 0
Vj = fl(z)a + v,
where f; € C(z) is a rational function. Notice that
AN 0 0
[0i, 03] = [fi(z)&vfj(z)a] + [vi, vs]-

Since €2 is integrable it follows that the (unique) lift of [v;, v;] tangent to G is given
by

0
> wig fil(2) 5 + [vivg)

and it must coincide with [0;,9;]. Hence the map that sends v; to fi(z)% is the
sought injective morphism of Lie algebras from v to (C(z)a%.
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A classical result of Lie (cf. [36, Theorem 1.1.1]) says that a finite dimensional
Lie subalgebra of C(z)% has dimension at most three. Moreover, if its dimension
is two, then it is isomorphic to the affine Lie algebra aff(C), and if its dimension is
three, then it its isomorphic to the projective Lie algebra sl(2, C). Therefore v has
dimension at most three, and consequently the codimension of 7 is at most three.

If the codimension of T is equal to one, then we can write Q = dz + b(z)a for
suitable b € C(z) and we see that £2/b(z) is a closed 1-form defining G.

If the codimension of T is equal to two, then there exists vy, v € v satisfying
[v1,v2] = vy. Let a(z)% be the image of v; in (C(z)% and b(z)% be the image of
vo. Therefore

[a(z)%, b(z)%] = a(z)% = ab' —bd' =a.
If p : P! — P! is the rational map ¢(z) = —b(z)/a(z), then the above equation
implies
0 1 0 a? 7] 7]

7 9. (blay(z) 0z  (db—ab) 9z 0z
Similarly w*z% = b(z)%. If we consider on P! x M the foliation R generated by
T = (*T)NH, wy = % 4+ v and wy = z% + v, then G = (p x idpr)*R. Notice
that the foliation R is a Riccati foliation on P! x M with the section at infinity
invariant, and thus it is tranversely affine.
If the codimension of T is equal to three, then there exists a basis vy, v, v3 of

v satisfying [v1,v2] = vy, [v1,v3] = 202, and [ve,v3] = vs3. We write, analogously
to the previous case, the images of vy, v2, and v3 in C(z)Z as a(2)2,b(z)Z, and

0(2)% respectively. We still get the identity ab’ —ba’ = a and also get the identities
b’ —b'c =2b and bc’ — b'c = c. If we consider the rational map ¢(z) = —b(z)/a(z),
then we have that <p*% = a(z)%, gp*z% = b(z)a%, and w*zQ% = c(z)%. As
before, we obtain the existence of a Riccati foliation R on P! x M with tangent
sheaf generated by 7 = (7*T) N H, v1 + 2, vy +z£, and v3 + 222 such that
G = (p xidy)*R. It follows that G is transversely projective. O

6.4. Another uniruledness criterion. The next two results hold for foliations
of any codimension.

Proposition 6.6. Let [g) € M C Mor(P!, X) be a general free morphism with
g(PY) not everywhere tangent to F, and let k be the number of summands of g*T F
having strictly positive degree. If x € X is a general point, then there exists a

quasi-projective variety Vy of dimension at least k passing through x and contained
in the leaf of F through x.

Proof. 1f L is the leaf of Fy4yy through [g] and ¢ : P! x L — X is the restriction to
P! x L of the evaluation morphism, then the differential

dp : TP' x TL — ¢*(TX)
of ¢ at a point (z, [h]) € P! x L is given by
dp(z, [h]) = dh(z) + ¢(z, [h])

where ¢(z, [h]) : HY(PY,h*TF) — h*TX ® Ox /m.Ox is the evaluation morphism,
and dh is the differential of h, see [32) page 114]. If zop € P! and [g] are general
enough, then the kernel of dy(z9,[g]) has dimension at least h°(P!, g*TF @ m,,),
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where m;, C Op1 ., denotes the maximal ideal of the local ring of P! at zo. Since
the pair (20, [g]) is general and g has image generically transverse to F, we have
that the set A = ¢~ !(p(20,[g9]) N {20} x L also has dimension h®(P!, g*TF @ m,,).
Let T be the projection of A C P! x L to L. Thus, we have an analytic family
of morphisms 7" contained in M C Mor(P!, X), all of them mapping zo to p. The
description of dip given above implies that for a general y € P, y # 2o, the image
under ¢ of {y} X T has dimension at least &, the number of non-negative summands
of ) TF@m,, 2 ¢*TF @ Op (—1).

Let T be the Zariski closure of T in M, and let M, C M be the set morphisms in
M mapping 2 to p = g(2¢). Clearly, M, is a closed subset of M, and T is contained
in M,. Assume p is a smooth point of F. We claim that T is tangent to Frang-
To verify this claim let H : (X, g(20)) — (C%,0) be a germ of submersion defining
F at g(zo), and consider the sets Xj C M, consisting of morphisms f € M, such
that f*H = ¢g*H mod m’;o. Clearly, X, is a closed algebraic subset of M, and, by
design, the irreducible components of the intersection N;X; are tangent to Fiang-
Since at least one of these irreducible components contains 7', the claim follows.

If F:P'x M — X is the evaluation morphism, then for a general y € P!, the
image F({y} x T) will be an algebraic set of dimension at least dim F({y} xT) > k
contained in the leaf of F through g(y). The proposition follows. (]

Proposition 6.7. Let M C Mor(P', X) be an irreducible component containing
free morphisms, and [g] € M be a general element. Suppose g*TF has at least one
summand having strictly positive degree. If x € X is a general point, then there
exists a rational curve through x, and contained in the leaf of F through x.

Proof. The proof is similar to the one of [43, Lemma 5.2, Lecture 1. If g(P') is
tangent to F, then there is nothing to prove. Otherwise, according to Proposition
[66] the existence of a positive summand in the decomposition of g*T'F implies that
we can algebraically deform g along F in such a way that a general point zo € P! is
mapped to g(zp) = x along the deformation. More precisely, there exists a smooth
quasiprojective curve CY C M contained in a leaf of Fiupng, and such that every
[h] € CY maps 2 to .

Let C be a smooth projective curve containing C° as an open subset. The
evaluation morphism F : P! x C% — X extends to a rational map F : P! xC --» X.
Generically F' must have rank two, as otherwise the deformation would have to move
points along the image g(P') of one of its member, and this is only possible if g(P!)
is tangent to 7. Notice also that F*F is nothing but the foliation on P* x C' defined
by the projection P' x C' — P*.

Since the curve Cp = {po} x C has self-intersection zero in P! x C, and F has
image of dimension two, there must exists an indeterminacy point of F' on Cy. By
resolving the indeterminacies of F', we obtain a surface S together with a morphism
G : S — X fitting into the diagram

S

lﬂ_\
PlxCc--E£__3Xx

\J /
Pl x CO°
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where 7 : § — P! x C is a birational morphism. Moreover, there exists a curve
E C S contracted by 7 into a point of Cjy, whose image under G is a rational curve
on X passing through z. Since the foliation F*F is a smooth foliation on P! x C,
every exceptional divisor of 7 is also invariant by (F o m)*F = G*F. Therefore,
G(FE) is the sought rational curve tangent to F passing through x. (]

6.5. Proof of Theorem Let F be a codimension one foliation with numeri-
cally trivial canonical bundle on a uniruled manifold. Let f : P! — X be a general
free morphism belonging to a fixed irreducible component M of Mor(P!, X). If
f(P') is contained in a leaf of 7, then F is uniruled. But this contradicts Corollary
3.8 since we are assuming F has canonical singularities.

