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Abstract. We study restriction of logarithmic Higgs bundles to the boundary divisor and we con-
struct the corresponding nearby-cycles functor in positive characteristic. As applications we prove
some strong semipositivity theorems for analogs of complex polarized variations of Hodge struc-
tures and their generalizations. This implies, e.g., semipositivity for the relative canonical divisor of
a semistable reduction in positive characteristic and it gives some new strong results generalizing
semipositivity even for complex varieties.
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Introduction

Let X be a smooth projective variety defined over an algebraically closed field k of char-
acteristic p and let D be a simple normal crossing divisor on X. In this introduction we
assume that (X, D) lifts to the ring W5 (k) of Witt vectors of length at most 2.

A logarithmic Higgs sheaf on (X, D) is a pair (E, 8) consisting of a coherent Oy -
module and an Ox-linearmap 6 : E — E ® Qx (log D) such that & A 8 = 0. Equivalently,
replacing 6 by 6: Ty (log D) ® E — E one can consider a logarithmic Higgs sheaf
on (X, D) as a Sym* Ty (log D)-module, which is coherent when considered as an Ox -
module.

Let MinHIG® (X, D) be the category of locally free logarithmic Higgs sheaves of rank
r < p on (X, D), which have vanishing Chern classes in H2* (X, Q;) for some [ # p and
are semistable. In this case semistable means slope H -semistable with respect to some
ample divisor H, but one can show that the category MinHIG? (X, D) does not depend on
the choice of H. One can also replace slope semistability by Gieseker semistability and
the category remains the same.

Let Y be an irreducible component of D and let: : ¥ — X be the corresponding
embedding. One of the main aims of this paper is to prove the following theorem:
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Theorem 0.1. Let (E, 6) be an object of MinHIG® (X, D). The restriction of (E, é)
to Y defines a semistable Sym®1* Ty (log D)-module. Moreover; this restriction can be
deformed to an element of MinHIG® (Y, DY), where DY is the restriction of the divisor
D—-YtwY.

The precise statement of this theorem is contained in Theorem 3.11 and Corol-
lary 3.13. In fact, we prove a more general version that works also for Higgs sheaves
(or modules with an integrable connection) with non-vanishing Chern classes.

Together with the restriction theorem for curves not contained in the boundary
divisor D (see Theorem 4.7) this gives an inductive procedure for studying restriction
of elements of MinHIG? (X, D) to curves. In particular, it implies the following theorem
(see Definition 5.1 for the definition of a strongly liftable morphism).

Theorem 0.2. Let (E, 0) be an object of MinHIG?(X, D). Let C be a smooth projective
curve and let v : C — (X, D) be a separable morphism that is strongly liftable to W, (k).
Then the induced Sym®*v*Tx (log D)-module v*E is semistable. In particular, if G is a
subsheaf of the kernel of v*0 : vV*E — vV*E Q v*Qyx (log D) then deg G < 0.

This theorem has an obvious analogue in characteristic zero (see Theorem 5.4). But
even the last part of this theorem was not known in characteristic zero. Already this
part implies essentially all known semipositivity results (see below) for Higgs bundles
or complex polarized variations of Hodge structures due to Fujita [9], Kawamata [15],
Zuo [36], Fujino—Fujisawa [8, Theorem 5.21], Brunebarbe [3, Theorems 1.8 and 4.5],
[4, Theorem 1.2] and many others. Note that almost all the proofs of such results are ana-
lytic and use Hodge theory. A notable exception is Arapura’s proof of [1, Theorem 2] that
uses reduction to positive characteristic. However, his proof uses vanishing theorems and
it does not give any semipositivity results in positive characteristic.

We say that a sheaf E on (X, D) is W,-nef if for any smooth projective curve C and
any morphism v : C — (X, D) that is strongly liftable to W, (k) (see Definition 5.1), all
quotients of v* E have a non-negative degree.

The following corollary is a direct analogue of [4, Theorem 1.2] in positive character-
istic. In fact, it implies its generalization from the polystable to the semistable case.

Corollary 0.3. Let (E, 6) be an object of MinHIG® (X, D). If E' is a locally split sub-
sheaf of E contained in the kernel of 6 then its dual (E')* is W,-nef on (X, D).

Over complex numbers a typical example of application of such a result is to semi-
positivity of direct images of relative canonical sheaves. This happens also in positive
characteristic and we prove the following result (see Corollary 5.10 for a more precise
version).

Corollary 0.4. Let X and Y be smooth projective varieties and let B be a normal cross-
ing divisoron Y. Let f : X — Y be a surjective morphism of relative dimension d, which
has semistable reduction along B. Set D = f~1(B). Assume that there exists a lifting
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f (X, D) — (Y, B) of f to Wa(k) with f a semistable reduction along B. Assume that
p>d+dimY. Then R f, (wx/y (D)) is a Wy-nef locally free sheaf on (Y, B) for all
integers j > 0.

This is a positive characteristic analogue of various semipositivity results due to Grif-
fiths [10], Fujita [9], Kawamata [15], Fujino—Fujisawa [8] and others.

In positive characteristic p there are well-known examples due to L. Moret-Bailly (see
[34, Exposé 8]), who exhibited for any integer n > 1 and any p a family of smooth abelian
surfaces f : X — P! suchthat fiwy p1 = Opi(—n) & Opi1(pn). In particular, one needs
to add some additional assumptions to be able to get semipositivity results. The only
known results on semipositivity in positive characteristic concern either fx(wy Iy (mD))
for m > 0 (see [27] in case wy,y (D) is f-nef, or [7] in the case of relative dimension 1
or 2), or they deal with fiwy,y adding very strong assumptions on the fibers (see [33]
for the case dim X = 2 and dim Y = 1, and [28, Theorem 6.4] for a rather complicated
statement).

One of the important results that we prove is the following theorem that is a special
case of Theorem 2.1.

Theorem 0.5. Let E be a rank r reflexive sheaf with ¢1(E) = 0 (in H2 (X, Q;) for some
[ # p) and c2(EYH" 2 = 0. Assume that E has a filtration M, such that all factors
of the filtration are torsion free of rank < p with ug (Gr]M E) = ug(E). Assume also
that each factor has the structure of a slope H -semistable sheaf with an integrable log-
arithmic connection on (X, D). Then E is locally free and it has vanishing Chern classes
in H2*(X, Q) for any | # p. Moreover, every quotient Gr]ME is locally free and has
vanishing Chern classes in H2* (X, Q).

This result can be thought of as an analogue of a graded version of Schmid’s nilpotent
orbit theorem (see Remark 4.5). In the case D = 0 Theorem 0.5 gives [24, Theorem 11]
and fills in a gap in its proof. The stronger version, Theorem 2.2, generalizes Theorem 0.5
to the case of Higgs sheaves with possibly non-trivial Chern classes and in the case
D = 0 it is indispensable for the proofs of [32, Theorem 3.6, Corollary-Definition 3.8
and Theorem 3.10]. In this last case Theorem 2.2 allows computing higher Chern classes
of twisted preperiodic Higgs bundles.

The structure of the paper is as follows. In Section 1 we recall some results and prove
a few auxiliary results. In Section 2 we prove Theorem 0.5 in case D = 0. In Section 3
we construct a nearby-cycles functor and we check that it preserves some semistability
conditions. We also finish the proof of Theorem 0.5 in case D # 0. In Section 4 we
give a few applications of Theorem 0.5. Section 5 is devoted to applications of these res-
ults to semistability and semipositivity of restriction of Higgs bundles to curves. We also
give some geometric applications to semipositivity of direct images of relative canonical
sheaves. The appendix contains a proof of the functoriality of the inverse Cartier trans-
form in the logarithmic case.
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Notation

Let X be a smooth variety defined over an algebraically closed field k and let D be a
normal crossing divisor on X. We often view D as a closed subscheme of X given locally
by one equation but by abuse of notation we also identify D with the corresponding Weil
divisor and write D = 0 instead of D = @. All normal crossing divisors in the paper are
reduced simple normal crossing divisors. Sometimes we add “simple” to stress the place
where we need to use this assumption.

Let us recall that a logarithmic Higgs sheaf is a pair (E, 0) consisting of a coherent
Ox-module and an Oy -linearmap 6 : E — E ® Qx (log D) such that 8 A 6 = 0. A system
of logarithmic Hodge sheaves is a Higgs sheaf (E, ) with a decomposition E = € E?*4
such that  maps E?* into EP~14T1 @ Qy (log D).

In this paper, whenever X is projective and we say that a logarithmic Higgs sheaf
(E, 0) is slope H-semistable for some ample H, we always implicitly assume that
E is torsion free. Let us recall that a system of logarithmic Hodge sheaves is slope
H -semistable as a system of logarithmic Hodge sheaves if and only if it is slope
H -semistable as a logarithmic Higgs sheaf (see [23, Corollary 3.5]).

Now let S be any scheme. We say that (X, D) is a smooth log pair over S if X is a
smooth S-scheme and D is a relatively simple normal crossing divisor over S. We say
that f : (Y, B) — (X, D) is a morphism of smooth log pairs if f : ¥ — X is a morphism
and the support of B contains the support of £ ~1(D).

If E is a coherent sheaf of rank r on a smooth projective variety X then we denote
by ch(FE) the Chern character of E. This is defined as an element of the rational Chow
ring CH*(X) ® Q but in this paper we abuse notation and denote by ch(E) the image
of this class by the cycle map and we treat it as an element of the étale cohomology ring
HZ(X,Qy), where [ is different from the characteristic of the base field (or an element of
H*(X, Q) in the case of complex manifolds). We denote by A(FE) the discriminant of £
defined as 2rcz(E) — (r — 1)c2(E). In the case of surfaces we use the degree map Jx to
identify the cohomology group HZ (X, Q;) (or H*(X, Q)) with Q; (respectively, Q) and
we think of A(E) as an integer. Similarly, in higher dimensions the top degree intersec-
tions like A(E)H%™X=2 denote the degree of the cycle A(E)H%mX=2,

1. Preliminaries

1.1. Logarithmic Higgs sheaves

In this subsection we recall a few results on semistable logarithmic Higgs sheaves.
Throughout this subsection we fix the following notation.

Let X be a smooth variety of dimension n defined over an algebraically closed field k
of characteristic p. Let D be a normal crossing divisor on X .
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Let us recall the following theorem due to Ogus and Vologodsky [26] in the usual case
and Schepler [29] in the logarithmic case (see also [25, Theorem 2.5] and [ 18, Appendix]):

Theorem 1.1. Assume that (X, D) is liftable to W» (k) and fix such a lifting (X , D). There
exists a Cartier transform C( %.By which defines an equivalence between the category of
torsion free Ox-modules with an integrable logarithmic connection whose logarithmic
p-curvature is nilpotent of level < p — 1 and the residues are nilpotent of order < p, and
the category of torsion free logarithmic Higgs Ox -modules with a nilpotent Higgs field of
level < p — 1.

From now on in this subsection we assume that X is projective and we fix an ample
divisor H on X. Let us recall the following boundedness result for logarithmic Higgs
sheaves.

Theorem 1.2. Fix some number A and a class ¢ € H2(X, Q) for some | # p. The

family of slope H -semistable logarithmic Higgs sheaves (E, 0) such that E is reflexive
with fixed rank r, c1(E) = ¢ and A(EYH" 2 < A is bounded.

Proof. By [24, Lemma 5] one can find a constant C such that for any rank r slope H -
semistable logarithmic Higgs sheaves (E, 8) we have pmax v (E) < u(E) + (r — 1)C.
Hence the result follows from [21, Theorem 3.4]. [

Note that in the above theorem it is not sufficient to fix r, ¢;(E)H""! and
A(E)H"=2. We will also need the following theorem, which is a special case of [23, The-
orem 5.5].

Theorem 1.3. Let (E, 0) be a slope H -semistable logarithmic Higgs sheaf. Then there
exists a decreasing filtration E = N° D N' D ... D N™ = 0 such that O(N?) C
N=!' ® Qx(log D) and the associated graded is a slope H -semistable system of log-
arithmic Hodge sheaves.

The result of [23, Theorem 5.5] (see also [19, Theorem A.4] in the case of flat torsion
free sheaves) also implies the following result:

Theorem 1.4. If (E, V) is a slope H-semistable sheaf with an integrable logarithmic
connection then there exists a canonical Griffiths transverse filtration E = S® > S! >
-++ D 8™ = 0 such that the associated graded system of logarithmic Hodge sheaves is
slope H -semistable.

The canonical filtration S® from Theorem 1.4 is called Simpson’s filtration of (E, V).
This notion is used in the following generalization of [23, Theorem 5.12] and [20, The-
orem 2.2] (see [25, Theorem 3.1]).

Theorem 1.5. Assume the pair (X, D) admits a lifting (X, D) to Wa(k). If (E.0) is a
slope H -semistable system of logarithmic Hodge sheaves of rank r < p then there exists
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a canonically defined Higgs—de Rham sequence

» (Vo. Vo) . (V1. V1)
(E()veo) = (E’e) (E1,91)

in which each (V;, V;) is slope H -semistable and (E;+1, ;1) is the slope H -semistable
system of logarithmic Hodge sheaves associated to (V;, V;) via its Simpson’s filtration S} .

The following theorem is a generalization of [24, Theorem 10] to the logarithmic case.
We skip its proof as it is the same as in the non-logarithmic case.

Theorem 1.6. Assume the pair (X, D) is liftable to W(k). Let dy be a non-negative
integer such that Tx (—log D) ® Ox(doH) is globally generated. Let (E, 0) be a slope
H -stable logarithmic Higgs sheaf of rank r < p. Take an integer

1

r—1
d>——ANEH" 24+ ——
r (E) +r(r—1)H”

Moreover, if r > 2, assume also that d > 2(r — 1)?dy. Let Y € |dH | be a smooth divisor
such that Ey has no torsion and D N'Y is a normal crossing divisor on Y. Then the log-
arithmic Higgs sheaf (Ey, 0y) induced from (E, 0) via restricting to Y and composition
Ey - Ey ® Qx(logD)|y — Ey ® Qy(log D NY) is slope Hy -stable.

