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Abstract For a smooth variety Y over a perfect field of positive characteristic,
the sheaf Dy of crystalline differential operators on Y (also called the sheaf of
P D-differential operators) is known to be an Azumaya algebra over Ty, the
cotangent space of the Frobenius twist Y of Y. Thus to a sheaf of modules M
over Dy one can assign a closed subvariety of 7, called the p-support, namely
the support of M seen as a sheaf on 7,. We study here the family of p-supports
assigned to the reductions modulo primes p of a holonomic D-module. We
prove that the Azumaya algebra of differential operators splits on the regular
locus of the p-support and that the p-support is a Lagrangian subvariety of the
cotangent space, for p large enough. The latter was conjectured by Kontsevich.
Our approach also provides a new proof of the involutivity of the singular
support of a holonomic D-module, by reduction modulo p.

1 Introduction

Let Y be a smooth variety over a perfect field. We may consider two sheaves
of differential operators on Y : on the one hand the sheaf D;oo) constructed
by Grothendieck in EGA IV and on the other the sheaf Dy of crystalline
differential operators, also called the sheaf of P D-differential operators, see
e.g. [6] and [4]. These sheaves coincide if the base field is of characteristic
zero but they are very different if it is of positive characteristic. For example,
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Dg,oo) is typically a centerless sheaf of non-Noetherian rings. But Dy has a
large center canonically identified with the symmetric algebra of the tangent
sheaf of the Frobenius twist Y’ of Y. And it is an Azumaya algebra over it, by
[6].

Thus to a coherent sheaf of modules M over Dy one can assign a closed
subvariety of the cotangent space T, called the p-support, see Definition 2.1.4.
Namely it is the support of M seen as a sheaf on 7y,. One might hope that
the p-support is analogous to the classical notion of singular support of a say
complex D-module. The results of this paper confirm this hope. Note however
that without further restrictions on M, the p-support is arbitrary. Indeed every
closed subvariety Z of T, is the p-support of the quotient of Dy by the
corresponding ideal /7 of its center.

We consider here the reductions of a holonomic D-module modulo large
primes. That is to say, let S be an integral scheme dominant and of finite type
over Spec Z, for example the spectrum of the ring of integers of a number
field, let X be a smooth S-scheme of relative dimension n. Then for u the
generic point of S and for any closed point s of S, the generic fiber X, is a
smooth variety over a field of characteristic zero while the fiber X is a smooth
variety over a field of positive characteristic. Let Dx s be the sheaf of relative
crystalline differential operators and let M be a coherent left Dx/g-module.
Suppose that the generic fiber M, of M is a nonzero holonomic Dy, -module.
For every closed point s of S, we let M be the fiber of M over s. Our main
results are:

(a) (Theorem 3.1.1) There is an open dense subset U C § such that for all
closed points s of U, the p-suppport of M is equidimensional of dimension
n.

(b) (Theorem 4.3.3) Suppose that X = A’ with coordinates {xp, ..., x,}.
For all closed points s of S of characteristic p, consider the embedding
of the twisted cotangent space T;(kg in IP’,%?S) associated to the Rees ring
of the filtration of k(s)[x{, ..., x;,d],..., 0,1 by the degree of k(s)-
polynomials in the variables {xlp o xb, 311’ , ..., 01, each of which is
of degree 1 (see Definition 4.2.1 and Proposition 4.3.1). Then there is a
dense open subset U C S such that, for all closed points s of S and for
every generic point z of an irreducible component of the p-support of M
of closure {z} in IP’,%?S), one has

deg({z}) < e(M),), tk (M) < e(M,)p",

where e(M,,) is the multiplicity of M, for the Bernstein filtration
of the Weyl algebra A, (k(n)) (see Definition 4.1.4), rk,(M;) =
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dimy ;) ((FuMy), ®k(z)) and deg({z}) is the degree of the reduced closure
of the image of z in IP’%"S .

(c) (Theorem 5.1.4) There is an open dense subset U C § such that for all
closed points s of U, the Azumaya algebra F, Dy, splits on the regular

locus of the p-support of M, where X L x . is the Frobenius.
(d) (Theorem 2.2.1) There is an open dense subset U C S such that for all
closed points s of U, the p-support of M; is a Lagrangian subvariety of
T*
X;-

Finally as a corollary of (d), which may be seen as the main result of the
paper, we give a new proof that the singular support of a holonomic D-module
is a Lagrangian subvariety of the cotangent space, by reduction modulo p, see
Corollary 6.3.1.

The statements (a) and (d) are the first essential steps in a comprehensive
program of study of the geometry of the p-supports of a holonomic D-module
as p varies, outlined by Kontsevich in [29].

The geometry of the p-supports of a given module is very rich indeed. They
need neither be conical nor come by reduction modulo p from an invariant
defined over Spec Z, and are closely related to the p-curvatures of the D-
module. Let us illustrate this with a couple examples:

(1) Let § = SpecZ, X = A’; and let M be the finitely generated left Dy /s-
module corresponding to the integrable connection V = d + dg on Oy,
where g is a global section of Ox. From the identity (9; 4+ dg/9x;)? =
(0;)P 4+ (0g/0x;)? in A,(Z/pZ) |27, 5.2.4] follows that the p-support of

Z/pZ @z M C Tl =Tz, _isthe graph of dg modulo p. Thus the
( Z/pZ) AZ/[lZ

p-supports are not necessarily conical.

(2) Let Z[A] be the subring of C generated by A € C and S = Spec Z[A]. Let
X = Spec Z[ ][ x, x 1= AIS —{0) c AL = Spec Z[A][x]. Consider the
finitely generated left Dx,s-module M corresponding to the integrable
S-connection V = d + A dx/x on Ox. The identity (xd)” = x?9? + x0
in A1(Z/pZ) [22, Lemma 1] implies that for each closed point s of S
of positive characteristic p, the p-support of Mg, p-supp(Ms) C TX*g C

T‘;l/(s) = Tgi@ is given by the equation xy = A” — A (mod p), where y is
the global section of (’)T*1 corresponding to dx. Thus if A is not rational,

Ak(s)
then the p-supports depend nontrivially on p.

1.1 Survey of the proofs

Let us now comment on the proofs of (a)—(d) above. This will also serve as a
description of the contents of the paper.
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Since pure coherent sheaves have equidimensional supports, we prove (a)
by showing that F, M; is a pure coherent sheaf of dimension n on T X, , for all
closed points s of a dense open subset Sy of S. For which we use the followmg
criterion, see Theorem 3.2.3: VI # n and Vs € S,

Extl,, (Extl, (FuMj, Ory). Or ) =0.

x3 x/
The vanishing of ExtlDX (SxtlDX (M;, Dx,), Dx,), VIl # n follows from the
well-known duality propserty of holonomic D x,-modules by specialization of
M,, (Proposition 3.3.4). One then checks the criterion using that Fy, Dy, is an
Azumaya algebra on T*, (Proposition 3.3.5). This concludes the proof of (a).

Note that we also prove along the way that if Y is a smooth variety over a
perfect field of positive characteristic, then the dimensions of a coherent Dy-
module as a Dy-module and as a coherent module over the center of Dy are
equal (Proposition 3.3.5).

We show in Sect. 2.4 that the proof of the main theorem (d) reduces to
X/S§ = A’%/S. In this case we prove that for all closed points s of a dense open
subset S> of Si, each irreducible component of the p-support p-supp(My)
of M, contains a dense smooth open subset U which is a certain specializa-
tion of the complement Y of a divisor with normal crossings D in a smooth
projective variety over a field of characteristic zero. More precisely there are
an irreducible scheme H of generic point y of characteristic zero, a smooth
H-scheme Y and a closed point 2 € H such that ¥ = U and T}, = Y.
Moreover we show that there is a differential 1-form v on Y such that dv has
logarithmic poles along D and the restriction of the symplectic form to U is the
specialization at & of dv. But by Hodge theory ([13, Corollaire 3.2.14]) such
a dv has to vanish. Finally by our choice of T this implies that the symplectic
form vanishes on U. Thus the symplectic form vanishes on a dense open subset
of the p-support and since the p-support is equidimensional of dimension n
by (a), it is a Lagrangian subvariety of T(’KZ(Y)),.

Let us now give more details of how this is achieved. The starting point
of the proof are the estimates of (b). We verify them as follows. Let I" be
a good filtration of M, see Definition 3.3.1. Then for all closed points s of
a dense open subset S3 of S>, I' specializes to a good filtration I'y of M
such that its Hilbert polynomial is equal to that of the good filtration I";, of
the (characteristic zero) Dy, -module M, (Lemma 4.1.5). In particular, the
degree of this Hilbert polynomial is the dimension m of the singular support
of M, and its leading coefficient is m!e(M, ). We then show that to a good
filtration I'y of M is associated a good filtration pI'y of M, as a module over
the center of A, (k(s)) with the Bernstein filtration (Lemma 4.2.6). The Hilbert
polynomial of pIy is of degree m and its leading coefficient is m!e(M,)p"
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(Proposition 4.2.7). Thus the coherent sheaf on IP’%"S corresponding to the
Rees module of pI'y is of dimension m and degree e(M,,) p™. It then follows
from intersection theory that X1k, (M;) deg ({z) <e(M 1) p™, where the sum
is over the generic points of the (top-dimensional) irreducible components
of the p-support of M (Proposition 4.3.2). This gives the estimate of the
ranks since m = n by assumption that M, is holonomic. But F,M; is a
module over an Azumaya algebra of rank p>", thus by Morita theory the
ranks rk; (M;) are divisible by p”. This gives the estimate of the degrees and
concludes the proof of (b). Note that it also proves an estimate of the number of
irreducible components of p-supp(M;), namely < e(M,,). Let us remark that
if we relaxed the holonomicity assumption on M, we would obtain an estimate
< e(M,)p"" of the degrees of the top-dimensional irreducible components
and it is only in the holonomic case m = n that we get a bound independent
of the prime p. This is crucial in what follows.

We consider an open embedding T*g — IP%’; which specializes at every

3

closed point s of S3 to the open embedding of T(* n oy =T in IP’%’ZS) from

Ak(é‘))/ k(s)

(b). Let ‘H be the Hilbert scheme of closed subschemes of IP’%Z‘ of dimension n
and degree < e(M,,). Provided the estimate of the degrees of the irreducible
components of the p-support of (b), all of dimension n by (a), we see that for
all closed points s € S3, the closure in Pi{’s) of each irreducible component of
p-supp(M;) corresponds to a closed point of H. This allows us to use H to
show that there is an integer N1 > O such that for S4 = Sg[Nll] the following
is satisfied. For each irreducible component Z of p-supp(M;) for s a closed

point of S4, there is an open embedding U <X T where U C Z is a dense
smooth open subset and U is a smooth projective variety over k(s) such that the
complement of j is a divisor with normal crossings D. Indeed let Z3; C IP%{"
be the universal closed subscheme. By the resolution of singularities in char-
acteristic zero, neglecting finitely many positive characteristics {p1, ..., pr}
with p; ... p, = N1, we have a finite partition of the open subset of the Hilbert
scheme H[Nll] into irreducible subschemes generically of characteristic zero

(H;) and above each H; an open embedding ) <> ) with complement A a
divisor with normal crossings relative to 71,-, where ) is the smooth locus of
the intersection Z¢|3; N Tg,;{ C IP’%Z and ) is a smooth projective H;-scheme

(Proposition 6.1.4). Let z be the closed point of the Hilbert scheme H corre-
sponding to the closure in IP’,%Z’S) of the irreducible component Z of p-supp (M)

and suppose that z € Hl'._Then we set (H,h,y,Y,Y,U f—]> U, D, V) =
Hivz, in YV, Vi Vo = Vi Ay, QHlqui) where p; is the generic point of
‘H; and 0 is the canonical 1-form on T, .