We can therefore suppose that f is generically transverse to F. Since Kz is
numerically trivial, we obtain that f*TF is either trivial, or has a non-trivial pos-
itive summand. If f*T'F has a non trivial positive summand for any general free
morphism, then Proposition implies F is uniruled. As before we arrive at a
contradiction with Corollary

If f*T'F is trivial, then the foliation F,,4 defined on M has dimension equal
to hO(PY, f*TF) = dim X — 1. Let L be the Zariski closure of a general leaf of
Ftang- Notice that the restriction of the evaluation morphism F' : P'lx M — X
toY =P! x L ¢ P! x M dominates X. If we consider the restriction of F to Y,
then we are in position to apply Theorem in order to deduce that (F*F)y is
transversely projective. To conclude the proof, we apply Lemma [6.2 0

7. REDUCTION TO POSITIVE CHARACTERISTIC

Let F be a foliation defined on a complex projective manifold X. The variety
X and the subsheaf T'F C T'X can be both viewed as objects defined over a ring
R of characteristic zero finitely generated over Z. If p C R is a maximal ideal, then
R/p is a finite field k of characteristic p > 0. The reduction modulo p of F is the
foliation F, determined by the subsheaf T'F, = T'F ®g k of the tangent sheaf of
the projective variety X, = X ®pg k. In simple terms, we are just reducing modulo
p the equations (which have coefficients in R) defining X and F. For more on the
reduction modulo p see [43] Chapter 1, §2.5].

Here, we will use reduction modulo p to find invariant hypersurfaces and integrat-
ing factors for complex foliations with semi-stable tangent sheaves and numerically
trivial canonical bundle. We will implicitly make use of the following result.

Proposition 7.1. Let F be a foliation on a polarized projective manifold (X, H)
defined over a finitely generated Z-algebra R C C. If there are integers M, m, and
a Zariski dense set of maximal primes P C Spec(R) such that F, has an invariant
subvariety of dimension m and degree at most M for every p € P, then F has an
invariant subvariety of dimension m and degree at most M.

Proof. For a fixed Hilbert polynomial x, the subschemes of X invariant by F
with Hilbert polynomial y form a closed subscheme Hilb, (X, F) of Hilb,(X), see
[19, Proposition 2.1]. Moreover, its formation commutes with base change. Thus
Hilby (X, F) is non-empty if, and only if, Hilb, (X, F,) is non-empty for a Zariski
dense set of primes p, see for instance [43, Lecture I, Proposition 2.6]. To conclude,
it suffices to remind that irreducible reduced subvarieties of X, of bounded degree
have bounded Hilbert polynomial, independently of p. O
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If v is vector field on a smooth algebraic variety of positive characteristic, then
its p-th power is also a vector field, since it satisfies Leibniz’s rule:

P
w50 = 3 (V) @) = 10) + (g mod p.
i=0
A foliation F on a smooth algebraic variety X defined over a field of characteristic
p > 0 is said to be p-closed if, and only if, for every local section v of T'F its p-th
power vP is also a local section of T F.

The p-closed foliations of codimension ¢ are precisely those that can be defined
by ¢ rational functions fi, ..., f, in the sense that df A...Adf, is a non-zero rational
section of det N*F seen as a subsheaf of Q%. Indeed, if F is a p-closed foliation
of codimension ¢, then [43, Lecture III, 1.10] implies that at a general point of X
there are local coordinates in which F is defined by dzq A --- A dx,. Reciprocally,
if F is defined df1 A ... Adfy # 0, then for every rational vector field v satisfying
iydfi A ... Adfy = 0, we have that

q
i (dfs A Adfy) =Y (1) FWP(f) dfy A Adfi A Ndfy = 0.
=1

This illustrates what is perhaps the most astonishing contrast between foliations
in positive/zero characteristic: the easiness/toughness to decide whether or not F
has first integrals.

If F is a foliation on a projective manifold defined over a finitely generated Z-
algebra R C C then the behavior of X, and F, may vary wildly when p varies among
the maximal primes of R. Thus, in order to have some hope to read properties of
F on its reductions modulo p, one has to discard the bad primes. When a foliation
F on a complex projective manifold has p-closed reduction modulo p for every
maximal prime ideal p lying in a nonempty open subset U C Spec(R), then we will
simply say that F is p-closed.

7.1. Integrating factors in positive characteristic. In this section, we collect
some results from [I8] Section 6] which will be essential in what follows.

Lemma 7.2. Let X be a smooth affine variety of dimension n defined over a field
of arbitrary characteristic. If w is an integrable 1-form which is non zero at a closed
point x € X, then there exists n — 1 reqular vector fields vy, ...,v,—1 at an affine
neighborhood of x such that

(1) vy A - Avp_q1(x) #0;

(2) [vi,v] =0 for every i,j € {1,...,n—1};

(3) dy,w =0 for everyi € {1,...,n—1}.

Proof. This is lemma 6.1 from [I8]. O

The underlying idea of the proof of the next result is that p-th powers of vector
fields tangent to a integrable 1-form give rise to infinitesimal automorphisms, and
these allow us to find integrating factors. The proof presented below is borrowed
from [I8] proof of Theorem 6.2]. We have chosen to present it here, since this result
is pivotal in the proof of Theorem

Proposition 7.3. Let X be a smooth variety defined over a field k of characteristic
p >0, and w be a rational 1-form on X . Ifw is integrable and there exists a rational
vector field & such that
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(1) 4w =0; and
(2) F = w(er) £0
then the 1-form F~! - w is closed.

Proof. Let n be the dimension of X and vq,...,v,_1 be the rational vector fields
given by Lemma Thus ¢ = Z;:ll ai;v; for suitable rational functions a;.
By a formula of Jacobson [28, page 187], we can write {&¥ = Y77, ajof +
P(aiiv1, ..., n—1Vn—1) with P being a Lie polynomial. Since [v;, v;] = 0 it follows
that

n—1

n—1
&P = Za%v?, mod < vp,...,Up—1> .
j=1
As we are interested in contracting £ with w, we will replace £P by ¢ = Z;le a’i)jvﬁ-) .
Notice that [(,v;] =0 for j € {1,...,n —1}.
Set a = . The integrability of w together with a(&?) = a(¢) = 1 implies

0=ric(aANda) =da—aNicda.
Hence to prove that « is closed, it suffices to verify that the 1-form icdo is zero.

