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Cartier isomorphism

Arthur Ogus

ABSTRACT

Let X/S be a smooth morphism of schemes in characteristic p and let (E,V) be a sheaf
of Ox-modules with integrable connection on X. We give a formula for the cohomology
sheaves of the de Rham complex of (F, V) in terms of a Higgs complex constructed from
the p-curvature of (E, V). This formula generalizes the classical Cartier isomorphism, with
which it agrees when (F, V) is the constant connection.

1. Introduction

1.1

Let X/C be a smooth scheme over the complex numbers with associated analytic space X?2"
and let (E,V) be a coherent sheaf with integrable connection on X/C. Then EV := (Ker V%)
is a locally constant sheaf of finite-dimensional C-vector spaces on X' and the canonical map
EY ®c Oxan — E* is an isomorphism. Moreover, the de Rham complex E ® 0 /C of F'is a

resolution of EV on X2": that is,

EV ifi=0,

1.1.1
0 ifi > 0. ( )

HI(E™ & Q) = {

If X/C is proper, or more generally if (E,V) has regular singularities at infinity [Del70], the
above formula has an algebraic analog which computes the de Rham cohomology sheaves of (E, V)
in the Zariski topology. Let o be the canonical map from X*" to X. The comparison theorems of
Grothendieck [Gro66] and Deligne [Del70] provide canonical isomorphisms

H(E® Qy)c) = Ra.(EY) (1.1.2)
for all 7. In fact, if U is any open subset of X, there is a canonical isomorphism
H'(U,E @ Qy)c) = H(U™, EY).
Here the term on the left is the hypercohomology of the de Rham complex of Ej; if U is affine this
is computed simply by taking the cohomology of the complex of global sections of €2 /c
1.2

Our goal in this paper is to explain an analog of Equation (1.1.2) in positive characteristics.
Let f: X — S be a smooth morphism of schemes in characteristic p, and let (E, V) be a sheaf of
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Ox-modules with integrable connection on X/S. Consider the usual Frobenius diagram,

Fx,s -

X X' X

(1.2.1)

F
§——=g
in which the square is Cartesian and 7o Fy/g is the absolute Frobenius endomorphism Fy of X.
The relative Frobenius morphism Fx /g in this diagram is a homeomorphism, and the boundary
maps of the complex Fx/g,(F® QY / g) are Oy -linear. Thus

Fx/sM'(E ® Qy5) = H (Fxys:(E @ Qx/s)),

and these sheaves, which we identify and denote simply by HER(E , V), are naturally Ox/-modules.
When (E,V) is the constant connection (Ox,d), they are calculated by the Cartier isomorphism
[Kat70, 7.2]:

Cx/s - Vxrys = Hpr(Ox, d). (1.2.2)

A similar formula holds if the p-curvature of (E,V) (whose definition we shall recall below) is
zero. The p-curvature vanishes if and only if the natural map F§ /SEV — F is an isomorphism
[Kat70, § 5]. Then the de Rham complex of (F,V) can be identified with EY ® FX/S*Q'X/S,

since Fx/s.0% /s is a complex of flat Oxs modules whose cohomology sheaves are also flat, the
natural map

and,

EY @ Q% s = EY @ H'(Fx5.8,s) = H(EY ® Fx/5,.8y/s)
is an isomorphism.

We shall give a formula for the de Rham cohomology sheaves of an arbitrary module with
integrable connection which generalizes the Cartier isomorphisms above. The formula in the general
case depends, of course, on the p-curvature [Kat70, 7.2]. Recall that if D is a derivation of Ox
over S, so is its pth iterate D), and the p-curvature ¢ of V is the Ox-linear map ¢ : E —
E® F)*(/S(Q;,/S) characterized by the formula (¢(e),1 ® D) = V¥, (e) — V) () for every section
e of E and every derivation D. It turns out that this map satisfies the integrability condition in the
theory of Higgs fields [Sim92], and so iteration of 1) forms a complex

. P * (4 *
K (B ) = E—=E®Fy o(Qy/q) — Fy/5(Q)5) —=--- . (1.2.3)

Endow each term in this complex with the tensor product connection, using the given connection V
on E and the Frobenius descent connection id ® d on F'§ / S(Qg(, / 5). We shall see that the boundary
maps in the K" (E, 1)) are compatible with these connections, and hence that the cohomology sheaves
pr(E , V) inherit a connection as well. Our generalization of Cartier’s result asserts that for every ¢
there is a natural isomorphism

HL(E, V)Y = Hpr(E, V). (1.2.4)
This is evident when ¢ = 0, and the general case follows easily when properly formulated.