H
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We have that the restriction w|y to U of the symplectic form w on T(sz)/ is
equal to the restriction of the exterior derivative d6 to the fiber );. Moreover
the partition of H into (H;) is such that if (d6x|y),;, = 0, then dfy|y = 0
and if there is a closed point z of H; such that (d6y|y); has logarithmic poles
along A, then (d6x|y); haslogarithmic poles along A, (Proposition 6.1.4).
Thus to prove the main theorem (d) it is enough to show that there exists a
dense open subset S5 C S4 such that for all closed points s € S5 and for each
irreducible component Z of p-supp(Mj), the restriction of the symplectic
form w|y has logarithmic poles along D, where U and D are constructed
above. To do so we first show that 64|y is locally in the image of the p-
curvature operator W* — Cy, see Definition 5.2.2. And then that if a 1-form
n is locally in the image of the p-curvature operator (and has poles along D
of order at most p — 1, which 65|y has for all large enough characteristic p),
then it has logarithmic poles along D (Proposition 6.2.2).

The proof that 64|y is locally in the image of the p-curvature operator goes

as follows. There is a morphism Qb ﬁ) Br(U) with values in the Brauer
group (arising from the p-curvature exact sequence, see Definition 5.2.4) such
that ¢y (01 |v) is the class of the Azumaya algebra F*DAZ@) |y (Proposition
5.2.9) and the kernel of ¢y is the space of 1-forms locally in the image of the
p-curvature operator (Proposition 5.2.7). We thus are left to show that F, D AL
splits on the regular locus of each irreducible component of p-supp(My). This
amounts to the splitting of the central simple algebra A, := (Fy,D Al ), ®k(2)
for each irreducible component Z of p-supp(My) of generic point z. Note that
this is equivalent to () in the case X /S = A’G/S. (From which the general case
follows, see the proof of Theorem 5.1.4.) But by the estimate of the ranks in
(b) we have that this central simple algebra has a representation of dimension
< e(M,)p" and thus that e[A;] = O for some e < e(M,) (Lemma 5.1.1).
Moreover A, is of rank p>*, thus p"[A,] = 0. Hence for p large enough,
since e and p" are coprime, we have [A,] = 0. We thus see that there exists
an integer No > 0 such that S5 = S4[Ni2] has the required properties. This
concludes the proofs of (¢) and (d).

Let us mention that provided (a)—(c), one may also prove (d) by adapting the
arguments of [15], as explained in [33]. Our original approach presented here
has, among other things, the advantage of being independent of [15], provid-
ing in particular a new, more geometric insight into the classical involutivity
theorem.

Note finally that for the reader’s convenience we have included an
“Appendix” on the (algebraic) symplectic geometry of the cotangent space.
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1.2 Conventions

Schemes are assumed to be Noetherian, positive characteristics to be nonzero
and morphisms of algebras to preserve the identity element. For X /S a scheme,

s € Sand Spec k(s) 5 Sthe corresponding point, we let X/ Spec k(s) be the
fiber of X/S at s, that is the base-change of X /S by i. If M is a coherent left
Dy s-module, we denote by M; the left Dy spec k(s)-module k(s) ® o M, the
restriction of M to the fiber X/ Spec k(s). When there is no risk of confusion,
we denote the fiber by X (instead of X/ Speck(s)) and Dx,/ spec k(s) by Dx; -
As a general rule, if there is no risk of confusion we omit the base scheme S
from the notation if S is the spectrum of a field. Local coordinates of a smooth
scheme X /S mean local étale relative coordinates in the neighborhood of a
closed point of X. If Y is a scheme over a field k of positive characteristic, we
denote Y’ its base-change by the Frobenius endomorphism of k. A reduced
scheme over a field is called a variety. As a rule we define notions and state
results for left modules, we often omit to mention that they easily adapt to
right modules.

2 Statement of the main result and general reductions in its proof
2.1 Preliminary definitions and notations

Let S be a scheme, X be a smooth S-scheme of relative dimension »n and let
Tx/s be the tangent sheaf.

Definition 2.1.1 The sheaf of crystalline differential operators Dx,s on X/§
is the enveloping algebra Up, (Tx/s) of the Lie algebroid (Tx/s, [—, —]),
where [—, —] is the Lie bracket on Tx/s.

Thus Dyx/s is generated by the structure sheaf Oy and the tangent sheaf
Tx s, subject to relations f.0 = fd, d.f — f.0 = d(f) and 9.0" — 9'.0 =
[0, 0], for all f (resp. 9, 8’) local sections of Ox (resp. Tx/s). Note that the
formation of Dy /s commutes with base-change S’ — S. Moreover if S is the
spectrum of a field of characteristic 0, then Dy g is the usual sheaf of algebraic
differential operators on X. When § is the spectrum of a field, we often omit
the base S from the notations.

We now briefly discuss the coherence of Dy/s. Left multiplication by Ox
makes Dy g into an Ox-module and one sees in local coordinates that Dy /g
is quasi-coherent. Further using local coordinates, one easily checks the fol-
lowing:

Proposition 2.1.2 The sheaf of rings Dx;s has a natural filtration Dx;s =
Um=0 Dx/s.<m, defined by Dx;s <o = Ox and Dx;s.<m+1 = Txys.
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786 T. Bitoun

Dx/s,<m + Dx/s,<m, whose associated graded sheaf of rings grDx/s is
canonically isomorphic to (’)TX*/S, the structure sheaf of the cotangent space of
X/S.

Therefore by [2, Corollaires 2.2.5 and 3.1.2], Dx/g is a sheaf of coherent
Noetherian rings. By [2, Proposition 3.1.3], coherent Dx,g-modules have the
following properties:

Proposition 2.1.3 (1) A left Dx s-module is coherent if and only if it is quasi-
coherent as an Ox-module and its module of sections over any open of an
affine covering is a finitely generated left module over the ring of sections
of Dxys.

(2) Assume that X is affine. Then the functor of global sections is an equiva-
lence from the category of coherent left Dx s-modules to the category of
finitely generated left modules over the global sections of Dx/s.

Let Y be a smooth variety of pure dimension n over a perfect field k of

positive characteristic p. We denote the relative Frobenius morphism by Y LN
Y'. Let Dy = Dy specky and Ty := Ty, spec(k)- Recall that by [6, Lemma
1.3.2], the Oy -linear map Ty 5 F, Dy sending 9 to 97 — ol where 9 is a
local section of Tys and 8!P! is its p-th power in Ty, lands in the center and
induces an isomorphism

Or:, = F.Z(Dy),

with Z (Dy) the center of Dy. We will thus consider Fy Dy as an (’)T;/ -algebra.

Furthermore, by [6, Theorem 2.2.3], F, Dy is an Azumaya algebra over T,.
In particular, it is a coherent sheaf on 7;,. Hence if M be a coherent left
Dy-module, then F, M is a coherent (’)T;/ -module.

We now introduce our main object of study:

Definition 2.1.4 Let M be a coherent left Dy-module. The p-support of M
is the support of the coherent (’)T;, -module M deduced from the direct image

F.M, using the isomorphism c. It is a closed subset p-supp(M) of Ty, which
we endow with its reduced subscheme structure.

Remark 2.1.5 Note that the p-support commutes with étale localization on Y.
Remark 2.1.6 The schematic support of M is a not necessarily reduced sub-

scheme of 7y, refining the p-support of M. We do not explore this notion
further here.
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2.2 The statement

If X is an S-scheme, M a left Dx/s-module and s a point of S, we denote
by X, the fiber of X at s and by M, the left Dy _-module deduced from M
by base-change. We refer to the “Appendix” for the definitions of symplectic
form w on the cotangent space (Definition A.0.4) and Lagrangian subvariety
(Definition A.0.5). Our main result is the following:

Theorem 2.2.1 Let S be an integral scheme dominant and of finite type over
7, of generic point ju. Let X be a smooth S-scheme of relative dimension n
and let M be a coherent left Dx;s-module. Suppose that M, is a nonzero
holonomic left Dx ,-module, then there is a dense open subset U of S such
that the p-support of My, is a Lagrangian subvariety of (T;EL’ wx ), for all

closed points u of U.

The proof occupies most of the paper and is concluded in Sect. 6.3.

2.3 First reductions

Here we carry out some standard reductions. It is also convenient to consider
the case of the fiber of M at the generic point p of S being zero. We put these
into two remarks:

Remark 2.3.1 The conclusion of Theorem 2.2.1 depends on S only up to
restricting to a dense open subset, and so do its hypotheses. Moreover, the
assertion is Zariski-local (even étale-local) on X. Indeed Lagrangianity is local
and so is the p-support, as in Remark 2.1.5. And the hypotheses are stable by
restriction to open coverings. Hence to prove the main theorem we may further
assume that S is affine, regular and that X is regular, affine and integral.

Remark 2.3.2 If the fiber of M at the generic point u of S is zero, then there
is a dense open subset U of S such that M|y = 0.

Proof Indeed one may assume that X and § are affine and thus consider a
left module over the ring of global sections of Dx/s. By the hypotheses, this
module has a finite generating family {m1, ..., m;} and each m; is annihilated
by a nonzero global section r; of Og. Since Og acts through the center of
Dy /s, the open subset of S determined by the product of these global sections
fulfills the statement. O

2.4 Reduction to A"
Here we show that the proof of the main theorem reduces to X/S = A%. To

do so we use the direct image of Dx/s-modules and the general result on the
dimension of p-supports (Theorem 3.1.1), proved independently below.
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788 T. Bitoun

Proposition 2.4.1 To prove Theorem 2.2.1, it is sufficient to suppose that
X/S = A%.

Proof By Remark 2.3.1, one may suppose that X/S is smooth of relative
dimension n and that X and S are affine. Hence there is a closed immersion

X i) A'¢ over S, for some m > 0.

Let M be a left Dx/s-module as in the statement of Theorem 2.2.1 and let
f+M beitsdirectimage, see 3, 2.4.1] for the definition. It is easy to see that one
has the classical description of the transfer bimodule, asin [9, (4) p. 259]. Hence
the latter is flat over Dy g. In particular, the direct image f; M is supported
in degree 0 and H® f; M is a coherent left Dym, g-module. Furthermore, it
follows directly from the definition that the formation of the transfer bimodule
commutes with base-change ' — S. Hence Hf, commutes with base-
change §” — S. Thus the generic fiber (H0f+M)M = HOfM+M,L is nonzero
and is holonomic by preservation of holonomicity under direct images, where

f
w is the generic point of S and X, & A;("( 0 is the induced closed immersion.
Finally, for all closed points s € S, it is also an immediate consequence of the
description of the transfer bimodule as in [9, (4) p. 259] that

p-supp(H® fo . M) = (D) o (f) ;" (p-supp(My)),

where f] is the base-change of f; by the Frobenius and we have used the
notation of the “Appendix” for the maps in the cotangent diagram of f;.
Thus by Lemma A.0.6, to prove that the symplectic form vanishes on the reg-
ular locus of p-supp(Mj) it is enough to prove the corresponding symplectic
form vanishes on the regular locus of p-supp(H° f; 1 Mj). This concludes the
proof of the proposition since the part of the theorem concerning dimensions
is Theorem 3.1.1, proved independently below. O

3 Dimension of the p-supports

As outlined in the introduction, the main theorem splits into an assertion about
the dimension of the p-support and one about the vanishing of the symplectic
form on the regular locus of the p-support. We start by considering the former.