As the vector fields vy, ...,v,_1,( commute, then for every vector field v in the
previous list we have

(icder)(v) = a([¢, v]) — ((a(v)) +v(a(¢)) = 0.

This ensures that icdo = 0, and consequently doe = 0. The proposition follows. [

Corollary 7.4. Continuation of Proposition [7.3: zfé is another rational vector
field satisfying (1) and (2), then the rational functions F = w(&P) and F = w(&P)
differ by the multiplication of a p-th power of a rational function, i.e., F = HPF,
for some rational function H. In particular, the identity % = % holds true.

Proof. According to Proposition [73} both F~'w and F~'w are closed 1-forms.
Therefore d(F~1F ) Aw = 0. Since the foliation defined by w is not p-closed, it
follows that d(F~!F) = 0. Hence F' = HPF for a suitable rational function H. [

7.2. Lifting integrating factors. We will now proceed to prove the main result
of Section [7}

Theorem 7.5. Let (X, H) be a polarized projective complex manifold, and F be a
semi-stable foliation of codimension one on X. If Kx- H"~1 =0, then at least one
of the following assertions holds true
(1) the foliation F is p-closed;
(2) F is induced by a closed rational 1-form with coefficients in a flat line
bundle, without divisorial components in its zero set.

Proof. Let R C C be a finitely generated Z-algebra such that everything in sight is
defined over it. Suppose that the set of maximal primes P C Spec(R) for which F,
— the reduction modulo p of F — is not p-closed is Zariski dense, and fix p € P.

To raise germs of vector fields v in T'F, to theirs p-th powers provides a non-zero
global section S, of

Homo, (F*TF,, NF,) = (F*TF,)" @ NF,

where F' is the absolute Frobenius.
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Let us explicitly describe S, at sufficiently small Zariski open subsets U; disjoint
from the singular set of F,. Let vy, ....,vp—1; be the n — 1 vector fields satisfying
the conclusion of Lemmal[l.2] and such that v; ; A... Av,_1; does not vanish on U;.
We can also assume that F, is defined on the same domain by a 1-form w; without
divisorial components in its singular set. Take another open set U; with the same
properties. On overlapping charts, we have

V1,i V1,5
= M;;
Un—1,i Un—1,j

where the matrix cocycle {M;;} represents the cotangent bundle T*F, of the foli-
ation outside sing(Fy).
As a consequence, using Jacobson’s formula [28], we obtain

D D
U1, V1,4
= Nij : mod T]:p
P P
vn—l,z vn—l,j

where the matrix N;; is obtained from M;; by replacing each entry by its " power.
If we set sp; = w;(v} ;), then we gain the following equality

S1,i 51,5
= gij Nij
Sn—1,i Sn—1,j

where g;; is the cocycle representing the normal bundle of F,. The collection of
vectors {(s1,;82...8n—1,;)" } represents S, on X, — sing(Fp).

Let Dy be the zero divisor of the section S,. Over U;, D, is defined by the
codimension one components of the common zeros of sy ;,...,8,-1;. Since Fj, is
not p-closed, there is at least one among these functions which does not vanish
identically. Choose one for each open subset U; and denote it by s;. Corollary [7.4]
guarantees that the zero divisor of two different choices will differ by an element
in p- Div(U;). It also implies that over nonempty intersections U; N U;, we have

S = gijhfjsj for some rational function h;; in U; N U;. Therefore the rational

dssi do not depend on the choices of the rational functions s; and they

i

1-forms
satisfy
dSi de - dg”
S Sj gij ’
Notice also that the polar set of ds;/s; coincides with the irreducible components
of DF‘IUi which have multiplicity relatively prime to p.
If we write ¢;; = ¢i/g; as a quotient of rational functions on X, then we can
define on X, a closed rational 1-form with simple poles 7, by setting
Mp)lu, = — —
Pl Si 9i
where we still denote by g; the reduction modulo p of the rational functions g;.
If Cy is an irreducible curve on X, not contained in the polar set of 7,, then
the restriction of 7, to C,, is a rational 1-form with sum of residues equal to (D, —
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NF,)-Cy mod p. The residue formula implies the equality

If we set w = w;/g;, then w is a well-defined rational 1-form on X. Moreover,
Proposition [(.3] implies that the identity dw = 1, A w holds true on X,. If we were
in characteristic zero, then the closed 1-form 7, would be the sought integrating
factor.

Up to this point, we have not used the hypothesis on K. In order to explore it
and obtain further restrictions on Dy, we will use the following result by Shepherd-
Barron, [50, Corollary 27] and [30].

Lemma 7.6. (char p) Suppose that £ is a;emi-stable vector bundle of rank r over
a curve C' of genus g. Consider F*E = &, the pull-back of £ under the absolute
Frobenius. Then there exists M = M (r,g) > 0 independent of p such that

fmaz (E) = timin(€) < M.

Now, return to the original foliation F on the complex manifold X. Consider a
general complete intersection curve C' cut out by elements of [mH| ( m > 0 ) for
which the T'F|¢ is semi-stable. Notice that this semi-stability is preserved under
specialization mod p for almost every p.

Restricting S; to €, and cleaning up its zero divisor, we get a section of

Homo,, (F*.Fp‘cp s NFp 1o, @ Oc, (=Dy)).
Since Homp (A, B) = 0 whenever fiminA > pfimaz5, we deduce that
min(F* Fyy,) < NFy - Cy = Dy - Gy
Lemma [7.6] and the fact that g (F*}'|Cp) > 0 imply
D, -Cp, <M+ NF,-Cy

with M uniform in p. For p > 0, this last inequality combined with (8) implies
D,-Cy = NF,-Cy = NF-C. Consequently, the degree of D), is uniformly bounded.

% on U; coincides with the support of Dp‘ U,
and its residues are positive integers uniformly bounded with respect to p (indeed,
they coincide with the multiplicity of irreducible components of Dy ). Thus, there

exist on X a closed rational 1-form 7 with simple poles such that

In particular, the polar locus of 7, +

dv=nAw.
Moreover, the residue of 1 + % along an irreducible component H of its polar set
coincides with the multiplicity of H in D. We conclude that the 1-form

)

is a closed rational 1-form on X with zero set of codimension at least two and
coefficients in a flat line bundle which defines the foliation F. O

w w;i

exp [ 1 exp(fn-i-i]’;i
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7.3. Singularities of p-closed foliations. McQuillan observed in [39, Proposition
I1.1.3] that isolated singularities of p-closed foliations of dimension one with non-
nilpotent linear part are fairly special.

Lemma 7.7. Let F be a p-closed foliation by curves on a projective manifold X .
If © € sing(F) is an isolated singularity with non-nilpotent linear part, then there
exist formal coordinates at x where F is generated by the linear vector field

V= i )\Zl'laixl
i=1

where A1, ..., \, are non-zero integers.