Corollary 1.7. Assume the pair (X, D) is liftable to W5 (k) and let dy be as in the previ-
ous theorem. Let (E, 0) be a slope H -semistable logarithmic Higgs sheaf of rank r < p
and let d be an integer satisfying the same inequalites as in the previous theorem. Then
for a general divisor Y € |dH | the restriction (Ey, 0y) is slope Hy -semistable.

Proof. Let M, be aJordan—Holder filtration of (E, 6). By definition this means that all the
quotients GrtM E are slope H -stable logarithmic Higgs sheaves with slopes pg (GrlM E)
equal to ug (E). Existence of such a filtration for logarithmic slope H -semistable log-
arithmic Higgs sheaves is standard and follows by the same arguments as for the usual
slope H -stable sheaves (see, e.g., [12, §1.5 and §1.6]). To simplify notation let us set
E; = GrlM E (we consider it as a logarithmic Higgs sheaf and not only a sheaf) and
r; = rkE;. Since E; and E; have the same slope, we have (Clr—f" — %)H = 0 and the
Hodge index theorem implies that

A(E)H" 2 AEHH"2 1 ak aEN\*,
- = - - P _ 27 H" 2

i<j

A(E)H"2
=)=

Therefore our assumptions on d imply that we can apply Theorem 1.6 to each quotient Ej;.
So if we choose a smooth divisor Y € |mH | such that D NY is a normal crossing divisor
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on Y and (E;)y has no torsion for every i then the restricted logarithmic Higgs sheaf
(E;)y is slope H -stable and hence (Ey, 0y) is slope Hy-semistable. Note that a general
Y € |mH| satisfies the above assumptions by Bertini’s theorem and Lemma 1.13 below.

|

Remark 1.8. In Theorem 1.6 and Corollary 1.7 we can replace a logarithmic Higgs sheaf
with a sheaf with an integrable logarithmic connection. The proofs of the results remain
the same.

Let us also recall Bogomolov’s inequality for logarithmic Higgs sheaves (see [25,
Theorem 3.3] for a more general version).

Theorem 1.9. Assume that (X, D) admits a lifting to W (k). Then for any slope H -
semistable logarithmic Higgs sheaf (E, 0) of rank r < p we have

A(EYH"™? > 0.

Remark 1.10. The above theorem also holds for sheaves with an integrable logarithmic
connection. Indeed, if (£, V) is arank r < p slope H -semistable sheaf with an integrable
logarithmic connection and S* is its Simpson’s filtration then by the above theorem,

A(EYH" 2 = A(GrsE)H" ™2 > 0.

1.2. Higher discriminants

Let us fix a smooth projective variety X defined over an arbitrary algebraically closed
field k.

Let E be a rank r > 0 coherent sheaf on X. Let us fix a prime / different from the
characteristic of the base field k and let us write

1

log(ch(E)) = logr + Y (=1)'*! S i(E)

i>1

for some classes A; (E) € H2' (X, Q;), which we call higher discriminants of E (we can
also use A; (E) € H*(X, Q) in the case of complex manifolds). These discriminants are
polynomials in Chern classes of E with integral coefficients. They are variants of Drezet’s
logarithmic invariants (with somewhat different normalization to get integral coefficients
and A,(E) = A(E)). Note that for any line bundle L we have A; (E ® L) = A;(E) for
i > 2. This follows immediately from the fact that

log(ch(E ® L)) = log(ch(E) - ch(L)) = log(ch(E)) + ¢1(L).
In the following we often use this property of discriminants without further notice.

Lemma 1.11. The following conditions in H; (X, Q) (or in H*(X, Q) in the case of
complex manifolds) are equivalent:

(1) rici(E) = (0)er(E) foralli > 1,
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(2) Ai(E) =0 foralli > 2,
(3) logch(E) =logr + c1(E)/r.
Proof. Equivalence of (2) and (3) is clear as A1 (E) = c1(E). For simplicity of notation
let us assume that E is locally free; the proof in the general case is the same except that
we need to replace E by its class in K%(X) and do all the computations in Grothendieck’s
K-group.

By the Bloch—Gieseker covering trick [2, Lemma 2.1] there exists a smooth projective

variety X and a finite flat surjective covering f : X > X together with a line bundle L
such that f*(det E)™' = L®". Set E := f*E ® L. Note that ¢; (E) = 0 and

Ai(E) = Aj(f*E) foralli > 2.

Since f induces an injection Hj (X, Q;) — H (X, Qy), condition (2) is equivalent
to the vanishing of A;(E) for all i > 1, i.e., to the equality log ch(E) = log r. Clearly,
this is equivalent to ¢; (E) = 0 forall i > 1.

For all i > 0 we have

i .
~ r — -
a(B)=a(f*E®L) = Z( - )cl(m’ iej(f*E).
j=oN' T
Using c1(L) = —%cl(f*E) and the fact that the map HZ (X, Q;) — HJ (X, Q) is
injective, we see that the second condition is equivalent to the equalities

S (127 et o (1)
j=0

forall i = 1,...,r. This follows from the fact that the equalities (1.1) for i < m are
equivalent to the equalities

rici(E) = (:)cl(E)i (1.2)

fori =1,...,m. We prove this by induction on m. For m = 1 it s clear, so let us assume
it holds for 1,...,m — 1. We can assume that (1.2) holds for i < m. Then we have

> (175 JcaErram
i=0
= manE) = (! Jerer 3o (1) (7 e

i=0
= manE) = (! Yy (e S (M)
i=0

= e (E) — (’;)Cl(E)m.

This proves that under our assumptions, (1.1) for i = m is equivalent to (1.2) fori = m.
[
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1.3. Criterion for local freeness and restriction to divisors

Let X be an integral noetherian scheme and let E be a coherent sheaf of Ox-modules. Let
S(E) be the set of points x € X such that E, is not a free Ox x-module. We call S(E)
the singular set of E.

Let us define the function ¢ : X — Z by ¢(x) = dimgx)(E ® k(x)). Let n be the
generic point of X. For a point x € X, by [11, Chapter I, Lemma 8.9], E is a free
Ox x-module if and only if ¢(x) = ¢@(7n). On the other hand, by Nakayama’s lemma the
function ¢ is upper semicontinuous (see [11, Chapter III, Example 12.7.2]), so S(E) =
{x € X 1 p(x) > ¢(n)} is closed.

In the following we say that E is locally free outside a finite number of points if S(E)
is a finite set of points.

Now let X be a smooth projective variety of dimension n defined over an arbitrary
algebraically closed field k. We will use several times the following criterion for local
freeness of graded sheaves associated to filtrations.

Lemma 1.12. Assume that n > 3 and let V be a reflexive sheaf on X with a filtration
N™m =0cCc N™ ! c...C N° =V such that each N' is saturated in V. Let W =
@ N'/N'~! be the associated graded and assume that

(1) the reflexivization W** of W is locally free, and
(2) W is locally free outside a finite number of points.
Then both V and W are locally free.

Proof. 1t is sufficient to prove the lemma for m = 2; the general case then follows easily
by induction on the length m of the filtration.
Assuming m = 2 our assumptions imply that N'! is locally free and we have a short

exact sequence
0— N°N' - (N°/NYHY* - T =0

for some sheaf T' supported on a finite number of points. By assumption we also know
that (N°/N1)** is locally free. Let us note that by Serre’s duality, Ext>(T, N'!) is dual
to Ext" 2(N\, T ® wx) = H" 2(T ® wx ® (N')*) = 0 as n > 3. Hence by the long
Ext exact sequence, the canonical map Ext'(N°/N1)** N1) — Ext!(N°/N!,N1) is
surjective. Therefore there exists a coherent sheaf V such that the following diagram is
commutative:

0 N! v NO/N'—— 0
0 N! v (N°/NYY** ——0

But since V is reflexive and V is locally free, the map V' — V is an isomorphism (as it is
an isomorphism outside the support of 7). Hence 7' = 0 and W** = W. This immediately
implies the required assertion. |
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We will also need the following lemmas allowing us to keep track of singularities of
sheaves when restricting to divisors.

Lemma 1.13. Let A be a base point free linear system on X and let E be a coherent
Ox -module.

(1) If E is reflexive and Y € A is integral then Ey is a torsion free Oy -module.

(2) If E is torsion free (resp. reflexive) and Y € A is general then Ey is also torsion free
(resp. reflexive) as an Oy -module.

The above lemma follows from [12, Lemma 1.1.12 and Corollary 1.1.14].

Lemma 1.14. Let E be a rank r torsion free sheaf on X and let Y be an integral divisor
on X such that Ey is locally free. Then S(EYNY =@, i.e., E is locally free at all points
of Y. Moreover, if Y is ample then E is locally free outside a finite number of points.

Proof. Since every torsion free sheaf on a smooth curve is locally free, we can assume
that the dimension n of X is greater than 1. Since S(E) has codimension > 2 in X, there
exists a codimension 1 point y € ¥ — S(E). Let  be the generic point of X and 1’ the
generic point of Y. Since Ey is locally free, Ey,y is a free Oy,,-module and hence

dimg(y) Ey,y ®oy, k(y) = dimg(y) Ey,y ®0,, k(n') = kEy.
By the choice of y the Ox, ,-module E, is free and hence
dimk(y) Ey ®@X’y k(y) = dimk(n) Ey ®0x,y k(n) =r.

Since E, ®oy , k(y) = Ey,y ®o, , k(y) we see that Ey has rank r. By assumption for
any point z € Y the Oy ;-module Ey ; is free, so we get

dimg ;) E; ®oy . k(z) = dimg(;) Ey,; o, k(z) = dimgyy Ey,: ®oy. k() =r.

Then [11, Chapter II, Lemma 8.9] implies that E, is a free Ox ;-module, which proves
the first assertion.

Now let us assume that Y is ample. The singular set S(E) is a closed subset of X
and S(E) N'Y = @, so it does not have any irreducible components of dimension > 1. So
S(E) is zero-dimensional. |

2. Local freeness

In this section we fix the following notation. Let X be a smooth projective variety of
dimension n > 2 defined over an algebraically closed field k of characteristic p and let
D be a simple normal crossing divisor on X. We assume that D C X admits a lifting
to W, (k). We also fix an ample divisor H on X.

The main aim of this section is to prove a large part of the following generalization of
Theorem 0.5 (the proof will be finished in Subsection 3.5):
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Theorem 2.1. Let E be a rank r reflexive sheaf with A(E)H" ™2 = 0. Assume that E
has a filtration M such that all factors of the filtration are torsion free of rank < p with
WH (Grj-u E) = pug (E). Also assume that each factor has the structure of a slope H -
semistable logarithmic Higgs sheaf (or of a slope H -semistable sheaf with an integrable
logarithmic connection) on (X, D). Then E is locally free and

() ()

in H2™(X, Q) for allm > 1 and any | # p. Moreover, every quotient Gr;WE is locally
free and for all m > 1 we have

en(Grj' E) = (:,11) (—CI(FE))m

in H2™ (X, Qy), where r; = rkGrJME.

This theorem is a strong version of the following theorem to which we will reduce its
proof.

Theorem 2.2. Let (E,0) (resp. (E,V)) be a rank r < p slope H -semistable logarithmic
Higgs sheaf (resp. a rank r < p slope H -semistable sheaf with a logarithmic connection).
Then the following conditions are equivalent:

(1) A(EYH" 2 = 0 and E is reflexive,
(2) A(E)YH" 2 = 0and E is locally free,
3) cm(E) = (;)(C‘g—E))’” in H2™(X,Qy) forallm > 1 and any | # p.

Remarks 2.3. (1) To simplify notation, in Theorems 2.1 and 2.2 we deal with only one
polarization although one can also replace H by a collection of ample divisors as in, e.g.,
[24, Theorem 10].

(2) A special case of the implication (3)=(2) in Theorem 2.2 was proven in [20,
Proposition 3.12] using Faltings’s result on Fontaine modules.

(3) Theorem 2.2 implies that all the sheaves E; and V; appearing in the canonical
Higgs—de Rham sequence of a system of logarithmic Hodge sheaves, which satisfies the
equivalent conditions of Theorem 2.2 and has a nilpotent Higgs field, are locally free.

Theorem 2.2 generalizes [24, Theorem 11] to the case of logarithmic Higgs sheaves
with possibly non-trivial Chern classes. It also generalizes [32, Theorems 3.6 and 3.10],
which deal with systems of Hodge sheaves of rank r < p on X defined over k = IF‘I,.
In this last case Theorem 2.2 allows one to compute higher Chern classes of twisted
preperiodic Higgs bundles. Let us also remark that a special case of the above result was
implicitly used in [1, proof of Theorem 3]. More precisely, in [, proofs of Lemmas 4.4
and 4.5] (needed for [1, Theorem 3]) the author implicitly uses that B(E, 0) is locally
free if (£, 0) is locally free. He applies [1, Lemma 4.3] to B(E, 0) and that lemma does
not apply if B(E, 8) is not locally free. It is easy to find examples for which (E, 6)
is semistable, E is locally free but B(E, 0) is not even reflexive. In particular, in both
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[1, Lemma 4.4] and [1, Lemma 4.5] one needs to assume that (E, 8) is semistable with
vanishing Chern classes and then use our Theorem 2.2. Note also that at the time of
writing [1], Theorem 2.2 was not stated in the logarithmic case that was used there. In
the logarithmic case, even if k = IFI, and one has the vanishing of all Chern classes, the
method of proof of local freeness from [20, Proposition 3.12] does not apply.

The strategy of our proof of Theorem 2.2 in the case D = 0 is modelled on the proof of
[24, Theorem 11]. Unfortunately, the latter proof of contains a serious gap: it is not clear
that the family {(E;, 6;)} of Higgs sheaves considered in the proof is bounded as a priori
the sheaves E; need not be reflexive. However, if one assumes that in [24, Theorem 11] all
Chern classes vanish, then the arguments there show that E is locally free. This is already
sufficient for almost all the applications mentioned in [24] (except for Corollary 6 there,
which also needs an additional assumption on vanishing Chern classes; one also needs to
slightly adjust the proof of [24, Corollary 5]).