3.1 Statement

Theorem 3.1.1 Let S be an integral scheme dominant and of finite type over
Z, of generic point |u. Let X be a smooth S-scheme of relative dimension
n and let M be a coherent left Dx;s-module. Suppose that M, is a nonzero
holonomic left Dx, -module, then there is a dense open subset U of S such that
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the p-support of the fiber of M at each closed point u of U is equidimensional
of dimension n = dim X.

The proof is contained in the Sect. 3.3. In view of Remark 2.3.1, we may
and shall assume that § and X are regular, integral and affine.

3.2 Pure coherent sheaves

Recall that the (co)dimension of a coherent sheaf is the (co)dimension of
its support and let us call a coherent sheaf equidimensional if its support is
equidimensional. There is a strengthening of equidimensionality which has a
very convenient interpretation in terms of duality theory. Namely, let Y be an
affine scheme.

Definition 3.2.1 A coherent sheaf on Y is pure if all its nonzero coherent
subsheaves are of the same dimension.

It is easily seen to imply equidimensionality:

Proposition 3.2.2 A coherent sheaf F on Y is pure if and only if all its asso-
ciated points y € Ass(F) are of the same dimension. In particular, a pure
coherent sheaf on Y is equidimensional.

Proof By [18,Proposition 3.1.2] a prime ideal p corresponding to an associated
point of F is associated to the module of global sections of F. Thus p is the
annihilator of a global section of F. The only if part immediately follows.
Suppose that the dimension of every associated point of F is d and let
F' C F be a nonzero coherent subsheaf. Then the dimension of F’ is d.
Indeed the associated points of F” contain the generic points of its support, by
[18, Corollaire 3.1.4], and are associated to F by [18, Proposition 3.1.7 (i)].
This concludes the proof of the proposition. m|

Here is the interpretation in terms of duality theory.

Theorem 3.2.3 Suppose that Y is regular and equidimensional. A coherent
sheaf F on Y is pure if and only if there is a nonnegative integer c such that

Extly (Extly (F, Oy), Oy) =0

foralll # c. If F is nonzero, then c is its codimension.

Proof This is well-known. We refer to the literature. Our definition of purity
is equivalent to [8, A:IV 2.5.] by [9, V, 2.2.3]. The theorem is then [8, A:IV
2.6], since a regular local ring is Auslander regular by [8, A:IV 3.4]. O
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3.3 Equidimensionality of the p-supports

Here we prove Theorem 3.1.1. In particular, we use Remark 2.3.1 and suppose
that X/S is smooth of relative dimension n with S and X regular, affine and
integral. We start by recalling the notion of good filtration on a coherent Dy /s-
module. Recall the filtration on Dy/g from Proposition 2.1.2.

Definition 3.3.1 A good filtration on a coherent left Dy /s-module is a fil-
tration by coherent O x-submodules, compatible with the filtration on Dy,
which is bounded below and such that the associated graded module over
grDx;s = OT?E/S is coherent.

Note that coherent left Dy,s-modules admit good filtrations by [3, 5.2.3
(iv)].

We next give a lemma guaranteeing the freeness on S of a module whose
associated graded is free. The proof of the last part of the lemma was kindly
provided by Michel Van den Bergh.

Lemma 3.3.2 Let M be a left module over a ring R and let {M;};c7, be an
exhaustive increasing filtration of M by left R-submodules. Suppose that there
is io € Z such that M;, = 0 and, Vi > iy, the left R-module M;/M;_ is flat,
then M is flat. Suppose further that Vi, M; | M;_1 is free, then M is free.

Proof By hypothesis, M 11 = M;,+1/(M;, = 0) is flat. Moreover, Vi >
io + 1, M;j/M;_y is flat. So, since extensions of flat modules are flat ([11,
§2 n°5 Proposition 5]), Vi > ip + 1, M; is flat. Thus M is a union of flat
submodules. Hence it is flat by [11, §2 n°3 Proposition 2(ii)]. This proves the
first assertion.

Suppose that the M; /M;_ are free. Then the union, over all i > ig + 1, of
an arbitrary lift to M; of a basis of M;/M;_1 is a basis of M. Thus M is free.
This finishes the proof of the lemma. O

The following lemma is standard for O-modules. Considering the associated
graded allows us to deduce a version for Dx,g-modules.

Lemma 3.3.3 Let M be a coherent left Dx s-module. Then there is a dense
open subset U of S such that VI > 0 and Vs € U, the canonical map

(Extlp, (M, Dxys))s — Exty, (My, Dx,)

is an isomorphism, where the subscript s denotes the restriction to the fiber.

Proof First of all, there are only finitely many degrees / to consider. Namely,
by [8, A:IV 4.5], both target and domain of the above morphism are zero for
[ > dim Ty /s = dim Ty, . Indeed, Ty /s and Ty, are the respective spectra of
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the rings gr Dx s and gr Dy, which are both regular. Thus guaranteeing the
vanishing of Ext! for [ > dim Ty /- Hence it suffices to prove that, VI, there
is an open U as in the statement.

We thus want to prove a Dx,s-module version of [18, Corollaire 9.4.3]. But
the proof of the latter adapts to Dx,s-modules by considering the associated
graded to good filtrations. Indeed, coherent left Dy /s-modules form an abelian
category and the proof of [18, Proposition 9.4.2] carries through, using [25,
Proposition A.17] and Lemma 3.3.2 to conclude. O

We now obtain that the following well-known consequence of holonomicity
spreads from the generic fiber to a neighborhood.

Proposition 3.3.4 Let M be a coherent left Dxs-module. Suppose that M,
is a holonomic left Dx, -module, for w the generic point of S. Then there is a
dense open subset U of S such that for alll #n and all s € U,

Extlp, (My, Dx,) = 0.

Proof ByLemma3.3.3and [9, VI 1.12], VI #n, the fiber ofé’xtlDX/S (M, Dx/s)

at the generic point of S vanishes. Hence by Remark 2.3.2 and Lemma 3.3.3,
VI # n, there is a dense open subset U; of S such that for all s € Uj,
SxtlDX (M, Dx,) = 0. Since by the proof of 3.3.3 there are only finitely

many such degrees [ to consider, U := (), U; fulfills the proposition. O

Then we use the Azumaya property of the ring of differential operators in
positive characteristic ([6, Theorem 2.2.3]) to transfer purity from a Dy/s-
module to its associated coherent sheaf on the twisted cotangent space.

Proposition 3.3.5 Let Y be a smooth equidimensional scheme over a field k

of positive characteristic p, let Y Ly be the relative Frobenius and let M
be a coherent left Dy-module. Then, VI > 0,

ExtlDY (M, Dy) = 0 if and only ifotIOT;/ (M, (’)T;«/) =0,
where M := F,M is endowed with an action ofOT;, as in Definition 2.1.4.
Proof Since F is affine, ExY, (M, Dy) = 0 if and only if
0 = F,Exth, (M, Dy) = Extly |, (F\M, F,Dy).

Set Dy := F. Dy, we thus have SxtlF*DY (FuM, F.Dy) = SxtlDY (M, Dy).
Let us show that

5xtlpy (M, Dy) = 0if and only if Extlor;, (M, (’)T;/) =0.
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Indeed, both 8xtlDy (M, Dy) and ExthT* (M, (’)T;/), are quasi-coherent
sheaves on 7y,. Hence their respective Vaniyshings may be checked on a flat
covering U 5 T of Ty,. Since Dy is an Azumaya algebra over (’)T;s/ by [6,
Theorem 2.2.3], this covering may be chosen to split Dy. That is (Dy)y =
7*Dy >~ M,(Oy), the sheaf of r x r matrices with coefficients in Oy,.

As is well-known in Morita theory, tensoring with the (M, (Oy), Oy)-
bimodule ;, induces an equivalence between the category of coherent
Oy-modules and the category of coherent left M, (Oy;)-modules. Note that
the coherent sheaf (O;],)" is sent to O], ®¢,, (O})" = M,(Oy) by this equiv-
alence. Let F be a coherent sheaf such that My, := 7*M >~ O], ®o,, F as
coherent left (Dy )y >~ M, (Oy)-modules. Then, by localization and the above
Morita equivalence,

7w *Extlp, (M, Dy) = Extp,, (Mu, (Dy)u)
=~ Extly o, Ol 0y F O ®0y, (O1)") =0y mod

Extlou (F, (Of))")vanishes

if and only if, by commutation with finite direct sums, £ xtlou (F, Oy) vanishes,
if and only if

Extin, (Of ®oy F. Oy) = Exty,,
My, Oy) ~ n*é’xtl@T* (M, OT;,) vanishes,
Y/

using again commutation with finite direct sums and localization. This con-
cludes the proof of the proposition. O

We can now prove the theorem.

Proof (of Theorem 3.1.1) Note that if the fiber of M at the generic point of
S is nonzero then M is nonzero. Therefore, by generic freeness [ 14, Theorem
14.4] applied to the associated graded to a good filtration on M and Lemma
3.3.2, there is a dense open subset W of S on which M is faithfully flat.
Hence Vs € W, My # 0 and thus F,M; # 0. Since M is holonomic on the
generic fiber of S, there is a dense open subset U of W such that VI # n and
Vs € U, 5xtlDXS (M, Dx,) = 0, by Proposition 3.3.4. Which, by Proposition
3.3.5, is equivalent to, VI # n and Vs € U, ExtloT* (Fe M, OT;/) = 0.1In
X $

particular, VI #= n and Vs € U,

/ l —
Sxtor;g (SxtOT;; (FuMs, Ory,), Ory,) = 0.
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This implies by Theorem 3.2.3 that Vs € U, F, M, is a pure nonzero coherent
(’)T* -module of dimension n. Hence it is equidimensional of dimension n by

Proposmon 3.2.2. This proves the theorem. |

Remark 3.3.6 The purity of the coherent OT* -module F, M, guarantees fur-

thermore that it has no embedded assoc1ated pomts

4 Degrees and ranks estimates

We now consider D Al s-modules. In addition to the filtration by the order of
differential operators (Proposition 2.1.2), D AnL/S is endowed with the Bernstein
filtration. The latter has the property that each summand of its associated
graded ring is a finitely generated module over O(S). Fora D Iy s-module M
whose generic fiber is holonomic, we use the Bernstein filtration to estimate
the degree (for a suitable projective embedding) of the p-support p-supp(My)
as well as the rank of F, M at the generic point of an irreducible component
of its support p-supp(My), for s a closed point in a dense open subset of S,
see Theorem 4.3.3.

4.1 Bernstein filtration

Let S be an affine scheme and let R be its ring of global sections. If we fix
coordinates {x1, ..., x,} on A%, then the ring of global sections of DA’; /S is
isomorphic to the n-th Weyl algebra A, (R) over R,

Ap(R) = R[xy, ..., x, {01, ..., 0,)/([0i, 9], [0;, x;]1 = &; j; V1 < i, j <n).

Definition 4.1.1 The Bernstein filtration B of A,(R) is the filtration by the
total order in x and 9. Namely VI € Z, BjA,(R) : ®|a|+|ﬂ|<l Rx*9P,
where o, ,8 e 7" Lo are multi-indices and we have used the standard notation
x% = x{txy, 9P = 8{31 ... 8P and for a multi-index « € 2, | =
ap + -+ oy

Remark 4.1.2 Note that the associated graded ring gr®A,,(R) is the R-algebra
of polynomials in the variables {x1, ..., x,, Y1, ..., Y}, graded by the order
of polynomials. Where, V1 < i < n,x; (resp. y;) is the class of x; (resp.
9;) € B1A,(R)/ByA,(R). In particular, VI € Z, BjA,(R)/B;—1A,(R) is a
finitely generated free R-module.