Proof. In the terminology of [39], we have that an isolated singularity is log canon-
ical if, and only if, its linear part is not nilpotent [39] Fact 1.1.8]. The only case
in our statement not covered by [39, Proposition II1.1.3] is when the singularity is
log canonical but not canonical. According to [39] Fact 1.1.9], this implies that the
vector field is linearizable and all its quotients of eigenvalues are positive rational
numbers. O

Corollary 7.8. Let F be a foliation on a projective manifold X with numerically
trivial canonical bundle. If the singularities of F are canonical, then one of the
following assertions hold true.
(1) The foliation F is defined by a closed rational 1-form with coefficients in a
flat line bundle and without divisorial components in its zero set.
(2) At a general point of every irreducible component of codimension two of
sing(F), the foliation admits a holomorphic first integral of the form xPy?
where p,q are positive integers.

Proof. If F is not p-closed, then the result follows from Theorem If instead
F is p-closed, then the same holds true for the restriction of F to any projective
surface S C X. Lemma [[7 combined with Proposition B0l implies the result. [

Although not strictly necessary for what follows, Theorem [Z.9] plays an essential
role in the classification of codimension one foliations with trivial canonical bundle
on Fano 3-folds with Picard number one carried out in [38]. In contrast with the
corollary above, no assumptions are made on the nature of the singularities of the
foliation.

Theorem 7.9. Let (X, H) be a polarized complex projective manifold and F be
a codimension one semi-stable foliation on X with numerically trivial canonical
bundle. Suppose c1(TX)%- H""2 > 0. If F is p-closed, then
(1) F is a rationally connected foliation, i.e., the general leaf of F is a rationally
connected algebraic variety; or
(2) TF is not stable and there exists a rationally connected foliation H tangent

to F and with Ky - H* 1 = 0.

Proof. As ¢i(TF) = 0, we have that ¢;(TX) = ¢;(NF). Thus ¢1(TX)? - H" 2 =
c1(NF)?- H" 2 > 0 and Baum-Bott index theorem [3] implies the existence of a
codimension two component S of the singular set of F which has positive Baum-
Bott index.

Take a general surface ¥ C X intersecting S transversally. Since dim3 = 2 all
the singularities of F5; are isolated. As p-closedness is preserved by restrictions



FOLIATIONS WITH TRIVIAL CANONICAL CLASS 33

to subvarieties, it follows from Lemma [Z7 that a singularity of Fjx on SN X
either has nilpotent linear part, or is formally linearizable with rational quotient
of eigenvalues. Moreover, since the Baum-Bott index of .S is positive, in the latter
case the quotient of eigenvalues must be positive. In both cases S is a non-canonical
center, i.e., there exists a composition of blow-ups on smooth centers 7 : ¥ — X
such that the canonical bundle of G = 7*F is of the form

Kg=m"Kr—E—D.

Here E is an effective divisor supported on an irreducible hypersurface such that
7(|E|) = S and D is a divisor (not necessarily effective) such that (| D|) C sing(S).
In particular 7(]|D|) has codimension at least three.

Let A be an ample line bundle on Y, and H. equal to n*H + cA. Let ¢g > 0
be such that KG - Hgfl < 0 for any positive ¢ < gg. If T'G is H.-semi-stable for
some positive € < g, then Corollary [Z.2] implies that the leaves of G are rationally
connected varieties, and we can conclude. If not, then for any positive € < ¢, the
maximal destabilizing foliation of G, which we will denote by H., satisfies

pe(THe) > pe(TG)

where the slope . is computed as a function of A and e.

A priori, as € goes to zero the maximal destabilizing foliation H. could vary, but
the proof of [44, Lemma 3.3.3] shows that this cannot happen. More precisely, for
€ > 0 sufficiently small, the maximal destabilizing foliations H. will be all equal to
a fixed foliation H. Since pp. (TH) > pu., (TG) > 0, Corollary 2.2 implies that
the general leaf of H is rationally connected.

To conclude, notice that on the one hand p., (TH) > pu., (TG) > 0 implies
that pieg(TH) = pa(TmH) > 0. On the other hand, the H-semistability of
TF = Tr.G implies g (Tm.H) < 0. It follows that py(Tw.H) = 0. Consequently
TF is semi-stable but not stable, and 7. H is the sought foliation tangent to F with
rationally connected general leaf. O

8. CLOSED RATIONAL DIFFERENTIAL FORMS
In this section we will prove the following result.

Theorem 8.1. Let F be a codimension one foliation with numerically trivial canon-
ical bundle on a projective manifold X . If the singularities of F are canonical, then
F is defined by a closed rational 1-form without divisorial components on its zero
set after a finite étale covering, or F is an isotrivial fibration. Otherwise, F is
uniruled.

Let us briefly recall what we already know.

(1) If F has non canonical singularities, then F is uniruled according to Corol-
lary

(2) If Kx is pseudo-effective, then F is smooth according to Theorem B17

(3) If F is not p-closed, then Theorem [B1] follows from item (2) of Theorem
in the situation where the flat line bundle involved is torsion. This is
indeed the case and will be proved in 211

(4) If F is p-closed, then at a general point of a codimension two irreducible
component of sing(F), the foliation F admits a local holomorphic first
integral according to Corollary [7.8
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(5) If X is uniruled, then F is transversely projective according to Theorem
0. 1]

To conclude the proof of Theorem Bl we will show that a foliation F with numeri-
cally trivial canonical bundle, with canonical singularities satisfying the conclusion
of @ and admitting a transversely projective structure, necessarily satisfies the as-
sumptions of Lemma 44l Once this is done, Theorem B follows since Lemma [£.4]
implies H'(X, N*F) # 0, and we can apply Corollary to conclude that F is
smooth. Theorem [B1] will then follow from the lemma below.

Lemma 8.2. Theorem [81] holds true for smooth foliations.

Proof. The proof is a consequence of the classification of smooth codimension one
foliations with trivial canonical class [53] recalled in Section [Tl To prove Theorem
BTl it suffices to show that, after a finite étale covering, such foliations are defined
by a closed rational 1-form without codimension one zeros. This is clear for the
foliations described in (1) and (2) of Section [Tl

Let us now verify the result for the foliations transverse to a fibration by rational
curves (case (3) of Section [T). Tt follows from the classification of projective
manifolds with trivial canonical class that they have virtually abelian fundamental.
Therefore, after a finite étale covering, we can assume that the lifting of closed paths
in Y along leaves of F will induce a representation with values (C*,-) C Aut(P!)
or (C,+) C Aut(P!). In both situations, this holonomy representation preserves
a rational 1-form n on P! without zeros. The invariance of n by the holonomy
representation allows us to saturate it by the foliation in order to obtain a closed
rational 1-form without zeros defining F. O

8.1. Transversely projective structure, Schwarzian derivative, and invari-
ant divisors. Suppose F is a codimension one foliation on a projective manifold X
with numerically trivial canonical bundle. We will also assume that, at the general
point of every irreducible component of the singular set of 7 having codimension
two, the foliation is defined by

prdy + qydx

with p, q relatively prime positive integers. We will make use of the transversely pro-
jective structure given by Theorem[6.1lto produce a divisor satisfying the hypothesis
of Lemma .3l The degeneracy locus of the transversely projective structure is of
the form sing(F)UX, where ¥ is a finite union of F-invariant hypersurfaces, see for
instance [37, Lemma 2.2], or [I8], Proposition 2.15]. Outside this set, the foliation is
defined by local submersions with values in P!, and transition functions in Aut(P').
We emphasize that the transverse structure gives distinguished first integrals for
the foliation F outside the degeneracy locus of the projective structure. We will
denote the sheaf of such distinguished first integrals by Z.