In general, one can easily find examples of Higgs—de Rham sequences starting with a
locally free sheaf for which other sheaves in the sequence are not reflexive. This causes
several complications that we need to overcome. The same error appeared independently
in the first version of [32, Theorem 3.10], where the authors claimed existence of a cer-
tain map on the open subset of the moduli space of semistable sheaves, parameterizing
reflexive sheaves. However, in the case of [32, Theorem 3.10], it is not so easy to adjust
the arguments adding additional assumptions (this would require at least our Lemma 1.11
and repeating the proof of [24, Theorem 11]). So in this case Theorem 2.2 offers the only
available proof.

A new idea appearing in the general proof of Theorem 2.2, compared to the case
D = 0, is that we need to use a nearby cycles functor to prove local freeness of the
restriction of E to the irreducible components of D.

2.1. Reduction from filtrations to sheaves

In this subsection we show how to reduce the proof of Theorem 2.1 to Theorem 2.2.
Before we do that let us prove a few independent lemmas:

Lemma 2.4. Let E be a rank r reflexive sheaf with A(EYH" % = 0. Assume that E has
a filtration M, such that all factors of the filtration are torsion free of rank < p with
WH (Grf-u E) = ug (E). Assume also that each factor has the structure of a slope H -
semistable logarithmic Higgs sheaf (or of a slope H -semistable sheaf with an integrable
logarithmic connection) on (X, D). Then for all j we have A(Gr_ﬁ” EYH" 2 =0 and
c1(GrM E) /ik(GrM E) = ¢\(E)/r in H2(X, Q) forany | # p.

Proof. To simplify notation let us set
E;=GME and r; = 1kE;.

Since ug(E;) = wa(E;), we have (c1E;/ri —c1E;/rj)H = 0. So the Hodge index
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theorem and Theorem 1.9 imply that

A(E)H"2 AEHH"™2 1 E; EN\,
0= () :Z ( : _;Zrirj(cl( )_Cl( /))H 2

r i ri rj

i<j

> 0.

> Z A(Ei)ﬂn_z

Hence A(E;)H"2 = 0 and (c1(E;)/ri — c1(E;)/rj)*H"™2 = 0 for all i and j. By
assumption we also have (c¢1(E;)/ri —c1(E;)/rj)H" ™' = pp(E;) — uu(E;) = 0.
Now let us recall that by [16, Theorem 9.6.3] if B is a divisor on X such that BH" ! =
B2H"2 = 0, then the class of B in the group of divisors on X modulo algebraic equi-
valence is torsion. Using the cycle map we obtain the equality B = 0 in H2 (X, Q) for
any [ # p.
Applying this fact to B = (c¢1(E;)/ri —c1(Ej)/r;j) we get the required equalities. m

Lemma 2.5. Let (E, 0) (resp. (E,V)) be a rank r < p slope H -semistable logarithmic
Higgs sheaf (resp. sheaf with an integrable logarithmic connection) with A(E)H"2=0.
Then 0 (resp. V) extends uniquely to a logarithmic Higgs field 6 (resp. an lntegrable
logarithmic connection V) on the reflexivization E** so that (E**,0) (resp. (E**,V)) is
slope H -semistable. Moreover, A(E**)H"~2 = 0 and the canonical map E — E** is

an isomorphism outside a closed subset of codimension > 3.

Proof. The equality 6 A 6 = 0 implies 6** A 0** = 0, so § := 6** is a logarithmic
Higgs field. In the second case we can extend V, e.g., in the following way. Let us set
U:=X—-S(E) and let j : U < X be the corresponding embedding. Then E** =
j«(j*E) and we can define \Y by V= J«Vj*. It is easy to see that this is a logarithmic
connection. It is integrable, because V A V : E** — E** @ Q% (log D) is an Ox-linear
map extending Vy A Vy = 0.

Note that for any torsion free sheaf G the line bundles det(G**) and det(G) are
isomorphic on X — §(G) and S(G) has codimension > 2. So det(G**) ~ det(G) and
¢1(G**) = ¢1(G). Now for any subsheaf G C E** we have (E N G)** = G** as both
sheaves are reflexive and equal outside codimension > 2. So the sheaf E contains the
subsheaf E N G of the same slope as G. This shows that passing to the reflexivization
preserves slope H -semistability (and also slope H -stability).

To prove the last part note that the canonical map £ — E™** is injective as by assump-
tion FE is torsion free. Let 7' be the cokernel of this map. Without any loss of generality
we can assume that H is very ample. After restricting to a general complete intersection
surface Y € |H| N --- N |H]|, we get a short exact sequence

0— Ey - (E*)y - Ty — 0.

Since T is supported in codimension > 2, Ty is supported on a finite number of points.
We have

0= A(E)H" = A(Ey) = A(E*)y) + h°(Y, Ty) = A(E*)H"™> + h°(Y. Ty).
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Since (E**, 6**) is slope H -semistable, by Bogomolov’s inequality for logarithmic
Higgs bundles (see Theorem 1.9 and Remark 1.10) we have A(E**)H"~2 > 0. Hence
we get A(E**)H""2 = 0 and h°(Y, Ty) = 0. Since Ty is supported on a finite number
of points, we get Ty = 0. It follows that 7" is supported in codimension > 3. |

Lemma 2.6. Replacing H by some multiple we can assume that any Y € |H | is liftable to
Y C X. Moreover, for any closed point x € U := X — Supp D a general divisor Y € |H |
passing through x is smooth and the divisor D + Y is a normal crossing divisor. Then
Dy = D NY is anormal crossing divisor on Y and the pair (Y, Dy) is liftable to W, (k).

Proof. The first part follows from [24, proof of Theorem 11]. Replacing H by a multiple
we can also assume that H is very ample. As in [6, proof of Theorem 3.1] we can also
assume that the subsystem A C |H| consisting of all divisors containing x has x as its
scheme-theoretic base locus. If 7 : X’ — X is the blow up of x then, replacing H if neces-
sary by its multiple, we can also assume that 7* H — E is very ample (see [ 11, Chapter II,
Proposition 7.10]). Let {D; };es be the irreducible components of D viewed as reduced
closed subschemes of X . Let us set D} = 7~ Y(D;) and D' = 7~1(D). By Bertini’s the-
orem for any J C I, a general Y’ € |[7*H — E| intersects all irreducible components of
(\jes D; along smooth divisors. Then D" + Y is a normal crossing divisor on X'. By
[6, Theorem 2.1] the image of a general divisor Y’ € [#*H — E| is smooth and it is a
general divisor in A. Hence for general Y € A, D + Y is a normal crossing divisor on X .
Moreover, D + Y C X is its lifting to W5 (k). This implies that also (Y.Y N D) lifts
(Y, Dy) to W (k). |

Lemma 2.7. Theorem 2.2 in dimension < n implies Theorem 2.1 in dimension < n.

Proof. The proof is by induction on the dimension n of X. If n = 1 then the assertion
follows from the fact that torsion free sheaves on a smooth curve are locally free. Assume
that the implication holds for varieties of dimension less than n and let X be of dimen-
sion 7.

First we consider the case in which each factor of the filtration from Theorem 2.1
has the structure of a slope H -semistable logarithmic Higgs sheaf. Let us write E; for
Gr_jyl E and r; for its rank. Replacing H by its multiple, by Lemma 2.6 we can assume
that for all d > 1 and a general divisor Y € |dH | the pair (Y, Dy = D NY) is log smooth
and liftable to W5 (k). By Corollary 1.7 (or simply by the Mehta—Ramanathan restriction
theorem for logarithmic Higgs sheaves) applied to each quotient of the filtration M,, for
large d and for a general section Y € |dH |, the restriction of each quotient E; to Y is a
slope Hy -semistable logarithmic Higgs sheaf and the restriction Ey is reflexive (here we
use Lemma 1.13). Hence by the induction assumption each (E;)y is locally free. So by
Lemma 1.14 each E; is locally free outside a finite number of points of X.

Since by Lemma 2.4 we have A(E;)H"~2 = 0, Theorem 2.2 applied to X implies
that all £ j’.** are locally free. Hence the assumptions of Lemma 1.12 are satisfied and we
conclude that E and all quotients E; are locally free. By Theorem 2.2 this implies that
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cm(Ej) = (2)(—615%)),”,
J

which together with the equality ¢ (E;) = rricl (E) finishes the proof of the last part of
Theorem 2.1. Then a simple computation of Chern classes shows that

en(E) = (;)(cl(rE))m

Now let us consider the case where each factor of the filtration M, from Theorem 2.1
has the structure of a slope H -semistable sheaf with an integrable logarithmic connection.
The same arguments as above allow us to prove that for general Y as above, the restriction
(Gr™ E)y is locally free (here we use Remark 1.8 instead of Corollary 1.7). So Gr™ E is
locally free outside a finite number of points and by Lemma 1.12 it is sufficient to prove
that (Gr™ E)** is locally free. Then Gr™ E is locally free and we can finish as in the case
of logarithmic Higgs sheaves.

Let us set E; = Grj-” E and r; = rkE;. For general Y the restriction (M;)y is
a subsheaf of Ey, so (M,)y is a filtration of Ey. If n > 2 then as above we have
A((Ej)y)H"™3 = 0 and hence by the induction assumption applied to Ey we have

ecm((Ej)y) = (2)(@)'" forallm > 1.

r

For n = 2 such equalities are clear as we need to check them only for m = 1.

Let us recall that by Lemma 2.4 we have A(E;)H" 2 = 0. So by Lemma 2.5,
E ;= (E;)** is a slope H-semistable sheaf with an integrable logarithmic connec-
tion and we have A(E /)H"™2 = 0. Theorem 1.4 allows us to construct a filtration S j°
of E ;j such that the associated graded Grs; E ; 1s a slope H -semistable Higgs sheaf with
A(Grg; E;j)H"~2 = 0. Again using Lemma 2.5, we see that (Grs; E;)** satisfies condi-
tion (1) of Theorem 2.1 and hence it is locally free.

Note that for general Y as above we have (S })Y C (Ej)y and (Grg, Ej)y =
Gr(s))y (Ej)Y. Since E; is locally free along Y, we have (Ej)y = (E;)y. Therefore the
Chern classes of (Grs; Ej)y satisfy condition (3) of Theorem 2.2 and thus (Grs; E; )y is
locally free. So by Lemma 1.14 the sheaf Grg, E; is locally free outside a finite number
of points. Now we can use Lemma 1.12 to conclude that E; is locally free. This proves
that (Gr™ E)** = &b ; E; is locally free as required. L]

2.2. Local freeness for sheaves with trivial boundary

In this subsection we prove Theorem 2.2 for D = 0. The proof for D # 0 will be given
in Subsection 3.5 after some study of monodromy filtrations along the irreducible com-
ponents of D. The main difference between the cases D = 0 and D # 0 lies in the proof
of Claim 2.2.2, which is much more complicated if D # 0.
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Proof of Theorem 2.2 for D = 0. We prove the assertion by induction on the dimension
n of X. Let us assume that n = 2. Then the equivalence of (1) and (2) is obvious since
every reflexive sheaf on a smooth surface is locally free. The fact that (2) implies (3) is
also obvious as the equality in (3) for m = 1 is trivial and for m = 2 it is equivalent to
A(E) = 0. The fact that (3) implies (1) follows from Lemma 2.5.

Now let us assume that » > 3 and that the equivalence of conditions (1)—(3) holds
for varieties of dimension less than n. Replacing H by its multiple we can assume the
following properties:

(x) For every closed point x € X, a general divisor Y € |H| passing through x is
smooth and liftable to W, (k) (see Lemma 2.6).

(*xx) For every slope H-stable Higgs sheaf (F, Of) (resp. a sheaf (F, Vp) with an
integrable connection) of rank < p on X and for every smooth divisor Y € |H|
such that Fy is torsion free, the restriction (Fy, (0F)y) (resp. (Fy, (VF)y)) is
slope Hy-stable (see Theorem 1.6 and Remark 1.8).

(**x) For every slope H -semistable Higgs sheaf (F, 6f) (resp. a sheaf (F, VF) with an
integrable connection) of rank < p on X and for a general divisor Y € |H|, the
restriction (Fy, (6F)y) (resp. (Fy, (VF)y)) is slope Hy-semistable (see Corol-
lary 1.7 and Remark 1.8).

First let us prove that (1) implies (2) and (3). Let (E, 0) (resp. (E, V)) be a reflexive
rank r < p slope H-semistable Higgs sheaf (resp. sheaf with an integrable connection)
with A(E)H"™2 = 0.

CLAIM 2.2.1. We have Aj(E) =0for2 <i <n.

Proof. By (x%x), for a general divisor Y € | H|, the restriction (Ey, fy) (resp. (Ey, Vy))
is slope Hy-semistable. By Lemma 1.13 we also know that Ey is reflexive. Since
A(E y)H§_3 =d - A(E)H" 2 = 0, by the induction assumption Ey is locally free and
cm(Ey) = (;l)(@)m in H2™(Y,Qy) forallm > 1 and any [ # p. By Lemma 1.11
this implies A; (Ey) = 0 for 2 < i < n. By the Lefschetz hyperplane theorem, the inclu-
sion Y — X induces injections Hezti (X,Qp) — Hezli (Y, Q) fori < n, which proves the
claim. ]

CLAIM 2.2.2. If (E,0) (resp. (E, V)) is slope H -stable then E is locally free.

Proof. Since E is reflexive, for any smooth hypersurface Y € |H| the restriction Ey
is torsion free (see Lemma 1.13). So by () for every closed point x € X we can find
Y € |H| passing through x such that Y is smooth and liftable to W, (k). By (%), for any
such Y the restriction (Ey, fy) (resp. (Ey, Vy)) is slope Hy-stable. Since A;(E) = 0
for2 <i <nwegetA;j(Ey)=0for2 <i <dimY =n — 1. So Ey satisfies (3) and
our induction assumption implies that Ey is locally free. Then Lemma 1.14 implies that
E is locally free at all points of Y. This shows that E is locally free on X . ]
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Now we can prove that E is always locally free. Let M, be a Jordan—Holder filtration
of (E,0) (or (E,V)) and let us set E; = GrlME and r; = rtkE;. Then by Lemma 2.4 we
know that A(E;)H"2 = 0 and for all i we have c{(E;) = rr—icl(E) in H2(X, Q) for
[ # p.By () and () for a general smooth hypersurface Y € | H | the restriction (E;)y is
slope Hy-stable. Since E is reflexive, by Lemma 1.13 the restriction Ey is also reflexive
for general Y. Therefore by the induction assumption Ey is locally free. Moreover, our
induction assumption and Lemma 2.7 imply that all the factors (E;)y are also locally
free. So by Lemma 1.14 all E; are locally free outside a finite number of points.