We will use the notion of good filtration on a A, (R)-module.
Definition 4.1.3 A filtration I" of a left A, (R)-module M is an increasing
exhaustive filtration of M, indexed by Z and compatible with B. It is said to
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be a good filtration if it is bounded below and the associated graded module
gr M is finitely generated over the algebra grA, (R).

Itis easy to see that finitely generated left A, (R)-modules have good filtrations,
see e.g. [7, Ch.1 Proposition 2.7]. Note that if I' is a good filtration of M, then
Vi e Z,I')M/T'j—1M (and hence I'; M) is a finitely generated R-module.

Suppose that R is a field K. Then a left A, (K)-module has well-defined
degree and multiplicity. Indeed, let M be a finitely generated left A, (K)-
module and let I be a good filtration on M. Then for [/ large enough, the
function / + dimg I'; M coincides with a polynomial H s € Q[¢] ([7, Ch.1
Corollary 3.3]).

Definition 4.1.4 Letd (resp. ag) be the degree (resp. the leading coefficient) of
‘Hum.r. Then dlay is a nonnegative integer. The nonnegative integers d(M) :=
d and e(M) := dl!ayz are independent of I' and called the dimension and
multiplicity of M, respectively ([7, p. 8]).

Now we look at the behavior of these invariants in a family.

Lemma 4.1.5 Suppose that R is a domain and let M be a finitely generated
left A, (R)-module. Then there is a dense open subset U of S := Spec(R) such
that the functions s — d(My) and s — e(My) are constant on U.

Proof LetT bea good filtration on M. Then by generic freeness ([ 14, Theorem
14.4]), there is a dense open subset U of S suchthatVl € Z, (I''M /11 M)|y
is free over O(U). In particular, VI € Z, (I'/M/T—1M)|y is a flat O(U)-
module. Hence, VI € Z and Vs € U, (I''M /T M)y = (I'IM)s /(T 1 M)
and (I'); is a good filtration on M;. The lemma follows since, Vs € U and
Vil € Z, dimy (I M)y = Z dimy () (C; M) /(Ti—1 M), and

I=—00
dimy ) (T M) /(U1 M)y = dimy ) (T M/ Ty M)

is the rank of the free module O(U)-module I'yM /T';_1 M|y . Hence H, 1,
is constant on U. o

4.2 On the filtrations of the center

Let K be a field of positive characteristic p. With the notation of Sect. 4.1,
the center ZA,,(K) of A, (K) is the algebra of polynomials K[x{’, ooxk, 8{),
L onl

Definition 4.2.1 Let C be the filtration on Z A, (K) derived from the grading
| o | of polynomials, where |xip| = IE)]’.)I =1.

We would like to compare C with the Bernstein filtration and to do so we will
use the classical construction of the Rees ring associated to a filtered ring.
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Definition 4.2.2 (1) The Rees ring of the filtered ring (ZA,(K), C) is the
graded ring R, (C) := @, nyCi ZAn(K).

(2) Let G be an increasing C-compatible filtration of a Z A, (K )-module M.
Then the Rees module associated with G is R(M, G) := @,., GiM. It
is a naturally an R, (C)-module.

We recall elementary properties of the Rees ring in the following lemma.

Lemma 4.2.3 (1) The graded algebra morphism

Klto.xl'.oxh o 081 — Ry(C) = @ CKIxl .. xh o] ... 0]
ieN
to > 1,x > xl, 07 > 97

with to in degree 1, is an isomorphism.

(2) Using the same notation for to and its image under the isomorphism of
(1), the natural map R, (C)/toR,(C) — ngZA,,(K) is an isomorphism
of graded algebras.

(3) There is a unique morphism R,(C),, — ZA,(K), sending to to 1 and
extending the inclusions CiK[xf, coxth, 8{7, P € ZAL(K). Its
restriction to R, (C) ), the subring of degree 0 elements of the graded
ring Ry (C)yy, is an isomorphism Ry (C) )= Z An(K).

We will use good filtrations of Z A, (K )-modules.

Definition 4.2.4 A filtration G of a ZA,,(K)-module M as in the definition
4.2.2 is said to be good if the associated Rees module R(M, G) is a finitely
generated R, (C)-module.

This implies in particular that G is bounded below. Moreover, one easily
sees that a filtration G on M is good if and only if G is bounded below and the
associated graded module ngM is finitely generated over ngZAn(K ) ([8,
A:IIT 1.29]).

Let M be aleft A,,(K)-module and let r,. M be the module M considered as
a Z A, (K)-module. We now introduce a C-filtration of r, M associated with a
B-filtration of M.

Definition 4.2.5 Let I" be a filtration of the left A, (K)-module M. The C-
filtration pI" of ry M is given by (pI');rs M :=T"; M, for all integers /.

We now want to relate properties of pI” to those of I'.

Lemma 4.2.6 Let " be a good filtration of the left A,(K)-module M, then
pl is a good filtration of ro M.
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Proof 1t is clear from the definition that the filtration pI' is bounded below,
since I is.

Let us show that the gr°ZA,, (K)-module gr?"r,M is finitely generated.
In order to do so, we consider the filtration @ of the center induced by the
Bernstein filtration. Thus, VI € Z, ®;ZA,(K) := ZA,(K) N B;A,(K). In
particular, xip and 8" are of degree p for the filtration ®, for all i, j. Let ®(I")
be the ®-filtration on r, M defined by ®(I');r M := T ), M, where pm is the
greatest integer multiple of p such that pm < [. Note that there is a K-module
isomorphism gr”Tr,M — gr®®r, M defined by

(pTyirsM [ (pT)i—1reM =T py M/ T pg—1yM = O () pir M /D (1) pr—17: M.

It is p-linear, where p is the isomorphism of K -algebras gr¢ZA,(K) —
gr®Z A, (K) satistying

x! +CZA(K) > x! 4+ @y 1 ZA,(K); aJ’.’ +CrZAN(K) —~ aJ'.’
+q)p+IZAn(K)'

Hence grP'r,M is finitely generated over gr¢ZA,(K) if and only if
gr®Dr, M is finitely generated over gr®Z A, (K). Let us show the latter.

Consider the finite exhaustive filtration of gr®*r, M by graded gr®ZA,,
(K)-submodules,

0= (grcp(r)r*M)o - (grq’(r)r*M)l Cc--C (gr¢(r)r*M)p = gr‘b(r)r*M.

It is defined as follows, VO < i < p, VI € Z, let pm the greatest integer multi-
ple of p such that pm < I. Then (gr®Wr, M); N &) M/ ® ()17 M is
the image of the map I" ,(p—1)+i M — P (I');r M /P (T");—1r+M induced by
the inclusion I pgn—1)4+iM C TpmM =1 @()rM. Let gr(gr®Or,M) =
@izf (gr‘b(r)r*M),-/(grq’(r)r*M)i_l be the associated graded grcDZAn(K)—
module. Note furthermore that the module gr’ M seen as a module over
ngDZA,,(K) — grBAn (K) decomposes into a direct sum of graded
gr®Z A, (K)-submodules @._] (gr" M);, where (gr" M); :=P,;, gr;l+iM.
Let F,gr' M be the graded gr®ZA,(K)-module @zf(grrM)i[i - pl,
where [e] denotes the degree shift. Then, V1 < i < p, there is an isomor-
phism of graded gr®ZA,, (K)-modules

(gr®DrM); /(gr® D r M)y — (gr" M)ili — pl.

Indeed in degree [ € Z, with pm the greatest integer multiple of p such that
pm =< [, it is induced by the quotient map I",;u—1)+iM — grpr(m_l)HM,

the latter being equal to ((grrM),')p(m_l)Jr,- = ((ngM),-[i — pD) pm,» where
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the outermost index refers to the homogeneous component of a graded
gr®Z A, (K)-module. These finally assemble into an isomorphism of graded
gr®Z A, (K)-modules

gr(grq)(r)r*M) ~ F*grrM. 4.2.1)

We conclude by noting that the gr®Z A, (K)-module F,gr' M is finitely
generated. Indeed, by hypothesis, the grA, (K)-module gr' M is finitely
generated. Hence it is finitely generated as a gr®ZA, (K)-module since
grBAn(K) = K[x1,...,Xn, Y1, --., yu] is a finitely generated module over
K[xf), oo xk yip, = grq’ZAn(K). Thus F*ngM is a finitely gen-
erated gr® Z A, (K )-module as direct summands of a finitely generated module
are finitely generated. So, by the above isomorphism, the gr® Z A,, (K )-module
gr(gr®Mr, M) is finitely generated. Consequently the finite exhaustive filtra-
tion of gr®Tr, M has finitely generated subquotients and hence gr®r,. M
is a finitely generated gr®ZA, (K)-module. This finishes the proof of the
lemma. O

Let M be aleft A,(K)-module and let I" be a good filtration of M. By the
above Lemma 4.2.6, the Rees module of (r.M, pI') is a finitely generated
graded module over the Rees ring R, (C) ~ K]|ty, xf, R x,‘f, 81’7, R 8}7].
Thus it has a Hilbert polynomial Hg -, um,pr). In the following proposition,
we express Hrr, m, pr) in terms of the Hilbert polynomial H s of (M, I').

Proposition 4.2.7 Let M be a left A, (K)-module and let T be a good filtration
of M. The Hilbert polynomial HR - m,pr)(t) of the Rees module of (ro«M, pT")
is Hy,r(pt). In particular, the degree of Hr (-, m, pr) is the dimension d(M)
of M and its leading coefficient times d(M)! is e(M)pd(M), where e(M) is the
multiplicity of M.

Proof For [ large enough, on the one hand the Hilbert polynomial H s (/)
coincides with the function / + dimg I';M and on the other Hr -, m, pr) ()
coincides with [ + dimg (pI");M = dimg I, M. The proposition immedi-
ately follows. m|

4.3 Conclusion
Here we obtain the estimates mentioned at the beginning of the section.

First, we would like to recall a well-known geometric interpretation of the
Rees ring and module. We use the notations of [17, §2] for projective schemes.
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Proposition 4.3.1 Using the notations of Lemma 4.2.3, we have

Dy (1g) <> Proj(Ru(C)) <= V..(10)

where j is an open embedding and i is its closed complement, and

(@) Dy (to) = Spec(ZA,(K))
(b) Vi (t9) = Proj(gr®ZA.(K))

Proof (a) By definition, D (fp) = Spec(R,(C)(4))- Hence (a) follows imme-
diately from (3) of Lemma 4.2.3.

(b) By definition, V. (fg) = Proj(R,(C)/toR,(C)). Hence (b) follows from
(2) of Lemma 4.2.3. O

Making these identifications, let G be a good filtration on a finitely generated

(ZAn(K), C)-module M. Then the coherent sheaf R(M, G) on Proj (R, (C))
extends the coherent sheaf M on Spec(ZA,(K)) and its restriction to the

complement Proj (ngZAn(K)) of Spec(Z A, (K)) is isomorphic to gr® M.
Finally, one easily sees that the support of R(M, G) is the closure of su pp(M )
in Proj(R,(C)). Note that here

Proj(Ry(C)) =~ Proj(K[to, x{, ..., x5, 80, ..., 07 ~ P¥,
Spec(ZA,(K)) =~ Spec(K[x], ..., xp, a, ..., 87]) ~ A%
Proj(grZA,(K)) = Proj(K[x!,...,x}, 8, ..., 90 =~ P!

—~—

The leading coefficient of the Hilbert polynomial of R(M, G) is related to
the top-dimensional irreducible components of its support through the follow-
ing:

Proposition 4.3.2 Let Y < IP% be a closed subscheme and let F be a coher-
ent sheaf of dimension d on Y. Let the degree of F with respect to i be
W(F) :=dlag where aq is the leading coefficient of the Hilbert polynomial of
F with respect to i. Then

Sk, (F) deg({z) < w(F)

where the sum is over the generic points of the d-dimensional irreducible
components of supp(F), tk,(F) = dimy ) (F; ® k(z)) and deg({z}) is the

—red . .
degree of {2} with respect to i.