Consider a regular point p € X — sing(F) where the foliation is locally given by
a submersion z, z(p) = 0. We can select an open neighborhood U of p and a section
f (possibly multi-valued) of Z (which depends only on the z variable) such that the
Schwarzian derivative of f with respect to z, {f, z}, is a well defined meromorphic
function on the whole open set U. Hence, we can expand the Schwarzian derivative
of f with respect to z as

{f,z} = Z a;z’

i>ig
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with ig € Z and a;, # 0, unless {f, z} vanishes identically. The following facts can
be easily verified.

(1) The first integral f is a submersion if, and only if, iy > 0. In particular, if
ip < 0, then the local invariant hypersurface {z = 0} actually belongs to
an algebraic hypersurface in 3.

(2) If ig < —1, then iy is independent of the choice of the local coordinate z.
Consequently, 7 is constant along the irreducible hypersurfaces, in X. If H
is one of such hypersurfaces, then we will denote by io(H) the value of ig
along it. Moreover, if i9 > —2, then the coefficient of Z% is independent of
the coordinate and we define a(H) = a_s.

(3) there exists p € Aut(P') such that the function ¢ o f(z) — log 2 is holomor-
phic if, and only if, ip = —2 and a_9 = %

We will say that H is an irregular singularity of the projective structure if, and
only if, ig(H) < —2. Otherwise, if ig(H) € {—2, -1}, we will say that H is a regular
singularity.

8.1.1. Passing through corners. Let w = pydx + qxdy be a germ of 1-form at the
origin of C™ with p, ¢ relatively prime positive integers. Suppose that the foliation
F induced by w is endowed with a projective structure. Let f be a multi-valued
section of Z defined on (the universal cover of) the complement of {zy = 0}. Let
r=1.Set i, = io({z = 0}) and iy = io({y = 0}). On the transversals {y = 1}
and {x = 1}, we get respectively

{f,2} = aix’ and {f,y}=> by’
P>, i>iy
Lemma 8.3. Notation as above. The following assertions hold true.

(1) If the singularity on {x = 0} is irregular, i.e. i, < —2, then i, = r(iz+2)—2
and b;, = a;, r2. Therefore, i, < —2 and the singularity on {y = 0} is also
irreqular.

(2) If the singularity on {x = 0} is regular with i, = —2, then iy, > —2 and
by =1%(ai, = 3)+ 5.

(3) Ifiy > —1 and r # 1, then i, = —2.

Proof. The restrictions of f to the transversals {y = 1} and {x = 1} are related by
the so called Dulac’s transform which is a (multi-valued) holonomy transformation
between the two transversals. It is explicitly given by = = h(y) = y".

The composition rule for the Schwarzian derivative

{fohz} = {f. R} (2) + {h 2}
applied to x = h(y) = y", together with the fact that

1—72

{hvy} = y2

implies the lemma. (I

It follows that the projective structure determines a logarithmic 1-form 7 with
canonical residues on {zy = 0} satisfying dw = n A w as follows.
. . . . . d
(1) In case of irregular singularities: 1 = (=i, — 3)92 + (—i, — 3)%-

dy

(2) In case of regular singularities: n = (|2a_s — 1|%—1)%+(|2b_2 - 1|%—1)7.
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The square roots appearing in formula (2) are the positive square roots of the
corresponding absolute values. In case the projective structure has regular singular-
ities along one of the branches, say {« = 0}, it may happen that the distinguished
first integrals induced by the projective structure are holomorphic submersions at
a general point of {y = 0}, e.g. the distinguished first integrals are of the form
xPy composed with elements of Aut(P!). If this happens, then b_5 = 0 and the
1-form 7 is holomorphic along {y = 0}. It also may happen that the distinguished
first integrals are holomorphic at general points of both branches. In this case, the
distinguished first integrals are defined at the complement of {x = y = 0}, thanks
to the simple-connectedness of (C™,0) — {x = y = 0}, and therefore extend through
the singular set by Hartogs. When this happens, then p = ¢ =1, a_2 =b_2 = 0,
and 7 is equal to zero.

In any case the residues of 1 are real. Both residues are equal to —1, or both
residues are strictly greater than —1.

8.2. Proof of Theorem Bl Let F be a transversely projective foliation which is
of the form pxdx + qydz (p, g relatively prime positive integers) at the general point
of every codimension two irreducible component S of sing(F). We will now con-
struct a divisor D with support on X (the singular set of the transversely projective
structure) satisfying the hypothesis of Lemma 4

Write ¥ = ¥1U...UX, as the union of its connected components. Fix a connected
component ¥; and pick a point p € sing(F) U X, in an irreducible component
Hp C Ej.

Assume that io(Hp) < —2. Then every other irreducible component H of ¥;
must satisfy i(H) < —2 according to Lemma [83] Then we set

Dj= Y (—i(H)-3)H.

HCXE;

Notice that D; satisfies the hypothesis of Lemma [L.4] in a neighborhood of ¥;.

Assume that io(H,) = —2 and a(H,) = 1. Lemma B3 implies the same holds
true for every irreducible component H C ¥;. Fact (3) of Section Bl implies
that over a general point of ¥;, we get a logarithmic first integral (induced by the
projective structure) which gives rise to a well defined local section 8 of dZ. Indeed,
these local sections are logarithmic 1-forms with poles on 3J;, which are unique up to
a multiplicative constant. Using Mayer-Vietoris sequence, we deduce the existence
of a global logarithmic 1-form j3; on a neighborhood V' of ¥;. Moreover, one can
choose f; with all its residues strictly positive. We use the (global) 1-form 3, to
change the (local) canonical 1-form 7 deduced from Lemma to a new 1-form
n' = n + f; having all its residues strictly greater than —1 and still satisfying
dw =71’ Aw. In this case we set

Dj= Y (resu(n))H.

HCXY;

Assume that ig(H,) = —2 and a(H,) # 4. In this case, using again Lemma B3]
if we set

D;= 3" (2a(H) — 1> —~ 1)H,

HCX;
then D; satisfies the hypothesis of Lemma 4] in a neighborhood of ;.
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If we sum up the divisors D; for all the connected components of ¥, we obtain a
divisor D satisfying the hypothesis of Lemma[£4] and consequently we get the non-
vanishing of H*(X, N*F). As we are assuming that F is not uniruled, Corollary
BESlimplies that F is smooth. The description given in [53] (see §I.1]) implies that F
is defined by a closed holomorphic 1-form with coefficients in a torsion line bundle.
Therefore, to conclude the proof of Theorem Bl it remains to show that the closed
1-forms given by Theorem have coeflicients in a torsion line bundle.