However, we also know that E}* is slope H-stable and A(E;*)H"™2 = 0. So by
Claim 2.2.2 all sheaves E* are locally free. Hence we can apply Lemma 1.12 to conclude
that E is locally free. This finishes the proof that (1) implies (2).

To finish the proof that (1) implies (3) note that by Theorem 1.3 there exists a decreas-
ing filtration E = N D N! ... D N™ = 0such that O(N*) C N'~! ® Qx (in the case
of integrable connections we use Simpson’s filtration) and the associated graded system
(Eo, 0p) of logarithmic Hodge sheaves is slope H -semistable. Let us recall that by Claim
2.2.1 we already know that A; (E) =0for2 <i <n.Hence A;(Eg) =0for2 <i <n.So
by (%), (%) and Lemma 1.11, for a general divisor Y € | H | the restriction (Eg)y satisfies
(3) on Y. So by the induction assumption (Eg)y is locally free, which by Lemma 1.14
implies that Ey is locally free outside a finite number of points. Since we already know
that (1) implies (2), we see that E;™* is locally free. Then Lemma 1.12 implies that Ey is
locally free.

Now let us consider the canonical Higgs—de Rham sequence starting with (Eg, 6p)
(see Theorem 1.5)

(Vo. Vo) ("1, V1)

SN 2 N

(Eo, o) (E1,61)

where for simplicity we write C ! to denote the inverse Cartier transform. By definition
each (V,, V,,) is slope H -semistable and each (E,,+1, O,+1) is the slope H -semistable
logarithmic system of Hodge sheaves associated to (V;, V;) via Simpson’s filtration.

CLAaM 2.2.3. All E,, are locally free.

Proof. Each (E,*, ém) is slope H -semistable, and since (1) implies (2) it is also locally
free. Note also that A;(E,,) = p'™A(E) = 0 for i < n, so the same argument as in the
case of Eq shows that each sheaf E,, is locally free outside a finite number of points.
Now we prove by induction on m that E,, and V}, are locally free. For m = 0 we already
know that £y = E is locally free and hence so is Vy = c! (Eop)- So let us assume that
Vin—1 is locally free. Then Lemma 1.12 implies that E,, is locally free and hence so is

Vin = C~Y(E,,), which finishes the induction. [ ]

Now let us write p™ = rs, + ¢» for some non-negative integers s, and 0 <
gm < r. Let us set (G, 0g,,) := (Em, 6n) ® det E75m. By [24, Lemma 2] we have
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Ai(Gm) = Aj(Ep) = p'™A;(E) for 1 <i <n,so A(G,) = 0. Note also that ¢ (G,,) =
gmci1(E) can take only finitely many values, so Theorem 1.2 implies that the family
{(Gm., 6g,,)}m>o of locally free slope H-semistable Higgs sheaves is bounded. In par-
ticular, the set {A,(Gm)}ms0 = {P"" An(E)}m>o is finite. Hence A, (E) = 0, which
finishes the proof of vanishing of A; (E) forall 2 <i < n. Now Lemma 1.11 implies that
forallm > 1,

cm(E) = (r’”—m)cl(E)m

in H2™(X, Q). This finishes the proof that (1) implies (3).

Clearly (2) implies (1), so it is sufficient to prove that (3) implies (1). Let us consider
arank r < p slope H -semistable Higgs sheaf (E, 0) such that ¢, (E) = (r"—;q)cl(E)'” for
all m > 2. By Lemma 2.5 we have A(E**)H"~2 = 0. Since (1) implies (3) we know that
(E**,0) satisfies ¢, (E**) = (r’?—,?c'l (E**)™ for all m > 1. As in the proof of Lemma 2.5
we see that c1 (E**) = ¢1(E). So our assumptions imply that ¢, (E**) = ¢, (E) for all
m > 1. Since E and E** have the same rank, the Riemann—Roch theorem implies that
the Hilbert polynomials of E and E** are equal. Let T = E**/E. Then the short exact

sequence
0— E(m) — E*™@m) — T(m) =0

shows that the Hilbert polynomial of 7 is trivial. So T = 0 and E is reflexive. For a sheaf
with an integrable connection the proof of (3)=>(1) is exactly the same. ]

3. Nearby cycles

The main aim of this section is to understand the restriction of an integrable logarithmic
connection (or a logarithmic Higgs sheaf) to the boundary divisor. We need this in order
to prove Theorem 2.2 in the case of non-trivial boundary. The proof is completed in Sub-
section 3.5.

For Hodge structures on complex varieties the restriction to the boundary divisor is
understood by means of a nearby-cycle functor for the category of real graded-polarized
families of mixed Hodge structures (see [3, Section 4]). Here we use a different approach
that allows us to keep more information about the restrictions. As in [3] this construction
is related to the standard constructions of a nearby-cycles functor going back to Grothen-
dieck, Deligne and Saito.

In this section we will use some basic facts and definitions related to Lie algebroids,
for which we refer to [23].

3.1. Nearby-cycles functor

Let X be a smooth projective variety of dimension n defined over an algebraically closed
field k. Let D be a simple normal crossing divisor on X and let Y be an irreducible
component of D.
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Let: : Y < X be the canonical embedding. We define a Lie algebroid Ly on Y as
the triple (L, [-, -], @), where L = 1*Tx (log D) is a locally free Oy -module with the Lie
algebra structure induced from the standard Lie algebra structure on Ty, and the anchor
map « : L — Derg (Oy) = Ty is the canonical map induced by :. The anchor map induces
a k-derivation dQLY 10y - Qr, = L*.

Giving an Ly-module structure Ly — &ndy E on a coherent Oy -module E is equi-
valent to giving an integrable dQlLY -connection V,, : E — E ®¢, L, (see[23, Lem-
ma 3.2]).

The usefulness of the above construction comes from the fact that the restriction to ¥
defines an obvious functor

Uy : MIC(X, D) - Ly-Mod

from the category MIC(X, D) of coherent Ox-modules with an integrable logarithmic
connection on (X, D) to the category Ly-Mod of coherent Oy-modules with an Ly-
module structure. If (V, V) is a coherent Ox-module with an integrable connection on
(X, D) then Wy (V, V) is defined as the restriction 1*V of V to Y, and the Ly -module
structure is given by the integrable dQ[LY -connection :*V : 1*V — 1*V ® 1*Qx (log D).
By an abuse of notation we will often write (Vy, V|y) to denote Wy (V, V).

Let IL?, be the trivial Lie algebroid underlying Ly (i.e., we consider the same L =
1*Tx (log D) but with zero Lie bracket and zero anchor map). As above, we get the functor

®y : HIG(X, D) — L% -Mod

from the category HIG(X, D) of coherent Ox-modules with a logarithmic Higgs field
on (X, D) to the category }L(}’,—Mod of coherent Oy -modules with an }L(I’,—module struc-
ture. Note that ]L‘)),-Mod is the same as the category of coherent y-modules with
a Sym®(1*Tx (log D))-module structure. As above, we will often write (Ey, 6]y) for
oy (E, 0).

3.2. General monodromy filtrations

Let Y be a smooth projective variety of dimension n defined over an algebraically closed
field k. Let IL be a smooth Lie algebroid on Y/ k and let E be an L-module.

Let N : E — E be anilpotent endomorphism of IL.-modules. By [5, Proposition 1.6.1],
N induces on E a unique finite increasing filtration M, by LL-submodules such that

(1) N(M;) C M;_, foralli,
(2) N’ induces an isomorphism Gr E = G™ E foralli > 0.
We call M, the monodromy filtration for the IL.-module E.
Let us define the j-th primitive part P;(E) of E as the kernel of N/*1! : Grj” E >

Grﬁlj_zE for j > 0 and P;(E) = 0 for j < 0. Then by [5, (1.6.4)] we have the decom-
position into primitive parts

GME= @ NPuuE)= @ Pralk) 3.

i=max(0,—/) izmax(0,~/)
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Lemma 3.1. If E is torsion free (as an Oy-module) then all quotients Gr;” E are also
torsion free.

Proof. The proof is by induction on the rank of E. If E has rank 1 then N is nilpotent if
and only if N = 0, so the filtration is trivial.

Now let us assume that the assertion holds for all sheaves of rank less than the rank
of E.If N = 0 the assertion is trival, so we can assume that N # 0. Since for j > 0 the
map N/ induces an isomorphism Gr}” ES Grf’lj E, the image N/ P;(E) is the kernel of
N : Grf”j E — Grl_”j_zE . By [5, Corollaire (1.6.6)] the associated graded of the filtration
induced by M, on ker N satisfies

Gryj(kerN) = N7 P;(E) ~ Pi(E).

But ker N C E is torsion free and since N is nilpotent, the rank of ker N is less than
the rank of E. So by the induction assumption all quotients Grj_uj (ker N) are torsion free.
Hence all P; (E) are torsion free and by the decomposition (3.1) all Gr_f-u E are also torsion
free. ]

Now let us fix an ample divisor H on Y. If an L.-module E is slope H -semistable then
we always assume that it is torsion free as an @y -module. The following lemma proves
that the monodromy filtration (or the filtration by primitive cohomology) of a slope H -
semistable L.-module can always be refined to a Jordan—-Holder filtration.

Lemma 3.2. Let E be a slope H -semistable 1.-module. Then every quotient Gr}w E of
the monodromy filtration Me of E is slope H -semistable with |Lg (Gr}u E) = ug(E).
Moreover; all P;(E) are slope H -semistable with g (Pj(E)) = pwu(E).

Proof. The proof is by induction on the rank of E. For rank 1 the assertion is clear so
assume that it holds for all sheaves of rank less than the rank of E.

Let d be the largest integer such that M_; # 0. Since E is slope H -semistable we
have g (M_g) < wg (E). But N9 induces an isomorphism

GIME = E/My_1 5 G™ME=M_,4

and by slope H -semistability of £ we get ug(M_gq) = ug(E/My—1) > pug (E). Hence
waH(M_g) = pa(E) and M_g; is slope H-semistable. So E/My_, ~ M_; is also
slope H -semistable with wg (E/My_1) = pg (E). This shows that My _; is slope H-
semistable with wg(Mgz—1) = ng (E). Note also that M;_,/M_; is torsion free by
Lemma 3.1. Since ug(M—_z) = ug(Mg—1) = pu (E), this implies that My_,/M_; is
slope H -semistable with ug (My;_1/M_z) = ug(E). But N induces on My_1/M_g4
a nilpotent endomorphism whose quotients coincide with the remaining quotients of the
monodromy filtration M, of E. Hence by the induction assumption all GrJM E are slope
H -semistable with g (Gr_f-u E)=ug(E).

The second assertion follows immediately from the first one and the decomposition
(3.1) of Gr}” E into primitive parts. ]
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3.3. Residue maps

Let X be a smooth projective variety of dimension # defined over an algebraically closed
field k. Let D be a simple normal crossing divisor on X and let Y be an irreducible com-
ponent of D. We can write D = D’ 4+ Y for some divisor D’ which does not contain Y.
In the following we denote D’ by D — Y and set DY = (D —Y)|y.

Note that Ly (see Subsection 3.1) is equipped with the canonical map Res : Qr,, =
1*Qx (log D) — Oy given by the Poincaré residue. Using it for any Ly-module £ we
can define the residue endomorphism Resg as a composition

VILY Idr @ Res
E—‘—>E®(‘)YQILY ————)E@@YO)/:E.

Since Res OdQ]LY = 0, this endomorphism is Oy -linear. It is easy to check that Resg is an
endomorphism of Ly -modules. In the same way we can define the residue endomorphism
of an LY -module.

Let Ly-Mody (resp. I[J?/-Modo) be the full subcategory of Ly-Mod (resp. ]L(}-Mod)
containing as objects all Ly-modules E (resp. ]L?/-modules) with Resg = 0.

Similarly, let Ly-Mod,; (resp. ]LOY-Modnil ) be the full subcategory of Ly-Mod (resp.
L(I),-Mod) containing as objects all Ly-modules E (resp. ]L?,-modules E) that have nil-
potent residue Resg .

Lemma 3.3. The category Ly-Mody is equivalent to the category MIC(Y, DY). Sim-
ilarly, the category ]L(I),-Mod0 is equivalent to the category HIG(Y, DY). Moreover, we
have natural functors

Y : Ly-Mod,;; — MIC(Y, DY)

given by sending E to Gt" E, where W, is the monodromy filtration of Resg, and

Y% :LY-Mod . — HIG(Y, DY)

nil
given by sending E to GrM E, where M, is the monodromy filtration of Resg.

Proof. The short exact sequence
Y * Res
0— Qy(logD*) - 1"Qx(log D) — Oy — 0

shows that an Ly -module £ with Resg = 0 gives rise to a canonically defined integrable
logarithmic connection E — E ®¢, Qy (log DY). Conversely, if (V, V) is an element of
MIC(Y, DY) then V defines an integrable dQ]LY -connection, so we get an Ly -module V'
with Resy = 0. If E is an }L?,—module with Resg = 0 then the same argument shows that
E is a logarithmic Higgs sheaf on (Y, DY). This shows the first part of the lemma.

Now let us assume that E is an Ly-module with nilpotent N = Resg. Let W, be
the corresponding monodromy filtration (in the category of Ly-modules). Note that the

Respy.
composition W; —> W; — W;/W;_ is zero as N(W;) C W;_;. Hence Resqwp =0
1

and each quotient Ger E is endowed with an integrable logarithmic connection ViW on



A. Langer 3850

(Y, DY). Similarly, for an LY -module E with nilpotent N = Resg all quotients GrlM E
of the monodromy filtration M, have canonically defined structure of a logarithmic Higgs
sheaf (Gr™ E,6M) on (Y, DY). .