Proof By [28, LemmaB.4] and [18, Proposition 5.3.1], u(F) = Z;1gp, (F2)
M(Omred), where lg denotes the length, summing over the generic points of
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the d-dimensional irreducible components of supp(F). Let z be as above,
then by additivity of the length under short exact sequences lgy, (F;) =
184y (Fz ® k(2)) = dimg () (F; ® k(2)) =: 1k (F). The proposition follows
as deg({z}) := M(Omred). O

Theorem 4.3.3 Let S be an integral scheme dominant and of finite type over
Z and let M be a coherent left Dy s-module. Let | be the generic point of
S. Suppose that M, is a nonzero holonomic left DAZ(M) -module. Then there is

a dense open subset U of S such that for each closed point u € U and each z
generic point of an irreducible component of p-supp(M,,)

deg({z)) < e(My,) and rk;(My) < e(M,,)p"

where e(M,,) is the multiplicity for the Bernstein filtration of M, deg({z})
is the degree of the reduced closure of the image of z in ]P’,%”u) by the open
immersion of the Rees construction andrk; (M) := dimy ) ((FxM,), ®k(2)).

Proof The proof reduces to the case of an integral and affine § = Spec(R).
We may thus consider that M is a finitely generated left A, (R)-module. By
Lemma 4.1.5, there is a dense open subset U, of S such that for each closed
pointu € U, d(M,) = n and e(My,) = e(M,,).

Let u € U, with p = char(k(u)) and let ' be a good filtration
on the left A”(k(u))—nﬁc\lﬂe M,,. By Proposition 4.2.7, R(M,, p/F\)/is of
dimension n and uw(R(M,, pI')) = e(M,,)p". Moreover supp(R(M,, pI"))
is the closure p-supp(M,) of p-supp(M,), in which p-supp(M,) =
p-supp(M,) N Spec(Z A, (K)) is open. Hence Proposition 4.3.2 implies that
Y. rk,. (M) deg(@) < e(M,)p", where the sum is over the generic points of
the n-dimensional irreducible components of p-supp(M,,).

By the equidimensionality of the p-supports (Theorem 3.1.1), there is a
dense open subset U C U, such that for all closed points u of U, all the
irreducible components of p-supp(M,) are of dimension n. Hence we deduce
that, for each z generic point of an irreducible component of p-supp(M,,),
rk, (M) deg(@) < e(M,)p". This implies the second estimate of the theo-
rem.

Finally, let u be a closed point in U of characteristic p. By [6, Theorem
2.2.3], F.M, is a left module over an Azumaya algebra of rank p*. Hence
(FiM,); ® k(z) is by [19, Théoréme 5.1 (i)] a left module over the algebra
of p" x p" matrices M (k(z)), where k(z) is an algebraic closure of k(z).
Therefore by Morita theory there is a finite dimensional k(z)-vector space V

such that (FyM,); ® k@) ~ k(@) @z V. where k2)" s the standard
left M ,n (k(z))-module. In particular rk ; (M,,) := dimy ;) ((Fx M), @k(z)) =
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dim@( (F«M,)); ® k(z)) is divisible by p". The first estimate of the theorem
follows. O

Remark 4.3.4 The first estimate was conjectured in [29, Conjecture 1].

5 The Brauer group and differential forms

Here we prove, in a first part, that the Azumaya algebra of differential operators
splits on the regular locus of the p-support of a holonomic D-module, for p
large enough. See Theorem 5.1.4.

In a second part, we recollect some facts of differential calculus in positive
characteristic. In particular, we consider the p-curvature exact sequence and a
map arising from it which sends 1-forms to the Brauer group. The image of the
canonical form is the class of the Azumaya algebra of differential operators.
In view of the first part of the section and for later use in the proof of our main
theorem, we describe its kernel.

5.1 Splittings of Azumaya algebras on the support of their modules

Let Y be a scheme and let A be an Azumaya algebraon Y. Since .4 is a coherent
Oy-module, it is a coherent Noetherian ring and a left .A-module is coherent
if and only if it is coherent as an Oy-module. Recall that an Azumaya algebra
A is said to split on Y if its class [.A] in the Brauer group Br(Y) of Y is trivial.

Let M be a coherent left .A-module and let z be the generic point of an
irreducible component of the support of the coherent Oy-module M. The next

proposition shows that the rank rk;(M) of M at z constrains the order of

Al oyeteg) in BT ) e9).

We first prove a lemma.

Lemma 5.1.1 Let Y be a scheme and let A be an Azumaya algebra of rank
r2 on Y. Suppose that A acts on the left on a locally free sheaf V of rank v.
Then r divides v = lr and [[A] = 0 in Br(Y).

Proof By hypothesis there is a morphism of Oy-algebras A — Endp, (V),
sending 1 to 1. It is injective by [16, Proposition 0.5.5.4] since the fiber of A
at each point of Y is a simple algebra by [19, Théoreme 5.1 (i)]. Therefore
one may view A as a subalgebra of Endp, (V) and in particular consider the
commutant ando w) (A) of Ain Endp, (V), which is a coherent subalgebra
of Endo, (V). By [1, Theorem 3.3], the natural morphism of Oy-algebras
A Qo Cﬁndoy (A — Endp, (V) is an isomorphism and andoy v (A)
is an Azumaya algebra on Y. Hence by the behaviour of ranks under tensor
products, andOY ) (A) is of constant rank / 2 such that v = [r. By definition
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of the Brauer group 0 = [Endp, (V)] = [A] + [andoy w)(A)]in Br(Y). The

lemma follows since for each Azumaya algebra B of rank n? on Y, n[B] = 0
in Br(Y) [19, §2] giving 0 = [[A] + l[andoy(V) (A)] =I[A]. O

Proposition 5.1.2 Suppose that Y is of finite type over a field K. Let A be an
Azumaya algebra of rank r*> on Y, let M be a coherent left A-module and let
z be the generic point of an irreducible component {z} of supp(M). Then r
divides tk, (M) = [,(M)r and

lZ(M)[A|(mred)reg] = O

in Br((z} “yes).

Proof Since the vector space M, ®k(z) is of dimension rk, (M) and acted upon
on the left by the rank > Azumaya algebra A, ® k(z), Lemma 5.1.1 implies
that rk, (M) = I,(M)r and I,(M)[A; ® k(z)] = 0 in Br(k(z)). Moreover
the restriction of A to the regular locus of the irreducible component satisfies
A, Qk(z) = (A|mred)z Rk(z) = (A| (@red)“,g)z ® k(z). The proposition then

follows from the canonical embedding Br((@red)’ ¢8¢) — Br(k(z)), see[30,
IV Corollary 2.6]. O

The following combines Proposition 5.1.2 with the second estimate of The-
orem 4.3.3.

Theorem 5.1.3 Let S be an integral scheme dominant and of finite type over
Z and let M be a coherent left DA'; /s-module. Let u be the generic point of
S. Suppose that M, is a nonzero holonomic left D AL -module. Then there is

a dense open subset U of S such that for each closed point u € U and each
z generic point of an irreducible component of p-supp(M,), the Azumaya

algebra F*DAZ(M) on T(XZ(W)/ splits on ({z_}red)r ¢,

Proof By Theorem 4.3.3 and using its notations, there is a dense open subset
U}, of S such that for each closed point u € Uj, and each z generic point of an
irreducible component of p-supp(M,), tk,(M,) < e(M,)p" where p is the
characteristic of the residue field k(«). Thus using Proposition 5.1.2 and its

notations, we have [,(M,) < e(M,) and lZ(Mu)[F*DAZ(u)|(ared)reg] = 0in

Br(({z) ““)8). Note that by definition /,(M,) # 0 and hence for u € U the
open dense subset of Uj, defined by inverting all the primes < e(M,), [;(M,)
and p" are coprime, that is there are integers a and b such that 1 = al,(M,,) +
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bp". Since FDyy s of rank p, p"[FyDy = 0 by [19, §2]

Z(u) |(mred)reg]
and the theorem follows from [ F, D A% | (mred)reg] = 1[F, DAZ(M) | (mred)mg]
= (lllz (Mu) + bp")[F*DAz(u) |(m’ed)reg]

. —red
= al: (M) FiDay | rei o)+ DP" [FiDiy | red = 0inBr(({z} “)res).

k@) " ({z} ) ' ({z) )reg]

As a corollary, we have the following.

Theorem 5.1.4 Let S be an integral scheme dominant and of finite type over
Z, let X be a smooth S-scheme of relative dimension n and let M be a coherent
left Dx;s-module. Suppose that the fiber of M at the generic point i of S is
a holonomic left Dx,-module. Then there is a dense open subset U of S such
that for each closed point u of U, the Azumaya algebra FyDx, on T;{, splits

on the regular locus of the p-support p-supp(M,) 8.

Proof 1If M, = 0, the theorem is trivial by Remark 2.3.2. We thus suppose
that M, does not vanish.

By the canonical injection of the Brauer group for the Zariski site (i.e.
the classes of Azumaya algebras which are Zariski-locally isomorphic to an
algebra of matrices) into the Zariski cohomology H>(Y, Oy) (119, 2.1,
the case i = 2 of Lemma 5.1.5 below implies that on a regular (Noetherian)
scheme for an Azumaya algebra to be split is a Zariski-local condition.

Therefore by Remark 2.3.1, one may further assume that S and X are regular

integral and affine and in particular that there is a closed immersion X i> AY
over S.

Let us specialize to a closed point u of positive characteristic p of S. Since
f,; is smooth by Lemma A.0.2, the description of p-supp(H O(f)+M,) given
in the proof of Proposition 2.4.1, of which we use the notations, implies that
p-supp(H"(fu)+ M) = (f)x o (f;)g" (p-supp(My)™“S).

By [5, Proposition 3.7], f;*(FyDx,) splits on fé_l(p—supp(Mu)reg) if
F, DAZ"(W splits on the regular locus of p-supp(H®(f,)+M,). Moreover the
pullback of Brauer classes f é* induces an injective morphism of Brauer groups
Br(p-supp(M,)"¢8) Br(fé_l(p—supp(Mu)reg)). Indeed f; Zariski-
locally admits a section by Lemma A.0.2 and, on the regular locus, being
split is Zariski-local as we explained above. So Fy Dy, splits on the regular
locus of p-supp(M,) if F*DA;:L(M) splits on p-supp(HO(f,)+M,) 8.

Finally, an Azumaya algebra splits on a regular Noetherian scheme if and
only if it splits on its irreducible components. Thus the theorem follows from
Theorem 5.1.3. O
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Lemma 5.1.5 Let Y be a noetherian scheme. If Y is locally factorial, i.e. its
local rings are UFD, then the Zariski cohomology H' (Y, Oy) = 0, for all
i>2.

Proof By definition of the sheaf Divy of Cartier divisors there is an exact
sequence of abelian sheaves 0 — Oy — Ky — Divy — 0 on Y, where
Ky is the sheaf of meromorphic functions and Oy — Ky is the natural
injection. If Y is locally factorial then it is the sum of its (finitely many)
irreducible components, each of which is integral, by [16, Proposition 4.5.5].