8.2.1. Flat implies torsion. Let F be a non-uniruled foliation with ¢;(Kr) = 0,
given by closed rational 1-form w without zeroes divisor, and with coefficients in a
flat line bundle L. Assume sing(F) # 0, and write (w)_ = > ApD as a sum of
irreducible divisors with positive integers coefficients.

If all the residues of w are zero, then, according to Corollary B0l we get that
HY(X,N*F) # 0, and we conclude that F is smooth (Corollary E5). From now
on, we will assume the existence of an irreducible component D in the support of
(w)oo with non-zero residue. Corollary BI0 implies that D dominates Rx through
the maximal rationally connected meromorphic fibration R : X --+ Rx.

Recall that rationally connected manifolds are simply-connected, and conse-
quently L is trivial in these manifolds. Thus, we have only to deal with X uniruled,
with rational quotient Rx not reduced to a point. Let us denote by U C Rx the
Zariski open subset such that the fibration R over U is a regular one. Let us pick
a small open ball B on U. Over R~(B) our flat line bundle L is trivial since the
fibers of R are rationally-connected. Therefore, we can represent w in R~(U) by
a meromorphic 1-form normalized in such a way that its residue along a branch of
D is equal to 1. Since there are only finitely many choices involved, this enables us
to conclude that L is torsion. Therefore, after a finite étale covering, F is defined
by a closed rational 1-form. This completes the proof of Theorem Rl O

9. STRUCTURE
In this section, we will present a proof of our main result, namely Theorem

9.1. Factoring out a manifold with trivial canonical bundle. Let F be a
codimension one foliation with numerically trivial canonical bundle and canonical
singularities on a projective manifold X. Assume that the general leaf of F is not
algebraic. According to Theorem [RI] we can (and will) assume that F is defined
by a closed rational 1-form w without divisorial components in its zero set, after
replacing X by an étale covering. Let D be the polar divisor of w. Consider the
natural morphism
¢:TF — H°(X, 0% (log D))* ® Ox

obtained by contracting germs of vector fields tangent to F with global logarithmic
1-forms with poles on D. To be more precise, Q% (log D) denotes the sheaf of weakly
logarithmic 1-forms with poles contained in the support of D in the terminology of
[1, p. 601]. To wit, a local section of 24 (log D) is a local meromorphic 1-form
« with simple poles along the support of D such that da also has simple poles.
We are exploiting the F-invariance of D in order to get holomorphic 1-forms along
leaves from logarithmic 1-forms on X. Let H be the foliation with tangent sheaf
equal to the kernel of ¢. Alternatively, H is defined by the kernel of w intersected
with the kernel of all the elements of H?(X, Q% (log D)). From this description it
is clear that det NH < NF = —Kx.



38 F. LORAY, J.V. PEREIRA AND F. TOUZET

Remark 9.1. We point out that Corollary implies that every element in
HY(X, Q% (log D)) is automatically closed. If one does not impose restrictions on
the poles of weakly logarithmic 1-forms, it may happen that they end up being
non-closed, see the discussion at [I1, pp. 601-603]. For instance the 1-form on P?
defined on affine coordinates by (2% — y°)~1(2ydz — 5xdy) has simple poles, and
the same holds true for its differential, but is not closed. In our setup, where D is
normal crossing in codimension one, any w € HY(X, Q% (log D)) is automatically
closed. To verify this fact, first observe that the residue of w along the normal-
ization of an irreducible component H of D is a well-defined holomorphic function
outside the pre-image of the locus where H is not normal crossing. As this locus
has codimension two inside H, this holomorphic function extends through it and
therefore must be constant by compactness of H. Thus the residues of w are con-
stant. It follows that dw is a holomorphic 2-form and we can apply [45] Proposition
7.1] to conclude that dw = 0.

Lemma 9.2. Perhaps after passing to an étale covering, the manifold X is the
product of a projective manifold Y with trivial canonical bundle, and another pro-
jective manifold Z; the foliation H coincides with the fibers of the projection to Z;
and F is the pull-back of a foliation on Z wvia this projection.

Proof. Let alb: X — D — H°(X, Q% (log D))*/H1(X — D,Z) be the quasi-albanese
map in the sense of [27]. Recall from [27, Proposition 3] that alb extends to a
rational map on the whole X and, as such, defines a (perhaps singular) foliation
on X by algebraic leaves. By definition, the foliation # is the intersection of the
foliation defined by the fibers of the quasi-albanese map with F. Since any abelian
representation of w1 (X — D) becomes trivial when restricted to an arbitrary fiber
F of alb, we deduce that w)r, the restriction of w to F', is an exact rational 1-form.
It follows that H is a foliation by algebraic leaves.

Corollary implies that det NH = NJF (otherwise H, and consequently F
would be uniruled). Thus K3 = K7 and Theorem [5.14] implies the product struc-
ture for X compatible with H. The result follows. O

9.2. Finding the abelian Lie group. We keep the notation used in Section
above.

Lemma 9.3. If F is defined by a closed rational 1-form w without codimension one
zeros, does not admit a rational first integral, and the foliation H is the foliation by
points, then the tangent sheaf of F is free, i.e., TF = O;’?dlm(ﬂ. Furthermore, the
projective manifold X is an equivariant compactification of an abelian Lie group G,
and the foliation F is induced by a codimension one subalgebra of the Lie algebra

of G.
Proof. If H is the foliation by points, then ¢ is injective. Therefore, the dual of ¢
¢ H°(X, Q% (log(D)) ® Ox — T*F

must be surjective in codimension one. From the triviality of the determinants of
the source and the target, we deduce that ker ¢’ is isomorphic to a certain number
of copies of Ox. Since F has no rational first integral, and logarithmic 1-forms are
closed, the kernel of ¢’ is either trivial or of rank one. In the former case D # D4,
while in the later case the kernel is generated by w, a logarithmic 1-form defining F.
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In both cases, we have that T'F is isomorphic to (9?? dimZ and that ¢ is everywhere
surjective. Notice that we have also proved that

dim X when w is logarithmic, and

. 0 1 _
(9)  dimc (X, Qx (log D)) = { dim X —1 otherwise.

Hence, the C-vector space V of closed rational 1-forms generated by w and
HY(X, QL% (log D)) always has the same dimension as X. Furthermore, this complex
vector space generates the C(X)-vector space of rational 1-forms on X.

Since T'F is trivial, we can choose holomorphic vector fields vy, ..., v,—1 which
generate T'F. Notice that the contraction of any of these vector fields with any
of the 1-forms in V is a constant, since they are all in the kernel of w and D is
F-invariant. Cartan’s formula for the exterior derivative implies they generate an
abelian Lie algebra of dimension n — 1. Integration defines an abelian subgroup H
of the algebraic group AutO(X ) of dimension n — 1. Since the general leaf of F is
not algebraic, we have that H is not a Zariski closed subgroup of Aut(X).