Let D; be an irreducible component of D different from Y. Let Resp, : Qx (log D) —
Op, be the Poincaré residue along D;. Pulling it back to ¥ we get an Oy -linear map
ResY (QLy =1"Qx(logD) — (9Dy where DY D; N'Y.Now for any Ly-module £
we consider the composition

V]L dr ® Resy
E—5 E ®oy, QLy ——— E Qo Opy = Epy.
One can easily check that this map is @y -linear and it factors through the restriction map
E —> E pY- Therefore it defines a map Resg E py — E DY that we call the residue

map of E along D;. In the same way we can define the residue maps along D; for any
LY -module E.

Remark 3.4. Let (V, V) be an object of MIC(X, D) and let E = Wy (V, V) be the cor-
responding Ly -module. Then the residue map Resg : E — E coincides with the residue
map Resy V : Vy — Vy. Similarly, for any irreducible component D; of D — Y the
residue map Resg" D E pr — E DY coincides with the restriction of the residue map

Resp, V: Vp, — Vp, to DiY.

3.4. Compatibility of the Cartier transform with monodromy filtrations

Let X be a smooth projective variety of dimension n defined over an algebraically closed
field k and let D be a simple normal crossing divisor on X. Let Y be an irreducible
component of D.

Let Z = V(Oy(—Y)) be the total space of the normal bundle of 7 : ¥ < X and let
m : Z — Y be the canonical projection. Let s : Y — Z be the zero section and let Y be
its image.

Lemma 3.5. Set D% = Yy + n~'(DY). The short exact sequence
0 — 7*Qy(log DY) — Qz(log D%) — Qz/y(logYy) = Oz — 0
is the pullback of
Y * Resy
0— Qy(logD') > 1"Qx(log D) — Oy — 0.
Proof. Let us recall that the extension class of
* Resy
0—>Qy > 1"Qx(logY) — Oy — 0

in Ext! (Qy,Qy) = H'(Qy) is equal to the Atiyah class of Oy (—Y), which is also the
image of the class of Oy (—Y) in H'(O}) under the map H'(9}) — H'(Qy). Hence
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by [35, Proposition 3.3] the pullback of the above sequence to Z induces
0— n*Qy — Qz(UogYy) - Oz — 0.

Let {D;} be the divisors corresponding to the irreducible components of D — Y. Now the
required assertion follows from the following standard exact sequences:

0— Qy — Qy(log DY) - @OD,.QY — 0,
0—1"Qx(ogY) — 1*Qx(log D) — @(QDI.QY — 0,
0 — Qz(log Yo) > Qz(log D?) = @ Or—1(p,ay) = 0. .

An alternative proof of the lemma can be obtained, e.g., by directly making a local
calculation and checking equality of the corresponding gluing conditions (cf. [35, proof
of Proposition 3.3]).

Let (V, V) be a coherent Oy-module with an integrable logarithmic connection V :
V — V ® Qx(log D). After restricting to Y we see that Vy acquires an integrable
Qr,, -connection. After a further pullback to Z we get an induced integrable logarithmic
connection

V' 7*Vy —» 7% Vy ® Qz(log D?).
The same construction allows us to associate to a logarithmic Higgs sheaf (E, 6) on

(X, D) a logarithmic Higgs sheaf (7*Ey, #’) on (Z, DZ). Note that if 6 is nilpotent
then so is 6’.

Remark 3.6. One could naively hope that one can work with logarithmic connec-
tions on projective varieties by pulling back the Ly-module (Vy, V|y) via ¢ : T =
P(Oy(-Y) ® Oy) — Y. Indeed, one has a short exact sequence

0— ¢*Qy(log DY) — Qr(log Yy + Yoo + 7 (DY)
— Qr/y(logYy + Yoo) = O — 0,

where Yoo = T — Z is the image of the infinity section. But if p # 2 then
0 — ¢*Qy(og DY) —» ¢*(1*Qx (log D)) — O — 0

defines a different extension class. This can be seen by computing the extension class of
both sequences after restricting to Y. This forces us to deal with non-projective varieties,
where the difficulty is that one cannot directly apply Theorem 2.2.

Let us assume that the base field k has characteristic p and (X, D) is liftable to W5 (k).
Let us fix a lifting (X, D). This lifting induces a lifting (Y, DY) of (Y, DY) to W, (k) and
also a compatible lifting (Z, D?%) of (Z, D%) to W, (k).

The following lemma is functoriality of Cartier transforms in a situation that is not
covered by Theorem 6.4 (we do not even have a map (Z, D%) — (X, D)).
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Lemma 3.7. Let (E, 0) be a reflexive logarithmic Higgs sheaf on (X, D) with a nilpo-
tent Higgs field of level < p — 1. If (V,V) = (X 5)

(m*Ey,0"), and the diagram

(E, 0) then we have a canonical

isomorphism (n*Vy, V') ~ C (z DZ)

(JT Vy, V)—)C (H*Ey,e/)

(Z,D%)
¥ Resy Vl J{C(_Z DZ)(T[* Resy 0)

(T*Vy V) —— C(_Zl’ﬁz)(ﬂ*EY, ")

is commutative.

Proof. Since E is reflexive and Y is smooth, Ey is torsion free. Since m is flat, 7*Ey
is also torsion free, so we can apply C - (2 57) to (m*Ey, 0’). We will use the notation
introduced in the proof of Theorem 6.4.

There exists an affine covering {Uy }aes of X such that for each U, we have a system
of logarithmic coordinates, i.e., X1, ..., x, such that D N U, is given by ]_[ 2,% =0,
with x; = 0 giving ¥ N U,. We can assume that Og ( Y) is trivial and choose for
each o its generator 7. Let us also choose standard log Frobemus liftings F Uy ' Uy — U,
so that F* (x;) = x?. Then the projection V, := 7~ 1(Uy N ¥) — U, N Y corresponds
to the pro;ectlon (U, N Y) sz(k) Spec Wz(k)[t] — U, N'Y. We choose a logarithmic
Frobenius lifting of (Vy, DZ N V) to be FVQ = FU A7 X Fspeck[t], where Fspeck[,] is

given by ¢ > t?. Note that DZ NV, is given by ]_[l=1 x;t = 0. We can locally write

0lu, = Ze ®dx’+ Y G adx

i=1 i=np+1

where 60; : Ey, — Ey, are some commuting endomorphisms. This allows us to identify

C(ZIDZ)(n*Ey, 6"). Over each V,, we have F*(n*(Ey,ny)) with the connection given

by
Vo := Ve + Id ® &) o (F*7*(0]y)),

where {, = dl;"“ . The isomorphism from Lemma 3.5 is locally given by H*(%h/) =

dt *(dx’ ly) = dx—f" for2 <i <ngand 7*(dx;|y) = dx; forng <i <n.So we get

dt 20 dx,
Va = Ve + F " (01]y) ® — + Y Frr*(0ily) ® —

i=2
n
+ Y Frr*(Oily) @ x)dx;.
i=no+1
On the other hand, locally on Uy, (V, V) can be identified with F* Ey;, with the connec-

tion given by
V|U0( = Vean + (Id ® é'(;) o (F*Q),
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where ¢, = dFU"‘ . Writing down this formula in local coordinates we get

dx;

Xi

no
V|Ua = Vean + ZF*QI ®
i=1

+ Z F*6; ®xp ldx,
i=np+1

Using the equality Vean = 7% (Vean|y ) and the above formulas we get Vy, = 7*(V|y,ny)-
Checking equality of gluing conditions is similar and left to the reader.

Finally, note that since the isomorphism (z*Vy, V') ~ C(_Zl’[)Z (t*Ey,0’) is func-
torial with respect to open embeddings V,, C Z, it is sufficient to check the commutativity
of the diagram only locally. In the local situation this follows easily from the local equal-
ities

ResY V|Ua = F*(RGSY 9|U¢1)‘ |

Let (E, 0) be a logarithmic Higgs sheaf on (X, D) with a nilpotent Higgs field. Let
M, be the monodromy filtration for Resy . Then each quotient GrlM Ey is endowed with
a nilpotent logarithmic Higgs field GiM on (Y, DY).

Let (V, V) be an object of MIC(X, D). Assume that the residue Resy V is nilpo-
tent and let W, be the monodromy filtration for Resy V. Then each quotient Gr,W Vy is
endowed with a nilpotent integrable logarithmic connection V¥ on (¥, DY).

Proposition 3.8. Let (E, 0) be a reflexive logarithmic Higgs sheaf on (X, D) with a
nilpotent Higgs field of level < p — 1 and let (V,V) = C 1 (E 0). Let Mo be the
monodromy ﬁltratzon for Resy 0 and let W, be the monodromy filtration for Resy V.
Then (GrlM Ey,0; M) s a torsion free logarithmic Higgs sheaf on (Y, DY) with a nilpotent
Higgs field of level < p — 1 and we have

GV vy, V) = (GrM Ey, 6M).

(Y DY)
Proof. Note that 7* M, is a filtration of (7*Ey, 6") by logarithmic Higgs submodules
on (Z, D%). Moreover, quotients of this filtration are logarithmic Higgs modules on
(Z, 7Y (DY)). Similarly, 7*W, is a filtration of (7*Vy, V') by integrable logarithmic
connections on (Z, DZ) and the quotients are objects of MIC(Z, 7~ (DY)).

Lemma 3.7 and uniqueness of the monodromy filtrations imply that

(7*W;,V))=C (7*M;, 0)),

(Z DZ)

where V; and 6] denote the restrictions of V' and 6’ to the corresponding subsheaves. But
this implies that

(G vy, V) = *(GrM Ey, M) = c 1 a*(GrMEy,oM).

(Z DZ) ! —I(DY)

Pulling back this equality by the zero section s : (Y, DY) — (Z, 771(Y)) and using
functoriality of the Cartier transform, we get the required assertion. ]
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3.5. Local freeness for sheaves: the general case

In this subsection we give a full proof of Theorem 2.2. The strategy is similar to that in
Section 2.2.

Let X be a smooth projective variety of dimension n > 2 defined over an algebraically
closed field k of characteristic p and let D be a simple normal crossing divisor on X. We
assume that D C X admits a lifting to W» (k). Replacing H by its multiple we can also
assume the following properties:

(*) For every closed point x € U := X — Supp D and a general divisor Y € |H|
passing through x, the pair (Y, Dy = D NY) is log smooth and liftable to W, (k)
(see Lemma 2.6).

(*xx) For every slope H -stable logarithmic Higgs sheaf (F, 0F) (resp. a sheaf (F, V)
with an integrable logarithmic connection) of rank < p on (X, D) and for every
smooth divisor Y € | H| such that Fy is torsion free and Dy = D NY is a normal
crossing divisor on Y, the restriction (Fy, (6f)y) (resp. (Fy, (VF)y)) is slope
Hy -stable (see Theorem 1.6 and Remark 1.8).

(**x) For every slope H -semistable logarithmic Higgs sheaf (F, Of) (resp. a sheaf
(F, VF) with an integrable logarithmic connection) of rank < p on X and for a
general divisor Y € |H |, the restriction (Fy, (Or)y) (resp. (Fy,(VF)y)) is slope
Hy -semistable (see Corollary 1.7 and Remark 1.8).

The proof of the following lemma is very similar to that of Claim 2.2.2.

Lemma 3.9. Let (E, 0) be a reflexive rank r < p slope H -stable logarithmic Higgs sheaf
with A(EYH"=2 = 0. If Theorem 2.2 holds for varieties of dimension less than n then E
is locally free on U and locally free outside a finite number of points of X.

Proof. If n = 2 then every reflexive sheaf on X is locally free, so we can assume that
n > 3. The same arguments as for Claim 2.2.1 show that A;(E)H" 2 =0for2 <i <n
(here we use (x*x)). Since E is reflexive, the restriction Ey is torsion free for any smooth
hypersurface Y € | H | (see Lemma 1.13). So by () and (*x), for every closed point x € U
we can find Y € | H| passing through x such that the pair (Y, Dy = D NY) is log smooth
and liftable to W, (k) and the restriction (Ey, 0y ) is slope Hy -stable. Since A; (E) = 0 for
2<i<nwegetA;(Ey)=0for2 <i <dimY =n —1.So Ey satisfies condition (3)
of Theorem 2.2 and our assumption implies that Ey is locally free. Then Lemma 1.14
implies that £ is locally free at all points of Y (and locally free outside a finite number of
points of X). This shows that E is locally free on U'. ]

Lemma 3.10. Let (Ey, 0y) be a reflexive rank r < p slope H -stable system of logarithmic
Hodge sheaves with A(Eo)H" ™2 = 0. If Theorem 2.2 holds for varieties of dimension
less than n then Ey is locally free. Moreover, for every irreducible component Y of D the
LY -module ((Eo)y . 0o|y) is slope Hy -semistable.
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Proof. Let us construct a certain sequence analogous to the canonical Higgs—de Rham
sequence of (Eg, 0p) in the following way. We set (Vy, Vo) := C(_XJ 5)(E0, 6o). Let S§ be
Simpson’s (decreasing) filtration on (Vp, Vy) and let (E; = Grs, Vo, él) be the associated
system of Hodge sheaves. Then we set (Ey, 0;) := ((E1)**, 67*) and then we repeat the

procedure. In this way we get the following sequence:

(VO,VO) (Vl,vl)

c-1 & c-1 &‘
(Eo, 6p) (Er.01) — (E1.61)

in which each logarithmic Higgs sheaf (E;, 6;) is reflexive rank r < p slope H -semistable
with A(E;)H""2 = 0. This follows by induction as A(Ej)H"_2 = A(V;))H" 2 =
p*A(Ej—1)H"% = 0 and then Lemma 2.5 gives A(E;)H"~2 = 0. An easy induction
also shows that ¢1(E;) = p’c1(Eo) forall j > 0.

By Lemma 3.9 every E,, is locally free outside a finite number of points of X. Since
by Lemma 2.5, E_m is isomorphic to £, outside a closed subset of codimension > 3, Em
is locally free outside a closed subset of codimension > 3.