Hence if ¥; < Y is the open immersion of the i-th irreducible component,
then Ky = TI; f;, Ky . Moreover Ky is isomorphic to the constant sheaf

associated to k(y;)* for y; the generic point of ¥;. In particular IC; is flasque.
Since Divy is flasque by [18, Corollaire 21.6.11], IC;( — Divy is a flasque

right resolution of Oy, vanishing in degrees > 2. The result follows as sheaf
cohomology may be computed using flasque resolutions. |

5.2 The Brauer group via the p-curvature exact sequence

Let Y be a smooth scheme over a perfect field K of positive characteristic

p. LetY L ¥’ be the relative Frobenius morphism and let ¥’ MY be
-1

. C .
the projection. We denote by P, ., 2}, - Dicz H' (F:25) the Cartier
isomorphism, see [27, Theorem 7.2].

Definition 5.2.1 The Cartier operator is the composed morphism

fC
oy P ziFey S PH (e imerse of Gy P,
i€ i€’ i€’

where Zi(F*Q}) = ker(F*Q§/ FLd> F*Q’;rl) is the sheaf of closed i-forms
and 7 is the quotient morphism.

Recall that there is an exact sequence of étale sheaves on Y':

* F.dl
0= Gy > FGpy =% Rz @) =% @l 50 (520

where dlog(y) := dy/y for all local sections y of G,y and W* is induced
by the pullback on forms, see [24, Corollaire 0.2.1.18].

Definition 5.2.2 The exact sequence (5.2.1) is the p-curvature exact sequence

and the morphism F, Z! (£23) —> QL, is the p-curvature operator.
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The p-curvature exact sequence (5.2.1) decomposes into two short exact
sequences of étale sheaves on Y :

F.dlo
0— Gy R, Gy —% ImF. dlog -0 (5.2.2)
0 — coker F* =% gzl Y= ql, 0 (5.23)

Composing the coboundary morphisms of the corresponding étale coho-
mology long exact sequences, one deduces a morphism:

Wy : HO(Y', Qy) — H'(Y', coker F* = ImF,dlog) — H*(Y', G /vy’

Proposition 5.2.3 The morphism H°(Y’, Q%,,) i H?(Y, G myy') factors
uniquely through the canonical embedding Br(Y'), < H>*(Y', Gy,
where Br(Y'), is the kernel of multiplication by p in Br(Y").

Proof This is well-known. By construction Wy factors through
HO(Y', 2}, — coker HY(W* — Cy) — ker H*(F*) = H*(Y', Gy,

the end maps being the natural ones. Moreover by [23, Proposition 2.1], the
image of ker H>(F*) — H?(Y’, G u/y’) is the kernel H2(Y, Gpyyr)p of
multiplication by p, the latter being the image of the canonical embedding
Br(Y"), < H*(Y',G y). o

Definition 5.2.4 The morphism deduced from Proposition 5.2.3 is denoted
¢

HO®Y', QL) = Br(Y")).

Remark 5.2.5 Here is another description of ¢y, from [31, Remark 4.3]:

Leta € HO(Y', 2), then ¢y (@) = [s}(FyDy)] € Br(Y'), where Y’ %
Ty, is the section of T,/ Y’ corresponding to a.

The morphism ¢y depends functorially on Y:

Lemma 5.2.6 Let Z —f> Y be a K -morphism of smooth K -schemes, Z' L> Y’
its base-change by Frobenius and let o« € HO(Y', Q%,,). Then f™*¢y(a) =
b7 (™)), where f'* on the left (resp. on the right) is the pullback of
classes in the Brauer group (resp. pullback of forms) by f’.

Proof Set Dy := F,Dy and Dz := F,Dz. With the notations of the
“Appendix”, we have: By Remark 5.2.5, ¢z (( f*)*a) = [s*f/*)ada(Dz)].And

[s f/*)uda(DZ) [(f; 0 (Z xy $4))*(Dz)], since s pryaay = f;0Z Xy sq,
by Remark A.0.1. Moreover by [3, Proposition 3.7], [fd D=1 é*(Dy)].
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Hence [(f; o (Z Xy 5a))*(D2)] = [(Z xy sa)*f} (D2)] = (Z xy
sa)* 2" (Dy)] = [(f} 0 (Z Xy $a))*(Dy)] = [(sa © f/)*(Dy)]. using the
equality f, o (Z Xy sq¢) = sq o f’. Finally by Remark 5.2.5, the last term is
equal to f*¢y (), as stated. |

By construction ¢y factors through coker H 0(W* — Cy) and we denote the

resulting map by coker H*(W*—Cy) o, Br(Y"),. The following proposition
provides information on the kernel of ¢y.

Proposition 5.2.7 Suppose further that Y is affine. Then there is an exact
sequence, commuting with restriction to affine open subsets:

Pic(Y) — coker HY(W* — Cy) o, Br(Y"), — 0.

Proof This is a special case of [23, Corollary 1.7]. |
Let us now specialize to the case Y = Ty, with X is a smooth K-scheme.

Let X Ix X’ be the Frobenius morphism and X’ x, X the projection.

*

w
Remark 5.2.8 The pullback of forms W5 Q i( A Q k/ is an isomorphism and
induces an isomorphism 7' T,. We use this isomorphism to identify Ty
and T,
X/

We have the following description of the Brauer class of the algebra of
differential operators in terms of ¢ :

Proposition 5.2.9 Let 0x: be the canonical 1-form on Ty,, see Definition
A.0.3. Then ¢r:(Ox') is the class of the algebra of differential operators
Fx Dy in the Brauer group Br(Ty,).

Proof This follows from [31, Propositions 4.4 and 4.2]. (See also [5, Propo-
sition 3.11].) O

6 Lagrangianity

In this section, we complete the proof of Theorem 2.2.1.

6.1 Nice compactification of the p-supports

Here for p large enough, we show the existence of normal-crossings compact-
ifications of the regular locus of the p-supports which are well-behaved as p
varies. The poles of the canonical form at infinity of this nice compactification
have nice properties. This will allow us to transfer characteristic zero results
to p-supports.
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6.1.1 Poles

To fix notations, we first recall some definitions. Let S be a scheme, let Y be
a smooth S-scheme and let D C Y be a divisor with normal crossings relative

to S, defined by the invertible ideal sheaf /. Denote by Y <, Y the affine open

embedding complement to D. For an Oy-module F and n € Z, we let F(n D)
Qo (— .

denote 7 ®oy 7 7" We have ]*Q’;l/s = Un=o0 Q’"/ (nD), where QY/S

is the sheaf of relative differential forms of degree m on Y /S. Note that if S

is the spectrum of a field and when there is no risk of confusion, we will (and
have already) commit the abuse of notation to denote Q2 /s by QY.

Definition 6.1.1 A local section of j*Q’;}/S which is in Q% ; S(nD) is said to
have poles of order at most n along D.

We denote the logarithmic de Rham complex by (Q'? /s (logD), d), see [12,
II §3]. It is a subcomplex of j*(Q;/S, dy/s).

Definition 6.1.2 A local section of j, QY /s which is in Qg /S(logD) is said to
have logarithmic poles along D.

6.1.2 Hilbert scheme

Let us fix coordinates {x1, ..., x,} on A’%. They induce by base-change coordi-
nates {xl, ..., Xy}on A” and {x1, ..., Xy, Y1, ..., yn} Onits relative cotangent
space T A”’ for any scheme S. We thus have a filtration of OT* by the order

in{xg,...,Xu, Y1, .-, yu} and an open embedding T*'§ IP’%”, by the Rees

construction (Proposition 4.3.1). If S is the spectrum of a field K of positive
characteristic, we also deduce identifications of the base-change by Frobe-
nius (A%) = A% and T( ALy = TAT,}( . This embedding is the same as that
considered on page 20.

Let P € Q[X] be arational polynomial and let H := Hi le’;n be the Hilbert
scheme of }P’%” of index P, see [20, p. 17]. We let 2y C IPZ X spec(z) H be
the associated universal flat closed subscheme. The following definition is

convenient:

Definition 6.1.3 A (locally closed) subscheme S ¢> 'H is nice if

(1) & is irreducible and generically of characteristic O,
(2) Let Z be the restriction Z3;y Xy S of Z4 to S. There exists an open

] p—
U c 2" surjecting onto S and an open immersion U N T A” =YY
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such that ) is a smooth projective S-scheme and the complement A of j
is a divisor with normal crossings relative to S,

(3) Let u be the generic point of S. Then (d@Ag ly) = O if and only if
(@6 13), = 0.

(4) The restriction dQMS |y of the symplectic form d6,» to ) has logarithmic
poles along A if and only if there exists a closed point s € S such that the
fiber (dQA% |y)s has logarithmic poles along Aj;.

We may now state and prove the existence of compactification result.

Proposition 6.1.4 There exists a positive integer N such that 'H[#] has a
finite partition into nice subschemes.

Proof Let X — 'H be a subscheme. Denote P(X) the property that there
exists an integer Nx > 0 such that X [ﬁ] is empty or admits a partition into

nice subschemes of H. We have P(X) if and only if P(X”" edy holds. Let us
prove P(X) holds for all reduced closed subschemes X of H, by Noetherian
induction.

Let S < H be a reduced subscheme. By Noetherian induction, we assume
P(T) holds for all reduced closed subschemes T of S, distinct from S. Clearly
there is an integer N > 0 such that the irreducible components of § [%] have

all generic points of characteristic zero. If S [%] is empty then we have P(S).

We thus from now on assume that S [%] is not empty.

Let z € S[1/N] be the generic point of an irreducible component and let
Z, be the fiber of (Zy xx S[I/N])’ed at z. Then Z, C Pz") is a scheme
of finite type over the field of characteristic zero k(z). It is reduced by [18,
Proposition 8.7.2 a)] and hence contains an open dense smooth subset U C
Z,. By the resolution of singularities in characteristic zero, there is an open

immersion ¥ <> ¥ of the quasi-projective variety Y := U N T}, C Pk(z)
k(z)

into a smooth projective scheme Y over k(z) which is the complement of a
divisor D with normal crossings relative to k(z). Hence by [18, Théoréme
8.10.5 and Proposition 17.7.8], there are an open affine neighborhood 7  of
z, a non-empty smooth open subset i C (Zy x3; 7)"*? and an open 7 -

. . J =. S Lo
immersion N7, =:Y <> Y into a smooth projective 7 -scheme which is

the complement of a divisor D with normal crossings relative to 7. Moreover,
since smooth morphisms are open, 7 may be chosen such that I/ surjects on
7. Finally by [16, Proposition 2.1.9 (ii)] it can also be chosen to be integral
and hence irreducible, since S is reduced.

Let 0 be the restriction to ) of the canonical form 6y n /7 on Ty, .1t do

vanishes on the generic fiber )., then there is a dense open subset V c7T
above which d6 vanishes. If d6 does not vanish on the generic fiber of ), then
weset V =7T.
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Finally, there is a dense open subset W C V such that d6|y),, has logarith-
mic poles along D|w as soon as there is a fiber on which it has logarithmic
poles. Indeed there is a closed subset £ of V such that for all closed points
v € V, df|y, has logarithmic poles along D, if and only if v € L. We prove it
as follows. There is an integer m > 0 such that d6|y is a section of the locally

free (’)y—module SZ% /V(mD). Let us locally choose a basis {by,...,b;} of

2 ; : 2 2
Qy/v(mD) extending a bas1's {b1, ..., Dby} of Qy/y(logD) - Qj/v(mi?)
such that for each closed point v € V, the restriction {b1|y,, ..., bjly,} is
a basis of sz (mD,) extending a basis {b1|y,, ..., bily,} of sz (logDy).