Let AutO(X ) be the connected component of the identity of the group of auto-
morphisms of X. Since X is projective by assumption, Aut’(X) is an algebraic
group. Let G C Aut’(X) be the Zariski closure of H. Notice that G is also
abelian of dimension at least equal to n = dim X. To verify that the dimension
of G is actually equal to dim X, let’s asssume (aiming at a contradiction) that
we have at least m + 1 linearly independent vector fields in the Lie algebra of
G say v1,...,Un,Unt1. Without loss of generality, we can assume that the first
n vector fields generate T'X over a Zariski open subset. Hence, we can write
Upy1 = Z?:l fiv; for suitable rational functions f; € C(X). Since G is abelian, we
have that 0 = [vj,v,11] = >0, v;(fi)v; for every j. It follows that the functions
fi,..., fn are constant and that the vector field v,4; is a linear combination of
the vector fields vq,...,v, contrary to our assumption. We conclude that G has
dimension n.

Finally observe that the group G itself can be identified with the locus where the
wedge product v; A - -+ A v, does not vanish. We conclude that X is an equivariant
compactification of G. O

Remark 9.4. We can go one step further and prove that X is either a compactifi-
cation of a quasi-abelian variety, or an equivariant compactification of an extension
of a quasi-abelian variety by (C, +). Indeed, the group G surjects onto an Abelian
variety with fibers given by abelian algebraic linear groups. By a classical result of
Rosenlicht, these abelian algebraic linear groups are isomorphic to (C*,-)" x (C, 4)*.
If s =0, then G is a quasi-abelian variety; if instead s = 1, then G is an extension
by (C,+) of a quasi-abelian variety. The case s > 2 is impossible, because the Lie
algebra of (C, +)°® would intersect H giving rise to rational curves contained in the
leaves of F.

9.3. Proof of the main result (Theorem [2] of the Introduction). If F has
non canonical singularities, then Theorem [3.7] implies that F is uniruled. If instead
F has canonical singularities, then according to Theorem [RBJ], after passing to a
finite étale covering, F is a smooth isotrivial fibration, or F is defined by a closed
rational 1-form without divisorial components in its zero set. When F is a fibration,
the result follows from Theorem From now on assume that F is defined by
a closed rational 1-form without divisorial components in its zero set, and is not
a fibration. We can apply Lemma [0.2] to show that X is, up to an étale covering,
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a product of a projective manifold Y with numerically trivial canonical bundle
with a projective manifold Z. Furthermore, F is the pull-back under the natural
projection Y x Z — Z of a foliation G on Z satisfying the assumptions of Lemma
Theorem [2] follows. O

REFERENCES

1. C. ARAUJO, S. DRUEL, S. KovAcs, Cohomological characterizations of projective spaces and
hyperquadrics. Invent. Math. 174 (2008), no. 2, p. 233-253.

2. C. ArauJo, S. DRUEL, On Fano foliations. Adv. Math. 238 (2013), p. 70-118.

3. P. Baum, R. BotT, Singularities of holomorphic foliations. J. Differential Geometry 7 (1972),
p- 279-342.

4. A. BEAUVILLE, Variétés kahleriennes dont la premiére classe de Chern est nulle. J. Differential
Geom. 18 (1983), no. 4, 755-782 (1984).

5. F. BocomoLrov, The decomposition of Kdhler manifolds with a trivial canonical class. Math-
ematics of the USSR-Sbornik 22 (4) (1974), p. 580-583.

6. F. BocomorLov, M. MCQUILLAN, Rational Curves on Foliated Varieties. Foliation theory in
algebraic geometry. Cham: Springer. Simons Symposia, 21-51 (2016).

7. S. BoucksoM, J.-P. DEmMAILLY, M. PAUN, T. PETERNELL, The pseudo-effective cone of a com-
pact Kahler manifold and wvarieties of megative Kodaira dimension. J. Algebraic Geom. 22
(2013), no. 2, p. 201-248.

8. A. Bravo, S. ENcINAs, O. VILLAMAYOR, A simplified proof of desingularization and applica-
tions. Rev. Mat. Iberoamericana 21 (2005), no. 2, p. 349-458.

9. M. BRION, Some basic results on actions of non affine algebraic groups. In: Symmetry and
spaces, pp. 1-20, Prog. Math., Vol.278. Birkhaiiser Boston, MA, 2010.

10. M. BRUNELLA, Birational Geometry of Foliations. Publicagoes Matematicas do IMPA. Insti-
tuto de Matemética Pura e Aplicada (IMPA), Rio de Janeiro, 2004.

11. M. BRUNELLA, L. G. MENDES, Bounding the degree of solutions to Pfaff equations. Publ. Mat.
44 (2000), no. 2, 593-604.

12. M. BRUNELLA, J. V. PEREIRA, F. ToUzET, Kdhler manifolds with split tangent bundle. Bull.
Soc. Math. France 134 (2006), no. 2, p. 241-252.

13. F. CAMPANA, M. PAUN, Foliations with positive slopes and birational stability of orbifold
cotangent bundles. (2015) arXiv:1508.02456 [math.AG].

14. F. CaMPANA, T. PETERNELL, Geometric stability of the cotangent bundle and the universal
cover of a projective manifold (with an appendiz by Matei Toma). Bull. Soc. math. France 139
(2011), p. 41-74.

15. G. CASALE, Suites de Godbillon-Vey et intégrales premiéres. C. R. Math. Acad. Sci. Paris
335 (2002), p. 1003-1006.

16. D. CERVEAU, A. LINs NETO, Irreducible components of the space of holomorphic foliations of
degree two in CP(n), n > 3. Ann. of Math. 143 (1996), p. 577-612.

17. D. CeErvEAU, A. Lins NETO, F. LORAY, J. V. PEREIRA, F. TOUZET, Algebraic Reduction
Theorem for complex codimension one singular foliations. Comment. Math. Helv. 81 (2006),
p- 157-169.

18. D. CeErVEAU, A. LiNs NETO, F. LORrAY, J. V. PEREIRA, F. TouzeET, Complex Codimension
one singular foliations and Godbillon-Vey Sequences. Moscow Math. Jour. 7 (2007), p. 21-54.

19. S. C. CouTINHO, J. V. PEREIRA, On the density of algebraic foliations without algebraic
invariant sets. J. Reine Angew. Math. 594 (2006), p. 117-135.

20. O. DEBARRE, Higher-dimensional algebraic geometry. Universitext. Springer-Verlag, New
York, 2001. xiv+233 pp.

21. J.-P. DEMAILLY, On the Frobenius integrability of certain holomorphic p-forms. Complex
geometry (Gttingen, 2000), 93-98, Springer, Berlin, 2002.