Let Y be an irreducible component of D. Let Ej be an ]L()),-submodule of the ]L‘)),-
module ((Eg)y, 6o|y ). Then by Lemma 3.7,

Vo =5"C5 52)(Eq) C5"C 57 (" (Eo)y.0p) = s™(x* (Vo)y. Vo) = (Vo)y . Voly).

i.e., Vy is an Ly-submodule of ((Vo)y. Voly).

We have a filtration S_;, of (Vp)y defined by S_"{; = im((S({)y — (Vo)y). Since E; is
locally free outside a closed subset of codimension > 3, (E 1)y islocally free on Y outside
a closed subset of codimension > 2. Therefore we have equalities of sheaves on Y,

(Grg, (Vo)y))*™ = ((Grs, Vo)y)™ = (E)y)™ = (En)y)™,

as all sheaves are reflexive and isomorphic on the set where (E1)y is locally free. Now
Vg € (Vo)y has a filtration induced from SI’, and the reflexivization of the associated
graded is a subsheaf of ((E1)y)** that after intersecting with (E;)y gives an }L(}’,—sub—
module E7 C ((E1)y, 61ly) such that ug, (E}) = ppn, (Ep).

Repeating the above procedure allows us to construct a sequence {E,, };u>0 of ]L‘I),—
modules such that E;, C ((Em)y.0mly) and pg, (E,) = p" 1ay (Ep).

Now let us write p™ = rs,, + ¢ for some non-negative integers s,, and 0 < g, <r.
Letus set (G, 0G,,) := (Em. 0m) ® det E;*™ . Then A; (G) = Aj (Ep) =0for2 <i <
min(n, 3) and ¢1(G,) = gmc1(Ep) can take only finitely many values. So Theorem 1.2
implies that the family {(G, 6g,,)}m>0 of reflexive slope H -semistable logarithmic
Higgs sheaves is bounded. It follows that the family {(G)y }m>0 of sheaves is also
bounded. Therefore the numbers

Wiy (E,, ® det(Eg)y"™) = p™ iy (EQ) — rsmibiy (Eo)y)
= p" (uay (Eg) — ay ((Eo)y)) + mitey ((Eo)y)
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are uniformly bounded from above. Hence we get ug, (Ey) < na, ((Eo)y), i.e., the
L()),-module ((Eo)y,0B0ly) is slope Hy-semistable. But we know that A; ((Eg)y) = 0 for
i >2,s0Lemma 1.11 and our assumption show that (E¢)y is locally free. By Lemma 1.14
this implies that Ey is locally free along Y. This proves that Ey is locally free along
Supp D. Since by Lemma 3.9 it is also locally free along U = X — Supp D, it is locally
free everywhere. (]

Proof of Theorem 2.2 for D # 0. The proof in dimension 2 is the same as in Section 2.2
and we can proceed by induction on the dimension 7 of X. The same arguments as in the
proof of (1)=>(2) in Section 2.2 show that Lemma 3.10 holds if (Ey, 6p) is only slope
H -semistable.

Now let (E, 6) (resp. (E, V)) be a reflexive rank r < p slope H -semistable
logarithmic Higgs sheaf (resp. sheaf with an integrable logarithmic connection) with
A(E)H"™2 = 0. By Theorem 1.3 there exists a decreasing Griffiths transverse fil-
tration N* of E such that the associated graded (Eo, fo) := Gry(E, 0) is a slope
H -semistable system of logarithmic Hodge sheaves (in particular, 0y is nilpotent). In the
case of logarithmic connections we use Simpson’s filtration S® instead of N°. Let us set
(Eo. 60) = ((Eo)**, é(;‘*). Then Lemma 2.5 implies that A(E¢)H" 2 = 0 and (Ey. o)
is slope H -semistable. If Theorem 2.2 holds for varieties of dimension less than n then
the above arguments show that E is locally free.

By Claim 2.2.1 we have A; (E)H" 2 =0for2 <i <n,soalso A; (Eg) H"~2 = 0 for
2 <i < n.Then for a general divisor Y € | H|, the restriction (Eq)y satisfies condition (3)
of Theorem 2.2, so (Eg)y is locally free. Hence by Lemma 1.14, Ej is locally free outside
a finite number of points and Lemma 1.12 implies that E is locally free. This proves that
(1) implies (2). The rest of the proof of Theorem 2.2 is the same as in Section 2.2. ]

3.6. Nearby cycles in positive characteristic

Let X be a smooth projective variety of dimension n defined over an algebraically closed
field k of characteristic p and let D be a simple normal crossing divisor on X. In this
subsection we also assume that (X, D) is liftable to W> (k) and we fix a lifting (X, D).

Let H be an ample divisor on X and let us fix a class u € H2 (X, Q;) for some
| # p. We define the category MinHIG* (X, D) of minimally semistable Higgs sheaves
of slope 1 as the full subcategory of the category HIG(X, D) of logarithmic Higgs sheaves
on (X, D), whose objects are pairs (E, 0), where

e F is alocally free Ox-module of rank r < p,

e (E,0)is slope H-semistable,

c1(E) = ru (i.e., the slope of E is equal to w),

A(E)H"™? = 0 (i.e., E has a minimal possible discriminant).

By Theorem 2.2 for any object (E, 8) of MinHIG* (X, D) we have ¢, (E) = (;L)y,”’
for all m > 1. Taking in Theorem 4.7 the identity as f, we see that the above category
does not depend on the choice of the polarization H .
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Unfortunately, MinHIG* (X, D) is not abelian as it does not contain direct sums of
objects. However, by Theorem 2.2 it satisfies all the other axioms of an abelian category.
In particular, it contains kernels, images and cokernels (cf. [25, Corollary 5]) and any
morphism in this category admits a canonical decomposition.

Let Y be an irreducible component of D and let us fix a class n € H2 (Y, Q;) for some
[ # p. Let us define the category Min-]L%-Mod’7 as the full subcategory of the category
L(}),-Mod (defined in Section 3.1), whose objects E satisfy the following conditions:

e as an Oy-module, E is locally free of rank r < p,
e E isslope Hy-semistable (as an L) -module),
e ¢i1(F)=rnand A(E)H;*3 =0.

Replacing IL(}’, by Ly in the above definition one can also define the category
Min-Ly-Mod”.

Theorem 3.11. Let Y be an irreducible component of D. Then ®y : HIG(X, D) —
IL‘}),—Mod induces the functor

@4 : MinHIG* (X, D) — Min-L}-Mod"”,
where [y is the image of |1 under the restriction map H2 (X, Q) — H2(Y, Q).

Proof. Let (E, 6) be an object of MinHIG* (X, D). By Theorem 1.3 there exists
a decreasing Griffiths transverse filtration N* of E such that the associated graded
(Eo, 6p) := Gry(E, 0) is a slope H-semistable system of logarithmic Hodge sheaves
(in particular, 6y is nilpotent). Moreover, by Theorem 2.2, Ej is locally free. By Lemma
3.10 we know that the ]L?/-module ((Eo)y, Boly) is semistable. Then by openness of
semistability, (Ey, €]y) is also a semistable ]L‘)),-module. L]

Let Min-]L?{—ModZil be the full subcategory of Min—L%—Mod" whose objects are

L?/—modules E with Resg nilpotent. Replacing }Lg’, by Ly we get the definition of
Min-Ly-Mod’, .

Theorem 3.12. Fixa classn € H2(Y,Qy) for some | # p. The functor Y° : ]LOY-MOdnil
— HIG(Y, DY) from Lemma 3.3 induces the functor
" — MinHIG" (Y, DY).

nil

T, : Min-Ly-Mod

n
nil

em(E) = (;)n’”

Proof. Let E be an object of Min—]LQ{—ModZﬂ. We need to prove that every quotient
(Gr]M E. 6;) of the monodromy filtration M, of E is locally free, slope Hy-semistable

In particular, for any object E of Min-LY-Mod . we have for allm > 1,

in H¥™(Y,Q)).
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with ¢, (Gr]M E) = ("7)n™ for all m > 1, where r; = rk Gr}u E. This also implies that
em(E) = ()" forallm > 1.

By Lemma 3.2 we know that every quotient Gr]M E of the monodromy filtration M,
of E is slope Hy-semistable (as an ]L?,—module) with wg, (Gr}u E) = pun, (E). We also
know that Grj-u E is endowed with a natural logarithmic Higgs field GJM on (Y, DY),
coming from the L‘}),—action and triviality of the residue of Gr]M E. Since any logarithmic
Higgs subsheaf of (Grj-” E. 6;) has a canonical structure of an }L(,’,-submodule, the pair
(GrjM E. 0;) is slope Hy-semistable. Therefore by Theorem 2.1 all quotients Gr}w E are
locally free with ¢, (Gr}” E) = (7)™ ]

Corollary 3.13. Any element in the essential image of the functor
®Y : MinHIG*(X, D) — Min-L}-Mod"”"
has a filtration whose quotients are elements of MinHIGHY (Y, DY).

Proof. Assume that an object M of Min-Ly-Mod"” is isomorphic to ®%(E, 6) for
some (E, 0) in MinHIG*(X, D). In the last part of the proof of Theorem 3.11
we showed that there exists a decreasing Griffiths transverse filtration N°® of (E, 6)
such that CIJ?,(GrN(E, #)) is an object of Min-}L?{-Modgﬂ. In particular, by The-
orem 3.12 every quotient in the monodromy filtration of dD‘}), (Gry (E, 0)) is an element
of MinHIG*Y (Y, DY). The proof finishes by remarking that N* induces an analogous

filtration on M. u

4. Applications of local freeness results

In this section we give some applications of Theorem 2.2.

4.1. Local freeness in positive characteristic

Let X be a smooth projective variety of dimension n > 2 defined over an algebraically

closed field k of characteristic p and let D be a simple normal crossing divisor on X . We

assume that D C X admits a lifting to W, (k). We also fix an ample divisor H on X.
Lemma 2.7 and Theorem 2.2 immediately imply the following corollary:

Corollary 4.1. Let (E, 0) be a rank r < p slope H -semistable logarithmic Higgs sheaf.
Assume that E is reflexive and A(E)H"™2 = 0. If (G, 0g) is a rank s factor in a slope
H -Jordan—Hélder filtration of (E, 0) then it is locally free and for all m > 1 we have

o= () (22)"

in H2™ (X, Qy) forl # p.
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The following corollary is a direct generalization of [24, Theorem 11] to the logar-
ithmic case.

Corollary 4.2. Let (E, 0) be a rank r < p slope H -semistable logarithmic Higgs sheaf
with chi(E)H" ™! = 0 and chy(E)H" ™2 = 0. Assume that either E is reflexive or the
normalized Hilbert polynomial of E is the same as that of Ox. Then (E, 0) has a filtration
whose quotients are locally free slope H -stable logarithmic Higgs sheaves with vanishing
Chern classes.

Proof. By Theorem 1.9 we have A(E)H"~2 > 0. So by the Hodge index theorem we get

(ct(E)H"™1)*
- H*

Hence we have A(E)H" 2 =0 and ¢;(E)?H"2 = 0. Since c;(E)H"™! = 0 this
implies that ¢1(E) = 0 (see the proof of Lemma 2.4). If E is reflexive then the corol-
lary follows directly from Corollary 4.1. In the other case we argue as in the proof that
(3) implies (1) in Theorem 2.2. Namely, E** satisfies condition (1) of Theorem 2.2 and
hence ¢, (E**) = 0 for all m > 1. Then the Hilbert polynomials of £ and E** are equal.
So the Hilbert polynomial of 7 = E**/E is trivial. This implies that 7 = 0 and E is
reflexive, which reduces us to the previous case. [

0=2rchy(E)H"?=ci(E)*H" > = A(E)H" <1 (E)*H" 7 < 0.

4.2. Local freeness in characteristic zero

If X is a smooth projective variety then we denote by N (X) the space of numerical
classes of cycles of codimension m with rational coefficients. Grothendieck’s standard
conjectures suggest that vanishing of some class of cycles H>™ (X, Q) is equivalent to
vanishing of its image in N (X), but this is not known to hold in general. However,
checking vanishing of classes in N (X) is easier as one only needs to deal with some
intersection numbers. In general, one can also prove vanishing of rational Chern classes in
the theorems below but this requires more work and the use of the hard Lefschetz theorem.

By a standard spreading-out argument, Theorem 2.1, Theorem 2.2 and Corollary 4.2
imply the following generalization of [31, Theorem 2] to the logarithmic case.

Theorem 4.3. Let X be a smooth projective variety defined over a field of characteristic
zero and let D be a normal crossing divisor on X. Let H be an ample divisor on X and
let (E, ) be a slope H -semistable logarithmic Higgs sheaf with chy(E)H"™! = 0 and
chy(E)H"™2 = 0. Then the following conditions are equivalent:

(1) E is reflexive,

(2) E islocally free,

(3) the normalized Hilbert polynomial of E is the same as that of Oy,

(4) E has vanishing numerical Chern classes, i.e., ¢;(E) = 0in N™(X) forallm > 1,

(5) (E, 0) has a filtration whose quotients are locally free slope H -stable logarithmic
Higgs sheaves with vanishing rational Chern classes.
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Remark 4.4. The same theorems show that in the above theorem we can replace a logar-
ithmic Higgs sheaf by a sheaf with an integrable logarithmic connection.

Remark 4.5. Let (V, V) be a polarized variation of Hodge structures on X — D with
unipotent monodromy along the irreducible components of D. Let (V, V) be Deligne’s
canonical extension of (V, V) with nilpotent residues along the irreducible components
of D. Then Schmid’s nilpotent orbit theorem implies that the Hodge filtration on V'
extends to a filtration of V with locally free subquotients.

Note that it is easy to see that V has vanishing Chern classes in the de Rham cohomo-
logy of X (as all residues are nilpotent) and hence it also has vanishing Chern classes in
H?*(X,Q). Similarly, all the subobjects of (V, V) have vanishing rational Chern classes.
In particular, (V, V) is slope semistable. Therefore Theorem 1.4 gives Simpson’s filtra-
tion such that the associated graded (E, 0) is slope semistable. Since E has vanishing
rational Chern classes, Theorem 4.3 implies that E is locally free. Note that [23, Corol-
lary 5.6] implies that the associated graded of Simpson’s filtration of (V, V) coincides
with the associated graded of the filtration obtained by Schmid’s theorem. Moreover, if
the associated graded (E, 6) is slope stable then the corresponding filtrations coincide.