That such a basis exists follows from the case of (A%, {x1...x, = 0},

which is immediate. Locally we thus have d6|y = E;:{ «;b; for some unique
sections ay, ..., a; of (’)y. Moreover its restriction d6|y, has logarithmic
poles along D, if and only if the restrictions a;41ly; , ..., &l vanish. Let

O C Y be the open complement of the closed subset of ) locally given by
{aj41 = -+ = a; = 0}. For each closed point v € V, we thus have that
d0|y, has logarithmic poles along D, if and only if O N YV, is empty, that is
v ¢ m(0), where 7 is the structure map Y — V.Butz(0)is open since 7 is
smooth and thus open. We have that £ is the complement of 7 (0).If L C V,
then we let W be the open complement V \ L. Otherwise we set W = V.
Thus we have found a nice non-empty open subset W C §. Since by Noethe-
rian induction we have P (S \ W), it follows immediately that we have P (S).
This concludes the proof of the proposition. O

6.2 Action of the p-curvature operator on the order of poles

Let  be a 1-form in the image of the p-curvature operator. Here we will show
that if n has poles of small order (i.e. < p — 1), then its exterior derivative
dn has at most simple poles and hence has logarithmic poles. The following
definition is convenient.

Definition 6.2.1 Let D be a divisor in a smooth variety X over a field K.
Etale coordinates {xy,...,x,} : Vx — A% in the neighbourhood V, of a
point x € X are D-good, or good if there is no risk of confusion, if there is
O<r<nsuchthat DNV, = {x1...x, =0}.

Thus D C X has normal crossings if and only if X has an étale covering 7
admitting 77 ~!(D)-good étale coordinates in the neighbourhood of each of its
points.

Throughout this subsection, ¥ will denote a smooth variety over a perfect
field K of positive characteristic p and D C Y a normal crossings divisor of

open complement Y < Y. As above, we use ’ to denote the base-change by
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the Frobenius automorphism of K. Recall Definition 5.2.2 of the p-curvature
W*—Cy

operator F,Z I (Qy) —— Q;,. Here is the main result of the subsection:

Proposition 6.2.2 Let Zm(W* — Cy) be the image of abelian sheaves for the
Zariski topology and let I be the intersection of the subsheaves QIY/ ((p—1)D")

and j.Im(W* — Cy) of j.2%,. Then d(Z) C 92? (logD").

Proof The assertion is étale local on Y. Hence by definition of divisor with
normal crossings, we may and do assume that there are good étale coordinates
in the neighbourhood of every point of Y. In this situation, let us prove that
ICj.B'Qy,+ 5217 (logD"), with B'Q$, the exact 1-forms. This immediately
implies the proposition.

Let 1 be alocal section of Z. By Lemma 6.2.4, we may assume that locally,
there is a local section p € j.F,Z! (22%) such that n = j,(W* — Cy)p. More-
over, by p*1 -linearity of the Cartier operator Cy, see [24, Lemme 0.2.5.4], p
has poles of order at most p — 1 along D.

Hence by Lemma 6.2.3, p is locally a sum of an exact form and a closed form
with logarithmic poles along D. The proposition follows since, by [27, (7.2.4)
of Theorem 7.2], the Cartier operator Cy preserves forms with logarithmic
poles. |

Lemma 6.2.3 Suppose that there are D-good étale coordinates in the neigh-
bourhood of each point of Y. Then there is an inclusion of quasi-coherent
subsheaves of j,FiQ):

JLZN(F.Q5) N F.QL((p — 1)D) C jLB'(F.Q}) + Z' (F.Q3(log D)),

where BI(F*Q;,) = Im(F,Oy —F—*i F*SZ;,) and ZI(F*Q'?(logD)) =

ker(F.QL(logD) =% F.Q2(logD)).

Proof The assertion being local, we may assume that we have global good étale

. X7 { 5555 ll} . .
coordinates Y Sty A’I’(. Moreover it is clear that the lemma reduces to

Y = A% by pullback. So we may assume that (Y,D) = (A%, {y1...y, =0}
for some 0 < r < n, where {yy, ..., y,} are coordinates on A’I’{.

The coordinates induce a splitting of the canonical short exact sequence

C .

0 — BY(F.Q}) — ZU(F.Q}) — Q) — 0byQl, LN Z'(F,Q}), sending
alocal section ) !, a;jdy; to 8}, aidy;) =Y \_, aipyip_ldyi, where we
have identified A%, and its base-change by Frobenius using the coordinates.
Applying j, we get that a local section p of j,Z!(F.Q$) may uniquely be
written as a sum p = pp + p., where pp, is a local section of j;B1 (Fx23), and
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Pe = Zl 1 a; yp dy,, with {ay, ..., a,} uniquely determined local sections
of j,Oy.

Let us show that if p is a local section of j;Zl(F*Q;,) N F>,<Ql ((p—1)D),
then p, is a local section of Z! (F, Q% (logD)) This implies the lemma. First
one sees immediately by a computation in coordinates that if p. has poles of
order at most p — 1, then it actually has poles of order at most 1. Thus it has
logarithmic poles along D, since it is closed.

We conclude the proof by showing that if p has poles of order at most
p — 1, then so does p. (and hence pp). Set h := yi...y.. We claim that
(h"*p)e = h"pc, foralln > 0, where the multiplication by A" denotes here the
action on Ql Since for all local sections & of ]*Z (F25), &c = j,80j,Cy (&)
and j.8 o ]*C y preserves regular forms (i.e. forms havmg poles of order at
most 0 along D), the claim indeed implies the assertion. But the claim is easily
checked by adjoining to the domain O(Y) all the p-th roots of its elements.
Indeed the composition of the p~!-linear morphism J+Cy and the p-linear
morphism j.§ is linear. o
Lemma 6.2.4 Let X be a smooth variety over a perfect field K of positive
characteristic p and let D C X be a normal crossings divisor of open
complement X <y X. Then the canonical inclusion Tm (Ji(W* — Cx)) —

JxIm(W* — Cx) is an isomorphism.

Proof The p-curvature exact sequence of abelian sheaves on X’ for the
Fidlog w* CX

Zariski topology 0 — 0%, > F,03% =2% 7(F.Q%) —% Q!

see [24, Corollaire 0.2.1.18], breaks into two short exact sequences: 0 —
Fydl

coker F* =% 71 (F,Q8) L5 Tmn(wr—Cx) — 0and0 — 03, >

F.Og — coker F* — 0. The long exact sequence for Rj;, of the former:

! Fydl iL(W*—C
0 jl coker F* 2D 1 71 p sy 270

jr coker F* —

JLIm(W* — Cx)— R!

implies that the lemma follows from the vanishing of R! j/ coker F*.
This in turn would follow from the vanishing of R' Ji(F,O%)and R2 (’);, ,
by the long exact sequence for R, of the other short exact sequence:

L0k — R'j(F.0%) — R'j,coker F* — R%*j. O, —
But the direct image F, preserves flasque sheaves and is exact, since F is
a homeomorphism. Hence by [21, III Corollary 8.3], R?F,(G) = 0 for all

abelian sheaves G and all ¢ > 0. Thus R! j.(F.O%) = R'(j, o F)(Oy) =
RY(Fy 0 j)(O3) = FyR'j.(O%). We have therefore shown that the Lemma
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is implied by the vanishing of R!j,(O5) and R? J+Oyx,. This follows from
Lemma 6.2.5 below, since smooth schemes are locally factorial. O

Lemma 6.2.5 Let U <> Y be an open immersion. Suppose that Y is a locally
factorial Noetherian scheme. Then R4 j,(O(;) = 0, for all ¢ > 0.

Proof By [21, Proposition 8.1 of Chapter III], R j,(O})) is the abelian sheaf
associated to the presheaf V > HY(U NV, O}y ), forall V openin Y. But
by Lemma5.1.5, HI(UNV,O},) = 0forallg > 2. Thus RY j,(O})) = 0,
forall g > 2.

For g = 1, R! Jj«(Of)) is the abelian sheaf associated to the presheaf
of Picard groups: V +— Pic(U N V), for all V open in Y. Let Lyny €
Pic(U N'V). By [18, Corollaire 21.6.11], it extends to an invertible sheaf
Ly € Pic(V). Hence Lyny is trivial on the restriction to U of an open cov-
ering of V trivializing Ly . Thus the corresponding section of the associated
sheaf R! j*((’)g) vanishes locally, hence is 0. This implies that R' j*((’)lxj)
vanishes. |

6.3 Conclusion

We now combine most of the results above to prove our main theorem.

Proof of Theorem 2.2.1 By Theorem 3.1.1, there is a dense open subset U
of S such that p-supp(M,,) is equidimensional of dimension 7, for all closed
points u of Uj.

By Proposition 2.4.1, we may assume that X /S = A'G/S. Thus by Theorem
5.1.3, there is a dense open subset U of U; such that the Azumaya algebra
Fy DAZ(M) splits on the regular locus of each irreducible component of the p-
support of M, for every closed point u of U,. Let 6, = Q(AZ(N’ / Spec k(i)

be the canonical form on 7%, .
(Ak(u))
locus Z,°® of an irreducible component Z,, of p-supp(M,,) is in the image

of the p-curvature operator Zm(W* — C Z,’fg)’ where we have identified Z,®

Then the restriction of 6, to the regular

with Z,°® ,, as k(u) is perfect. This follows from the description of ker ¢y in
Proposition 5.2.7, since ¢T§n (6,) is the class of F.D AL in the Brauer group

k(u

by Proposition 5.2.9 and d)y(i)s commutes with the pullback by Lemma 5.2.6.

By Theorem 4.3.3 and using its notations, there are a dense open subset U3
of U and an integer e > 0 such that for all closed points u of Uz, the degree
of each irreducible component Z,, of the p-support of M, is not larger than
e. Hence the Hilbert polynomial of Z, belongs to a finite set {Py, ..., P},
independent of u. Indeed the Hilbert polynomial of Z, is the same as that
of Zy XSpeck(u) Specm for an algebraic closure k(u) of the residue field

@ Springer



812 T. Bitoun

k(u). We can then conclude using Chow coordinates, see [20, Lemme 2.4 and
Théoreme 2.1(b)]. Moreover by Proposition 6.1.4, there is an integer N > 0

such that the localization [ [;Z] Hi lb]%n[%] of the Hilbert scheme of index
{P1, ..., P} has a finite partition into nice subschemes, see Definition 6.1.3.

Hence, in particular, there are a dense open subset Us of Uz and an integer
N’ > 0 satisfying the following. For all closed points u of Uy, each irreducible
component Z,, of the p-support of M, has a smooth dense open subset ¥,, C

Z, embedding as an open into a smooth projective variety Y, 2y Y, with
complement a divisor D,, with normal crossings. Moreover the restriction of
the canonical form 6, |y, has poles of order at most N’ along D,,.

Hence by further inverting a positive integer, there exists an open dense
subset Us of Uy such that for all closed points u of Us, 6y, has poles of order
at most p, — 1 along D,, where p, is the characteristic of k(u). Thus since
0.y, is in the image of the p-curvature operator, Proposition 6.2.2 implies that
its exterior derivative d6, |y, has logarithmic poles along D,,.