22. S. DRUEL, Structures de Poisson sur les variétés algébriques de dimension 3. Bull. Soc. Math.
France 127 (1999), no. 2, p. 229-253.

23. S. DRUEL, Some remarks on regular foliations with numerically trivial canonical class. EPIGA
1 (2017).

24. T. GRABER, J. HARRIS, J. STARR, Families of rationally connected varieties. Journal of AMS
16 (2003), no.5, p. 57-67.

25. R. HARTSHORNE, Ample vector bundles on curves. Nagoya Math. J. 43 (1971), p. 73-89.



FOLIATIONS WITH TRIVIAL CANONICAL CLASS 41

26. J-H. HWANG, E.VIEHWEG, Characteristic foliation on a hypersurface of general type in a
projective symplectic manifold. Compos.math. 146 (2010), no. 2, 497-506.

27. S. IITAKA, Logarithmic forms of algebraic varieties. J. Fac. Sci. Univ. Tokyo Sect. IA Math.
23 (1976), no. 3, 525-544.

28. N. JACOBSON, Lie algebras. Republication of the 1962 original. Dover Publications, Inc., New
York, 1979.

29. S. KEBEKUS, L. SoLA CONDE, M. ToMA, Rationally connected foliations after Bogomolov and
MecQuillan. J. Algebraic Geom. 16 (2007), no. 1, 65-81.

30. J. KOLLAR et al, Flips and abundance for algebraic threefolds, Astérisque 211 (1993).

31. J. KOLLAR, Singularities of the minimal model program. Cambridge Tracts in Mathematics,
200. Cambridge University Press, Cambridge, 2013. x+370 pp.

32. J. KOLLAR, Rational curves on algebraic varieties. Ergebnisse der Mathematik und ihrer
Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics, 32. Springer-Verlag, Berlin,
1996. viii4+320 pp.

33. J. KOLLAR, M. LARSEN, Quotients of Calabi- Yau varieties. Algebra, arithmetic, and geometry:
in honor of Yu. I. Manin. Vol. II, 179-211, Progr. Math., 270 (2009).

34. 1. Kupka, The singularities of integrable structurally stable Pfaffian forms. Proc. Nat. Acad.
Sci. U.S.A. 52 (1964), p. 1431-1432.

35. R. Liva, J. V. PEREIRA, A characterization of diagonal Poisson structures. Bull. Lond. Math.
Soc. 46 (2014), no. 6, p. 1203-1217.

36. F. LORAY, Pseudo-groupe d’une singularité de feuilletage holomorphe en dimension deuz.
HAL:hal-00016434, version 1. https://hal.archives-ouvertes.fr/hal-00016434v1.

37. F. LorAy, J. V. PEREIRA, Transversely projective foliations on surfaces: existence of normal
forms and prescription of the monodromy. Intern. Jour. Math. 18 (2007), p. 723-747.

38. F. Loray, J. V. PEREIRA, F. TOUZET, Foliations with trivial canonical bundle on Fano 3-
folds. Math. Nachr. 286 (2013), no. 8-9, p. 921-940.

39. M. McQUILLAN, Canonical models of foliations. Pure Appl. Math. Q. 4 (2008), no. 3, part 2,
p. 877-1012.

40. M. McQUILLAN, D. PANAZZOLO, Almost étale resolution of foliations. J. Differential Geom.
95 (2013), no. 2, p. 279-319.

41. V. B. MEHTA, A. RAMANATHAN, Semistable sheaves on projective varieties and their restric-
tion to curves. Math. Ann. 258 (1981/82), no. 3, p. 213-224.

42. Y. M1YAOKA, Deformations of a morphism along a foliation and applications. Algebraic ge-
ometry, Bowdoin, 1985, Proc. Sympos. Pure Math., 46, Part 1, Amer. Math. Soc., Providence,
RI (1987) p. 245-268.

43. Y. M1YAOKA, T. PETERNELL, Geometry of higher dimensional algebraic varieties. DMV Sem-
inar, 26. Birkhduser Verlag, Basel, 1997. vi4+-217 pp.

44. S. NEUMANN, A decomposition of the Moving cone of a projective manifold according to the
Harder-Narasimhan filtration of the tangent bundle. Phd thesis. Universitat Freiburg, (2009).
Available at http://www.freidok.uni-freiburg.de/volltexte/7287/pdf/Diss_Neumann.pdf

45. J. V. PEREIRA, L. PIrIO, The classification of exceptional CDQL webs on compact complex
surfaces. Int. Math. Res. Not. IMRN 2010, no. 12, 2169-2282.

46. T. PETERNELL, Minimal varieties with trivial canonical classes. I. Math. Z. 217 (1994), no.
3, p. 377-405.

47. T. PETERNELL, Generically nef vector bundles and geometric applications. Complex and dif-
ferential geometry, 345-368, Springer Proc. Math., 8, Springer, Heidelberg, 2011.

48. A. POLISHCHUK, Algebraic geometry of Poisson brackets. Algebraic geometry, 7. J. Math. Sci.
84 (1997), no. 5, p. 1413-1444.

49. B. SCARDUA, Transversely affine and transversely projective holomorphic foliations, Ann. Sci.
Ecole Norm. Sup. (4) 30 (1997), no. 2, 169-204.

50. N. I. SHEPHERD-BARRON, Semi-stability and reduction mod p. Topology 37 (1998), no. 3, p.
659-664.

51. C. SIMPSON, Subspaces of moduli spaces of rank one local systems. Ann. Sci. Ecole Norm.
Sup. (4) 26 (1993), no. 3, p. 361-401.

52. A. J. SOMMESE, Holomorphic vector—fields on compact Kdahler manifolds, Math. Ann. 210
(1974), p. 75-82.

53. F. TouzeT, Feuilletages holomorphes de codimension un dont la classe canonique est triviale.
Ann. Sci. Ec. Norm. Supér. (4) 41 (2008), no. 4, p. 655-668.


https://hal.archives-ouvertes.fr/hal-00016434v1
http://www.freidok.uni-freiburg.de/volltexte/7287/pdf/Diss_Neumann.pdf

42 F. LORAY, J.V. PEREIRA AND F. TOUZET

54. F. TouzeT, Uniformisation de l’espace des feuilles de certains feuilletages de codimension
un. Bull. Braz. Math. Soc. (N.S.) 44 (2013), no. 3, p. 351-391.

1 Un1iv RENNES, CNRS, IRMAR - UMR 6625, F-35000 RENNES, FRANCE

2 IMPA, EsTRADA DONA CASTORINA, 110, HORTO, RIO DE JANEIRO, BRASIL
E-mail address: * frank.lorayGuniv-rennesi.fr, frederic.touzet@univ-rennesi.fr
E-mail address: 2 jvp@impa.br



	1. Introduction
	2. Preliminaries
	3. Canonical singularities
	4. The conormal bundle
	5. Criterion for uniruledness
	6. Deformations of free morphisms
	7. Reduction to positive characteristic
	8. Closed rational differential forms 
	9. Structure
	References