Again, using spreading out, Theorem 2.2 implies the following theorem. However, we
also give a different proof by deducing it from Theorem 4.3 that was already known in the
non-logarithmic case (D = 0). Note also that Corollary 4.2 can be proven in a somewhat
simpler way than Theorem 2.2. The difference is that if we follow the proofs of (1)=(2)
and (1)=-(3) in Theorem 2.2 under the assumptions of Corollary 4.2 then we do not need
to consider the family {G, }m>0 and we can work directly with {E,,},,>0. However, it
should be stressed that similar arguments to those below (showing that Theorem 4.6 fol-
lows from Theorem 4.3) do not allow one to deduce Theorem 2.2 from Corollary 4.2
in positive characteristic. This is caused by the use of coverings that usually do not pre-
serve liftability to W, (k). Another problem is that such covers are sometimes necessarily
inseparable, in which case pullback does not preserve semistability.

Theorem 4.6. Let X be a smooth projective variety of dimension n > 2 defined over a
field of characteristic zero and let D be a normal crossing divisor on X. Let H be an
ample divisor on X and let (E, 0) be a slope H -semistable logarithmic Higgs sheaf with
A(EYH"™2 = 0. If E is reflexive then it is locally free and

cm(E) = (r'"—m)cl(E)m in N™(X) forallm > 1.

Moreover, each rank s factor (G, 0g) of a slope H -Jordan—Holder filtration of (E, 0) is
locally free with

cm(G) = ch(E)m in N™(X) forallm > 1.

rm

Proof. By a variant of the Bloch—Gieseker covering trick (see [17, Proposition 2.67])
there exists a smooth projective variety X and a finite flat surjective covering f : X — X
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together with a line bundle L such that f*(det E)~' = L®" and the pullback D =
( f D)red is a s1mple normal crossmg divisor. Let us define a logarlthmlc Higgs sheaf
(E, 6:E—>EQ® Q 3 (log D)) by (E, 9) = f*(E,0) ® L. Note that E is reflexive,
c1(E) = 0and

AE)SH)"™2 = A(f*E)(f*H)"> = deg f - A(E)H" % = 0.

Hence E is a slope f* H-semistable logarithmic Higgs sheaf with ch; (E)(f*H)"! =0
and chy (E)(f*H)" 2 = 0. By Theorem 4.3, E is locally free and it has vanishing Chern
classes. Therefore by the flat descent E is also locally free and we have

0=An(E) = f*(An(E)) forallm > 2.

Using the fact that f induces an injection N (X) — N (X ), we get vanishing of A, (E)
for all m > 2. Hence by Lemma 1.11 we get r"c,, (E) = (};)cl(E)m.

Now let (G, Og) be a rank s factor of a slope H-Jordan-Holder filtration of (E, 0).
Then f*(G,60g) ® L is a succesive extension of some factors of a slope f* H-Jordan—
Holder filtration of (E , é) In particular, it has a filtration whose quotients are locally free
slope f* H -stable logarithmic Higgs sheaves with vanishing numerical Chern classes. It
follows that G is locally free, ¢;(f*G) = —sc1(L) = 7¢1(f*E) and

cm(G) = ( ) c1(G)" = (”r'n) c1(E)" forallm > 1. [

4.3. Restriction theorem

The following theorem generalizes [24, Theorem 12] to the logarithmic case and to arbit-
rary (Y, B).

Theorem 4.7. Let X be a smooth projective variety of dimension n defined over an algeb-
raically closed field k of characteristic p and let D be a normal crossing divisor on X.
Let H be an ample divisor on X and let E be a locally free Ox -module of rank r < p with
A(EYH" ™2 = 0. Assume that a logarithmic Higgs sheaf (E, 0) is slope H -semistable.
Let f: (Y, B) = (X, D) be a proper morphism of smooth log pairs that has a good lifting
to W, (k) (see Definition 6.1). Then the induced logarithmic Higgs sheaf

SUE0)=(f"E, fTE —> fTEQ® f"Qx(log D) ——— f"E ® Qy(log B))
is slope A-semistable for any ample divisor Aon Y.

Proof. By Theorem 1.3 we can deform (E, 6) to a slope H -semistable system of Hodge
sheaves (Ey, 6p). Moreover, by Theorem 2.2, Ej is locally free. If f*(Ey, 6p) is semi-
stable then by openness of semistability, f*(E, 6) is also semistable. So without loss of
generality one can assume that (E, 6) is a system of Hodge sheaves. The rest of the proof
is the same as that of [24, Theorem 12], using Theorem 1.5 instead of [24, Theorem 5].
Here we also need to apply functoriality of the inverse Cartier transform in the logarithmic
case (see Theorem 6.4). [ ]
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Applying the above theorem to iterates of the Frobenius morphism we get the follow-
ing corollary:

Corollary 4.8. In the notation of the above theorem assume that (Y, B) = (X, D) and
f is the Frobenius morphism. Then E is strongly A-semistable for any ample divisor A
on X.

In the formulation of [24, Theorem 12] the author forgot to explicitly state the assump-
tion on existence of a compatible lifting of C and X (even though it was used in the proof).
The next example shows that this assumption is really necessary.

Example 4.9. Here we give an example of a smooth projective surface that is liftable
to the Witt ring W(k) and a slope semistable Higgs sheaf which is not semistable after
restricting to the normalization of some projective curve on this surface.

Let us consider a smooth complex projective surface X which is a quotient of the
product H x H of the upper half-planes by an irreducible, torsion free, cocompact lat-
tice G in PGL(2, R) x PGL(2, R). Then Qx = L & M, where L? = M? = 0, and
L and M are strictly nef (see [22, Lemma 4.5]).

Let us consider a Higgs bundle (E, 6), where E = L & Ox and @ is given by the
canonical inclusion L — Qx. This Higgs bundle corresponds to the representation p :
71(X) — PGL(2, C) obtained by composing the inclusion G C PGL(2,R) x PGL(2,R)
with projection onto the first factor and embedding into the complexification. Then the
Higgs bundle (E’, #’) := Sym?(E, ) ® (det E, det )~! corresponds to the composi-
tion of p with the adjoint representation PGL(2, C) — SL(3, C). In particular, since this
representation is irreducible, the Higgs bundle (E’, 8’) is slope stable (with respect to
any polarization) and it has vanishing rational Chern classes. This can also be checked
directly from the definition of stability. More precisely, (E’, 8') is a system of Hodge
sheaves E2° @ EV! @ E%2 = L @ Ox & L~! with 6 given by the canonical inclusions
E?°=L S EV®@Qy=L®Mand EM =0y - E?Q@Q=0x ® (M @ L™")
onto the first factor. This system has only two non-trivial saturated subsystems of Hodge
sheaves given by E%? = L™! and EV!' @ E%2 = Ox @ L™'. In particular, (E’, 0’) is
slope H -stable if and only if LH > 0.

By openness of stability, the reduction of (E’, 8”) modulo almost all primes is stable.
Again this can be easily seen directly, because ampleness is an open condition and L H >0
implies an analogous inequality for the reductions. Note also that for almost all reductions,
X lifts to W(k(s)).

Now for a large number of primes (of positive density) the reduction of L is not nef
(see [22, Example 5.6]). For such s there exists an irreducible curve Cs with L;.Cy < 0.
Let v : Cs — Cj be the normalization. Then v¥(E’, 0/) is not semistable because it has
degree zero and it contains a Higgs subbundle (v} L1, 0) of positive degree. This shows
that vs : Cy — X, cannot be compatibly lifted to W5 (k(s)), even though both C, and X
can be lifted to W(k(s)).

By the usual spreading-out technique, Theorem 4.7 implies the following corollary.
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Corollary 4.10. Let X be a smooth projective variety of dimension n defined over an
algebraically closed field k of characteristic zero. Let D be a normal crossing divisor
on X and let H be an ample divisor on X. Let E be a locally free Ox-module with
A(EYH" ™2 = 0. Ifa logarithmic Higgs sheaf (E, 0) is slope H -semistable then for every
smooth projective curve C not contained in D and a morphism [ : C — X the Higgs
bundle f*(E,0) is semistable.

Remark 4.11. In the case of complex projective manifolds and D = 0 the above corollary
follows from Simpson’s correspondence. A rough sketch of proof is as follows. A slope
semistable Higgs bundle with vanishing rational Chern classes corresponds to a local
system on X. So for any morphism f : C — X we get an induced local system on C.
This again corresponds to a slope semistable Higgs bundle on C. By functoriality of
Simpson’s correspondence this is the pullback of the original Higgs bundle. The general
case with A(E)H"2 = 0 can be reduced to the above by taking End E and using [31,
Theorem 2] (or Theorem 4.3). More precisely, if A(E)H" ™2 = 0 then ¢;(End E) = 0
and A(End E)H"~2? = 0, so (End E, Ognq £) is semistable with vanishing rational Chern
classes. Then f*(End E, Og,q g) is semistable, which implies semistability of f*(E, 0).

5. Semistability and semipositivity

In this section we prove Theorem 0.2 and show some of its applications mentioned in the
introduction.

5.1. General results on semistability

Unless otherwise stated, in this subsection (X, D) stands for a smooth log pair defined
over an algebraically closed field k of positive characteristic. We assume that the pair
(X, D) is liftable to W, (k) and we fix its lifting (X, D).

Let C be a smooth projective curve and let v : C — X be a separable morphism. Let
D’ be the sum of those irreducible components of D that do not contain v(C) and let
D = (07 (D)rea-

Definition 5.1. We say that v : C — (X, D) is strongly liftable to W, (k) if there exists a
good lifting  : (C, D) — (X, D’) (see Definition 6.1) of v : (C, D) — (X, D’) such
that for every irreducible component Y of D containing C, ¥ factors through C — Y.

In the above definition we write v : C — (X, D) to keep in mind that being strongly
liftable to W5 (k) depends not only on v : C — X but also on the choice of the normal
crossing divisor D (in fact, it also depends on the choice of lifting (X, D) of (X, D)).

Theorem 5.2. Let (E, 0) be an object of MinHIG* (X, D). Let C be a smooth projective
curve and let v : C — (X, D) be a morphism that is strongly liftable to W5 (k). Then the
induced Sym*v* Ty (log D)-module v* E is semistable. In particular, if G is a subsheaf of
the kernel of v*6 : v'E — v*E @ v*Qx (log D) then u(G) < n(v*E).
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Proof. The proof is by induction on the dimension of X. In dimension n = 1 the asser-
tion follows from Theorem 4.7, so let us assume that n > 2. As in the proof of The-
orem 3.11, there exists a decreasing Griffiths transverse filtration N* of E such that the
associated graded (Ey, 0g) := Gry (E, 0) is an object of MinHIG* (X, D) with nilpo-
tent 8. Since Gry+y (V*E, v*0) = (vV*Ep, v*6p), by openness of semistability, if the
Sym®v*Tx (log D)-module v* Eq is semistable then the Sym®v* Ty (log D)-module v* E
is semistable. So in the following we can assume that 6 is nilpotent.

If v(C) is not contained in D then v*(E, 0) is semistable by Theorem 4.7 (for this we
do not need nilpotence of 6). Since any Sym®v* Ty (log D)-submodule of v* E defines a
Higgs subsheaf of v*(E, 6), this implies that v* E is semistable as a Sym®v* Ty (log D)-
module.

If v(C) is contained in D then we choose an irreducible component Y of D containing
p(C) and as before we set DY = (D — Y)|y. By definition of strong liftability, the mor-
phism C — (¥, DY) is also strongly liftable to W5 (k). By Theorem 3.11, E’ := CID?, (E,9)
is an element of Min-L%-Mod’."" . By Theorem 3.12 we know that E’ has a filtration M,
whose associated graded E” = Gr™ E’ is an element of MinHIG*Y (Y, DY). Hence by
the induction assumption the induced Sym®v* Ty (log DY )-module v* E” is semistable.
Equivalently, v* E” is semistable as a v*LLY -module.

But v*M, is a filtration of v*E’ by v*]L(}—submodules and the associated graded is
equal to v* E” (here we use the fact that E” is locally free). So by openness of semista-
bility, v*E’ is semistable as a v*]L?,-module. This is equivalent to saying that v*E is
semistable as a Sym®v* Ty (log D)-module, which finishes the induction step.

The last part of the theorem follows from the fact that ker v*6 with trivial action is a
Sym*v*Tx (log D)-submodule of v*E. [

Corollary 5.3. Let (E, 6) be an object of MinHIG®(X, D). If E’ is a locally split sub-
sheaf of E contained in the kernel of 0 then its dual (E')* is W,-nef.

Proof. If E’ is a locally split subsheaf of E then for any smooth projective curve C and
any morphism v : C — X, v*E’ is a subsheaf of v* E. Moreover, the image of v*(ker ) in
v* E is contained in kerv*6, so v*E’ C kerv*0. So if v is separable and liftable to W, (k),
then by the above theorem any subsheaf of v* E’ has a non-positive degree. Passing to the
dual of v* E’, we get the required assertion. ]

Standard spreading-out arguments show that Theorem 5.2 implies the following
result:

Theorem 5.4. Let (E, 0) be a locally free logarithmic Higgs sheaf on a smooth log pair
(X, D) defined over an algebraically closed field of characteristic zero. Assume that it
has vanishing Chern classes in H**(X, Q) and it is slope semistable with respect to
some ample polarization. Let v : C — X be any morphism from some smooth projective
curve. Then the induced Sym®v* Tx (log D)-module v* E is semistable. In particular, if G
is a subsheaf of the kernel of v*0 : vV*E — v*E ® v*Qyx (log D) then deg G < 0.
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Remark 5.5. (1) For the first part of Theorem 5.4 one can replace the assumption that
E has vanishing Chern classes with the assumption that i c,, (E) = (r:;) (c1(E))™ for all
m > 2in H**(X, Q).

(2) In Theorem 5.4 the assertion holds if we replace the curve C by any smooth
polarized variety. This immediately follows from the fact that semistability on a general
complete intersection curve implies semistability on the original variety.