By construction of Y,, there are an irreducible Us-scheme H generically
of characteristic zero, a smooth projective H-scheme Y and a divisor A of Y
with normal crossings relative to H such that the complement ¥ := Y — A

is identified with an open in T, . And if we denote by Y < Y the open
H

embedding, there is a closed point ¢ of H such that j, (resp. 8,|y,) is the
specialization of j (resp. QAZ /H1y) att. By point (4) of the definition of nice
subscheme, the above implies that dOA'L /|y has logarithmic poles along A.
Hence so does its restriction dGAZm ly, to the fiber at the generic point y of

H. Clearly, being globally exact, the class of the symplectic form d@AZm ly,
vanishes in the hypercohomology of the de Rham complex (j, *Q;,V, Jy ).
But since the residue field of y is of characteristic zero, the canonical inclusion
of complexes Qﬁ(l 0gAy) C Jjy *Q;y is a quasi-isomorphism by [13, Propo-
sition 3.1.8]. Hence the class of deAZ(m ly, vanishes in the hypercohomology
of the logarithmic de Rham complex, as well. Thus by the degeneracy at E of
the logarithmic Hodge to de Rham spectral sequence ([13, Corollaire 3.2.13
(i1) and Corollaire 3.2.14]), dQAZ(y) ly, = 0. Therefore by point (3) of the defi-
nition of nice subscheme, d» /7|y = 0. It follows directly that for all closed
points u of Us, d6y|y, = 0. This concludes the proof of the theorem. O

Let us explain how our results imply the involutivity of the singular support
of a holonomic D-module M. The latter is an important special case of the
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involutivity of the singular support of an arbitrary nonzero coherent D-module,
which was originally proved in [26]. A purely algebraic proof was later given
in [15].

Corollary 6.3.1 Let Y be a smooth variety over a field L of characteristic zero
and let M be a nonzero holonomic left Dy-module. Then the singular support
of M is a Lagrangian subvariety of (T, wy).

Proof The corollary immediately reduces to an equidimensional and affine Y.
One proves that the singular support is equidimensional of dimension dim Y by
the methods of Sect. 3, purely in characteristic zero, see e.g. [8, A:IV Theorem
5.2].

Let us now show that the symplectic form wy vanishes on the regular locus
of the singular support SS(M). Consider a spreading out (X, N) of (Y, M).
Namely, there are a finitely generated subring A C L, a smooth affine scheme
X over § := Spec(A) and a coherent left Dx,s-module N such that, for i the
generic point of S, there are compatible isomorphisms L ®g,) X, = Y and
L Qi) N = M. Let us define the closed subset SS(N) C Ty g to be the

support of the associated graded gr'’ N, where I' is a good filtration of N, see
Definition 3.3.1. As usual the subset SS(N) does not depend on the choice of
good filtration of N. We claim that there is a dense open subset $* of S such
that, for all closed points u of S*, the symplectic form wy, vanishes on the
regular locus of the fiber SS(N), of SS(N). Since SS(M) = L&) SS(N),.,
the corollary follows from the claim.

By generic freeness of gr' N on S, there is a dense open subset S; of S
such that the fiber I';, of I is a good filtration and SS(N), = SS(N,), for
all closed points u of S;. Moreover it is clear that Lemma 4.2.6 and its proof
generalize to the Bernstein filtration replaced by the filtration by the order
of differential operators, and AZ(M) replaced by X,. Thus (4.2.1) gives an
isomorphism ofgrq’Z(DXu)-modules gr (grq’(F“)r*Nu) o~ F*ng“ N,, where
® is the filtration induced by the order of differential operators on the center
Z(Dyx,) of Dy, and we have used the notations of the proof of Lemma 4.2.6.
In addition, we have that the symplectic form wy, vanishes on the regular
locus of the support of gr' N, if and only if w x;, vanishes on the regular locus
of the support of F,gr'«N,. Indeed these regular loci and symplectic forms
are mapped to one another by the projection map T}, — T;("u, which is an
isomorphism since k(u) is perfect. Hence the symplegtic form wy, vanishes
on the regular locus of the support of gr'« N, if and only if wy vanishes on
the regular locus T, ¢ of the support T;, of gr(b(ru)r*Nu.

But using the Rees module with respect to @, we see that 7, is the reduced
scheme associated to the fiber at the origin of a flat A!-scheme of generic
fiber isomorphic to the p-support of N,. And by Theorem 2.2.1, there is a
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dense open subset S, of S| such that the p-support of N, is Lagrangian, for
all closed points u of S,. Thus the claim would follow if the reduced scheme
associated to the fiber at the origin of a flat A!-scheme of Lagrangian generic
fiber was Lagrangian. This is not in general true in positive characteristic. In
our case however, the proof reduces to the case X,, = A" and we may use
Theorem 4.3.3. Hence there is a dense open subset S3 of S»> such that for all
closed u € S3, the generic fiber of the A!-scheme is Lagrangian and of degree
bounded independently of u € S3 (for the projective embedding of Theorem
4.3.3). We may thus use the Hilbert scheme to conclude that there is an integer
[ > Osuch thatforall u € §* := S3[%], the assertion that the reduced scheme
associated to the fiber at the origin of the above A!-scheme is Lagrangian,
follows from the case of characteristic zero. But the latter is a special case of
Lemma 6.3.2 below, applied to the symplectic form. This concludes the proof
of the claim and thus of the corollary. O

Lemma 6.3.2 Let S be an integral scheme over a field L of characteristic
0. Let 9 be a smooth S-scheme, let Z C I be a subscheme which is a
reduced, flat and surjective S-scheme of relative dimension d, and let a be a
relative differential form on 9 over S. Assume that the restriction of « to the
smooth locus of the generic fibre of Z vanishes and that S is the spectrum of
a Dedekind ring. Then the restriction of a to the smooth locus of the reduced
scheme associated to every closed fibre of Z vanishes.

Proof We will reduce the proof to the case of a smooth Z, which is immediate.
Indeed if Z is smooth over S, the points s of the base S such that the restriction
of o vanishes on the fibre Z; form a closed subset V,, C S. Since the generic
point of S belongs to V,, by hypothesis, we have V,, = S, which is what we
wanted to prove.

By the Reduced Fibre Theorem [32, Theorem 09IL], there is an integral

affine scheme 7" and a finite surjective morphism 7’ 4 S, such thatif we denote

by Z7 the base-change of Z with respectto ¢, and Y 2 Z 7 the normalization,
then the smooth locus U of Y over T is dense in all the fibres of Y over T.
Note that since the normalization morphism is finite and surjective, Y is a

T-scheme of relative dimension d. Let Z7 i Z be the projection morphism.
For each s € S, we have morphisms between the reduced schemes associated

J (Vs)re (Bs)re
to the fibres U¢—1(s) — (Y¢—1(s))red —d) ((ZT)¢—1(S))red —d> (Zs)red’

such that (vg),eq and (Bs)req are finite and surjective. Thus, in particular, the
composition ¥ := (Bs)red © (Vs)req © j is dominant.

We will use the following claim: Let ) £, Z be afinite morphism between
schemes of pure dimension d. If V is a dense open subset of Z, then g~ (V)
is a dense open subset of ). Indeed if the open complement W of the closure
g~ (V) of g_1 (V) in ) is not empty then it is of dimension d. But it maps to
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the complement of V in Z, which is of dimension < d. This is not possible
since g is finite. Thus W is empty and g~' (V) is a dense open subset of .
By generic smoothness on the target applied to i, there is a dense open
subset U of (Zg)req such that the restriction of ¥ to I/ is smooth. Moreover,
by the claim applied to (Bs)req © (Vs)rea, We have that the inverse image
vlun (Zs);y.;) of the dense open subset U N (Z);7, of the smooth locus
(Zs)", of (Zg)req is dense in Uy-1(5)- Thus the restriction of « to (Z; i
vanishes if and only if its restriction to Uy-1(,) vanishes. Hence the lemma

follows from the smooth case, applied to U and the restriction of @ to U. O
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Appendix A: Symplectic geometry of the cotangent space

Let S be a scheme and let Y be a smooth S-scheme of relative dimension
n. Recall that the cotangent space of Y /S is the Y-scheme T /s Dy =
V((Q}/s)*) = Specy (Symo, (Q;/S)*) and hence that the sheaf of germs of
Y -sections of T;/S/Y is canonically identified with Q;/S, see [17, (1.7.9)].
Moreover Ty /s is a smooth Y-scheme of relative dimension n by [18, Propo-
sition 17.3.8], smooth of relative dimension 2n as an S-scheme. We use the
notation 7Ty’ (instead of Ty / ) When there is no risk of confusion, for example
when S is the spectrum of a field. For f : X — Y a S-morphism of smooth

S-schemes, the pullback of differentials Q}(/S <f— f*Q;/S (18, 16.4.3.6])

gives rise to the X-morphism 7'y /s ﬂ X xyTy /s called the cotangent map.

It is part of the cotangent diagram of f :
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(f)a
T}’;/S ~— X xy T{,"/S

lmn

Ty)s

where (f) is the canonical projection.

Remark A.0.1 Let U C Y be an open subset, it follows directly from the defi-
nitions that if s, is the section of T;f/S/U corresponding to @ € I'(U, Q%,/S),

then (f)g o (X Xy sq) corresponds to (f*)adoz € F(f_l(U), Q}(/S), where

syad
f*Q}(/s I Q%,/S is adjoint to f*.

We have the

Lemma A.0.2 If f : X — Y is an immersion (resp. a closed immersion)
then (f)q is smooth and surjective and (f)x is an immersion (resp. a closed
immersion). Moreover ( f)g admits a section locally on X.

Proof The morphism (f),; is smooth and surjective by [18, Proposition
17.2.5], [17, Proposition 1.7.11 (iii)], [18, Proposition 17.3.8] and stability
under base-change of surjective smooth morphisms. We have that ( f) is an
immersion (resp. a closed immersion) by [16, Proposition 4.3.1 (i)]. Finally,
local sections of the locally split “conormal” short exact sequence of [18,
Proposition 17.2.5] induce local sections of ()4, by [17, Proposition 1.7.11

®]. O

Definition A.0.3 The canonical global S-relative 1-form 6y 5 on the cotangent
space of Y/S is the relative 1-form corresponding to the section

T* AT)’E/S/Y T* T* (Py)d *
y/s — > Llyys Xy lyys —— Tys/S

Prx
" Y/S . .
of the cotangent space T, 4 /S —> Ty /5 where ATy*/S /v 1s the diagonal of
* Py
TY/S — Y.

Let {y1, ..., y,} be local étale coordinates on Y. In terms of the associated
local étale coordinates {y, ..., yu; &1,...,&,} on T;‘/S, where {&1, ..., &,}

are dual to {dy1, ..., dyn},0y/s = Y ;] &dyi. Note that the formation of the
canonical form commutes with base-change S — S and is compatible with
the cotangent diagram, the latter in the sense that (/)% 0y,s = (f)}0x/s.

If S is the spectrum of a field k, then we omit the base S from the notations.
Let Q be a smooth k-scheme of pure dimension 7.
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Definition A.0.4 The nondegenerate global exact 2-form wg = dfp on Té
is called the symplectic form.

Definition A.0.5 A subvariety X < Té is said to be a Lagrangian subvariety
of (T}, wp) if it contains a dense open U C X on which the symplectic
form vanishes, (i*wp)|U = 0 and if at each of its points x it is of dimension
n=dimyQ.

Let us finally note the

Lemma A.0.6 Let f : X — Y be an immersion of smooth k-schemes and let

Zy < Ty and Zx SN Ty be reduced subschemes. Suppose that (f); 1Zy =

(f);lZX and that (f);lZy (fl> Zy is surjective. Then wy vanishes on a

dense open subset of Zy if and only if wx vanishes on a dense open subset of
Zx.

Proof Note that by Lemma A.0.2, (f)q4lzy, 1s smooth and surjective and
(f)rlzy 1s an immersion. Since by hypothesis (f)r|z, is surjective, it is a
nilimmersion. Hence, Zy being reduced, an isomorphism. Moreover by [18,
Proposition 17.2.3 (ii)], [10, §7 n°2 Proposition 4] and flatness of smooth

morphisms, the pullback of forms (f)} : QZZL . fo)?zxi is injective

for all z = (f)4(2). Since (f)zwy = (fljox as (f)z0y = (f);0x, and

(Halzy) o (Hxlzy) " as well as ((f)xlzy) o ((f)alzy) " preserve open
dense subsets, the lemma follows. O
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