(3) A posteriori one can see that it is possible to obtain the proof of the above the-
orem without passing to positive characteristic. In case (E, ) comes from a real graded-
polarized family of mixed Hodge structures it is possible to use Mochizuki’s version of
Simpson’s correspondence to adapt Brunebarbe’s proof [3, Theorem 4.5] to obtain the
above theorem. This strategy can also be generalized to deal with arbitrary systems of log-
arithmic Hodge bundles. The general case needs a logarithmic version of [31, Theorem 2]
(cf. Theorem 2.2), which again can be obtained using Mochizuki’s results. Passing to
non-zero p as in Theorem 5.2 can de done using Theorem 4.6.

Theorem 5.4 implies the following result generalizing [4, Theorem 1.2] from the poly-
stable to the semistable case:

Corollary 5.6. Let (E, 0) be a locally free logarithmic Higgs sheaf on a smooth log
pair (X, D) defined over an algebraically closed field of characteristic zero. Assume that
it has vanishing Chern classes in H**(X, Q) and it is slope semistable with respect to
some ample polarization. If E' is a locally split subsheaf of E contained in the kernel
of 0 then its dual (E')* is nef.

5.2. Geometric applications

In this subsection we give several geometric applications of Corollary 5.3 in more or less
increasing degree of generality showing how to adjust some arguments. We fix the fol-
lowing notation. Let X and Y be smooth projective varieties defined over an algebraically
closed field k of characteristic p and let f : X — Y be a surjective k-morphism of relative
dimension d. Moreover, i and j are arbitrary non-negative integers.

Corollary 5.7. Assume that f is smooth d < p and there exists a lifting f ‘X > Y of
f to Wa(k). Then (R' fROx, Vgm), where Vg is the Gauss—Manin connection, is a
locally free semistable sheaf with an integrable connection and vanishing Chern classes.
In particular, R’ Jxwxy is a Wa-nef locally free sheaf on Y .

Proof. By [26, Theorem 4.17] we have a canonical isomorphism
C; ! (Grr R [R0Ox, k) = (R R Ox, Vo),

where F'® is the Hodge filtration and « is the associated graded (i.e., the cup product with
the Kodaira—Spencer mapping). If Y is projective then the above isomorphism implies
that both (R? £3R0Ox, Vgm) and (Grg R f3ROx, k) are semistable as we have a periodic
Higgs—de Rham sequence of (Grr R' fROyx, k) (here we use [24, Proposition 1]). So
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Corollary 0.3 implies that the first non-zero piece of the Hodge filtration of R’ £y,
1.e., Ri—4 f*wx/y, is a W,-nef locally free sheaf on Y. n

Remark 5.8. In the complex case the above corollary is precisely the result of Griffiths
(see [10, Corollary 7.8]), who showed that if f : X — Y is a smooth morphism of smooth
projective varieties, then the direct image fiwy,y of the relative canonical bundle is
locally free and nef.

Corollary 5.9. Let D be a divisor on X which is a union of divisors, each of which is
smooth over Y, and which have normal crossings relative to Y . Assume that f is smooth,
d < p and there exists a lifting f : X = Y of f to Wa(k) and a compatible lifting D
of D. Then (Rif*Q)'(/Y(log D), Vgwm) is semistable with vanishing Chern classes. In
particular, R’ Jrwx v (D) is a Wa-nef locally free sheaf on Y .

Proof. The proof is the same as that of Corollary 5.7 except that we need to reformulate
Katz’s [14, Theorem 3.2] using the inverse Cartier transform (cf. [26, Example 3.17 and
Remark 3.19]). In this way we get a canonical isomorphism

C;I(GrFR" f+Q%,y(log D). x) ~ (R' fuQ%,y (log D), Vo). "

One can also get similar theorems in the case of “unipotent local monodromies”, e.g.,
for semistable reductions. Before stating the corresponding result let us recall the defin-
ition of a semistable reduction (see [13, Definition 1.1]). Let S be a scheme and let X
and Y be smooth S-schemes, f : X — Y an S-morphism, B C Y a normal crossing
divisor relative to S, and D := X xy B. Wesay that f : X — Y is semistable (or f has
a semistable reduction along B) if locally in the étale topology on X, f is a product of
S-morphisms of the following type:

(1) the projection 7 : A% — Ag, B =0,
(2) h: A% = SpecOs[x1,...,xn] = Ag = Spec Og[yl, h*y = x1...xn, B = V().

Corollary 5.10. Let B be a normal crossing divisor on Y and assume that f has a
semistable reduction along B. Set D = f~1(B). Assume that there exists a lifting f :
(X,D) — (Y., B) of f to Wa(k) with f a semistable reduction along B. Assume that
p>d+dimY. Then

(R /23,y (log D/B), Vo)
is a semistable locally free Oy-module with an integrable logarithmic connection on
(Y, B). In particular, ij*wx/y(D) is a Wh-nef locally free sheaf on (Y, B).

Proof. Again the proof is the same as that of Corollary 5.7, except that now one needs to
use [13, Theorem 4.7] and check that the corresponding result describes an isomorphism

Ci' 5, (Grr R £22%,y (log D/B). k) = (R' o9y (log D/B). Vo).

The assumptions of this theorem are satisfied due to [13, Corollary 2.4] and our assump-
tion p > d + dim Y. We leave checking the cumbersome details to the interested reader.
(]
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In characteristic zero, the above result is almost the same as [15, Theorem 5].

Remark 5.11. One can also combine Corollaries 5.9 and 5.10 using [13, §4.22]). It is
also possible to further generalize these results and deal with pushforwards of Fontaine
modules as in [26, Theorem 4.17] and the corresponding log versions.

6. Appendix: functoriality of the inverse Cartier transform

In this appendix we prove the functoriality of the inverse Cartier transform. In the non-
logarithmic case functoriality follows from [26, Theorem 3.22]. Unfortunately, although
it seems very likely that an analogue of this result holds in the logarithmic case, this part
of their paper was never generalized.

In the following, instead of dealing with a general theory that would demand a lot
of space and additional notation, we deal only with the simple cases used in the paper.
Instead of using the general framework of [29] that follows [26], we use an explicit
description of the Ogus—Vologodsky correspondence provided in [19] and [ 18, Appendix].

Let k be an algebraically closed field of positive characteristic and let f : (Y, B) —
(X, D) be a k-morphisms of smooth log pairs over k.

Definition 6.1. We say that f has a good lifting to W, (k) if f lifts to a morphism of

smooth log pairs f : (Y, B) — (X, D) over W, (k) such that locally in the étale topology

on X, f admits compatible liftings of the Frobenius morphisms, i.e., we can cover X with

images of étale W, (k)-morphisms U — X and Y with images of étale W, (k)-morphisms

V — Y so that

(1) thereexists Fy: U — U lifting the Frobenius morphism Fy, where U = U Qw, k) k,
so that Fi;'(D) = pD,

(2) there exists FV VsV lifting the Frobenius morphism Fy, where V = 1% Qw, k) Kk,
so that FJI(B) = pB,

(3) there exists fy VU lifting f such that the diagram

is commutative.
In this case we say that f is a good lifting of [ to W (k).
Clearly, if f is an open embedding then it is a good lifting. Similarly, a composition of

good liftings is a good lifting. It is also easy to see that the standard Frobenius morphism
given by raising elements to the p-th power gives the following proposition:
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Proposition 6.2. Assume f lifts to a morphism of smooth log pairs f :(Y,B)— (X,D)
over S = Spec Wy (k) such that locally in the étale topology on X, f is a composition of
products of S-morphisms of the following type:

(1) the projection 7ty : A’y — Ag, B=0 D=0,
(2) the embedding iy : A — A%, B =0, D =0,

(3) h~: Am = SpeC(QS[YI»u-’Ym] _)An = SpeC(DS['xlv'-"xn]’ é = V(]_[:n=l yi);
= V(H7=1xj) andfor j = 1,...,n we have

m
W) = »".
i=1

where aj; are some non-negative integers.
Then f is a good lifting of [ to W5 (k).

Remark 6.3. It is easy to see that any log-smooth lifting foof fto Wak)isa good
lifting. One can also see that almost every reduction of a morphism of smooth log pairs
from characteristic zero to positive characteristic gives rise to a good lifting. For example,
in the case B = 0 and D = 0 one can decompose any morphism of smooth schemes
over an algebraically closed field into a composition of a closed embedding and a smooth
morphism. A smooth closed subvariety of a smooth variety is locally in the étale topology
a product of maps of type 2, and a smooth morphism is locally in the étale topology a
product of maps of type 1.

Let HIGEI,_I(X , D) be the full subcategory of HIG(X, D) consisting of loc-
ally free loga_rithmic Higgs sheaves with nilpotent Higgs field of level < p — 1. Let
MIC<,_1(X, D) be the full subcategory of MIC(X, D) consisting of Ox-modules with
an integrable logarithmic connection whose logarithmic p-curvature is nilpotent of level
< p — 1 and the residues are nilpotent of order < p.

Theorem 6.4.! Let f (Y, B) — (X, D) be a morphism of smooth log pairs that has a
good lifting f (Y, B) — (X, D) to Wy(k). Then we have an isomorphism of functors

f* C(X 5y = C(YIB) o f*:HIGL, ,(X.D) - MIC<, 1(Y. B).

Proof. Step 1. Let us first assume that there exist global compatible logarithmic liftings
of the Frobenius morphism on X and Y, i.e.,

(1) there exists Fy : X — X lifting the Frobenius morphism Fx so that

¢04(—D) = 03(-pD),

I After sending the preprint, the author was informed by K. Zuo that together with R. Sun
and J. Yang they checked compatibility of the inverse Cartier transform for double covers of P!
Recently, a more general result was proven by M. Sheng [30].
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(2) there exists Fy : ¥ — Y lifting the Frobenius morphism Fy so that
Fy03(=B) = O3(—pB),

(3) the diagram

BN v
)z

The first condition implies that there exists a uniquely defined {x such that the diagram

"<1(—"<1

1S commutative.

Fxol ~ dFy ~
FXQX(log D) —— Qi(log D)

| I

ix

Fy Ql (logD)—>Q (log D)

is commutative. The second condition gives ¢y with a similar diagram for (Y, B). The
third condition shows that we have a commutative diagram

e 7 = e F <. S*(dFy) ; ~
Fy f*QL (log D) —— f* Fy QL (log D) ad f*Q%(log D)
o ldf
2ETe)! R Y 1 R
~ _— ~
FYQy(log B) Qy(log B)

Together with the previous two diagrams this shows that the diagram

Fy £*Q) (log D) == f*F£QL (log D) ——2, £+Ql (log D)

af
M y l

F3 Q%,(logB)—WZ (log B)

is also commutative. Now let (E, #) be an object of HIG'.

f*(E,0) = (f*E,0y). ThenwesetC(XlD)

V.= Vcan + (IdF)’("E ® ZX) o (F;(ke)

<p—1(X, D) and let us write
(E,0) = (F§E.V), where

and Vi, is the canonical connection on Fy E appearing in Cartier’s descent theorem (i.e.,
Vean is differentiation along the fibers of the Frobenius morphism). Similarly, we can
define C ~1 5) .Since f*(Fy E,Veam) = (Fy(f*E), Vean), the above diagram shows that

f C(X D)(Eve) = f*(F;E,V) = (F;f*E»Vcan + (IdF;(f*E ® EY) o (F;QY))

_ 1 *
= C§' 5/ *(E.0).
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Step 2. Now let us assume that we have two pairs (Fy}, F}) and (F2, F2) of compatible
global logarithmic liftings of the Frobenius morphism on X and Y. There exists an Ox-
linear map h 5 such that the following diagram is commutative:

(ﬁZ)*_(FNI)* _
(9)2 % pF*@)Z

!

(9X D|x~

‘|
hX

Q} (log D) —2— F.Ox

By abuse of notation we let h%, : F*Qyx (log D) — Ox be adjoint to 4%,. Similarly, one
can define h¥2 : F*Qy (log B) — Oy. It is straightforward to check that we have a com-
mutative diagram

FRICES
Fy [*Q4 (log D) == f*FyQk(log D) ———>— f*0x

i W

F3Ql (log B) ——2—— Oy

Now let us define a map

h
X el prEg R (Qx (log D)) 2% F*F.

Similarly we define tl, : F*(f*E) — F*(f*E). The above diagram shows that t¥, =
[

Step 3. Now we consider the general situation. Let (FE, 8) be an object of
HIG'; p—1(X. D). By assumption there exist étale coverings {UyYaer of X and {Vy}aer
of Y such that we have compatible logarithmic liftings (F’X,a, Fy,a) of the Frobenius
morphisms Fyq : Uy — Uy and Fy : Vo — Vg

Let us recall the construction of (M, V) = C(_Xl’ﬁ)(E ,0) e MIC(X, D) after [19] and
[18, Appendix]. Over each U, we define (M, V) by using Step 1 and setting

(Mouvot) (U DﬂU )(E’G)

Over Uy = Uy xx Ug we can use two liftings FXaan/s and Fy g lUys Of the Frobenius

morphism F : Uyg — Ugyg to define rX F*(Ey,,) — F*(Euy,,) as in Step 2. Then

we glue (My, Vo) and (Mg, Vg) over U «p to a global object (M, V) € MIC(X, D) using
(1)

gi(ﬁ = CXp(‘L’é%) = Z z' .

i=0

Here we use the fact that the categories of quasi-coherent sheaves in the Zariski and
étale toposes of X are equivalent (and we can replace a connection by an appropriate
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Ox-linear map using Grothendieck’s description of connections). We can also define {y,q,
rgfﬂ and ggﬂ. We already know that

f (Mouva) - f C(U DﬂU )(EU()(79|U0() = C(V BﬂV )(f (E 9)|Va)
and t(fﬁ =f *t;%. In particular, g‘fﬂ =f *go)fﬁ, which shows that gluing maps agree and

FRCR 5 (E.0) = CGly f7(E.0). "

Remark 6.5. The above isomorphism of functors holds more generally without restrict-
ing to locally free logarithmic Higgs sheaves. We added this assumption only to ensure
that Tori(f*E, F«Op;) = 0 for all irreducible components B; of B. This allows us to
conclude that the image is in MIC<,_1 (Y, B).
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