Let MIC(X/S) denote the abelian category whose objects are the sheaves of Ox-modules
endowed with an integrable connection V and whose morphisms are morphisms of O x-modules com-
patible with the connections. For each i, Hiy and prv are functors from the category MIC(X/S5)
to the category of Ox/-modules. As it turns out, it will be a little more convenient to work with
—1) instead of 1; of course, the functors H"_Vd) and ’ny are isomorphic.
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THEOREM 1.2.1. The sequences {Hiy : i € N} and {Hi_vlp : 4 € N} form cohomological O-functors
[Gro57] from the abelian category MIC(X/S) to the category of Ox/-modules. Moreover, there is
a unique isomorphism of cohomological O-functors
1 .V .
CX/S wa — HDR

which agrees with (1.2.4) in degree zero. In particular, if (E,V) is an object of MIC(X/S), there is
a canonical isomorphism of Ox/-modules

CX}S Z—'zj)(E? v)v = H%)R(E7 v)

To compare the isomorphism in Theorem 1.2.1 with the Cartier isomorphism (1.2.2), take (£, V)
to be (Ox,d). Since 1) = 0, Hi_w(E, V) is just FX/SQX//S, and so H% (E, V)V Q%,/S. We shall
verify that, thanks to the choice of the sign, the isomorphism we construct in the above theorem
agrees with the usual Cartier isomorphism C’ X/$ in this case. Note that there is a natural isomor-
phism of complexes:

B E® Ff 50 ) v FP(0 Sy —

id —id id

—v * —v *
E E® Fy5(Qx /) F5)s(Q%)g) — -

Thus, had we used 1 in place of —, we would have obtained (—1)° times the usual Cartier
isomorphism in degree 1.

1.3

Theorem 1.2.1 is very suggestive of Simpson’s non-abelian Hodge theory [Sim92] for a smooth
projective variety X over the complex numbers. Simpson associates to each irreducible object in
MIC(X/C) a new holomorphic sheaf £’ with a Higgs field § : E' — E' ® Q% /¢ and constructs a
(transcendental) quasi-isomorphism between the de Rham complex of (F, V) and the Higgs complex
of (E’, ). Our result can be viewed as a sheaf-theoretic analog of this quasi-isomorphism.

Theorem 1.2.1 is also related to the following striking formula of Barannikov and Kontsevich
[Sab99]. Let X/C be quasi-projective and smooth, suppose f € Ox(X) defines a proper morphism
to the affine line, and let V be the connection on Ox sending 1 to df. Then the hypercohomologies
of the Higgs complex (K (Ox),df) and of the de Rham complex (Ox,V) have the same finite
dimension in every degree. Recall that, in characteristic p, the p-curvature of the connection on Ox
sending 1 to a closed 1-form w is given by (1) = FYs (7r*w —Cx/s(w)) [Kat72, 7.22]. In particular,
if w = df, where f € Ox(X), then C(w) =0, (1) = /S7r *(df), and the p-curvature complex is
the pullback by F'x of the complex

Ad
K (Ox,df) = OX—>QX/s—f>"‘ :

If f has isolated critical points, one can deduce from Theorem 1.2.1 that the cohomologies of the
Higgs complex K (Ox,df) and the de Rham complex of (Ox, V) have the same dimension, as in
the theorem of Barannikov and Kontsevich.

1.4

Our proof of Theorem 1.2.1 is quite simple. We show that, for i > 0, Hﬁz and H%R are effaceable.
Then the theorem follows from the universality of effaceable cohomological J-functors [Gro57].
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In fact, since the category of Ox-modules with connection has enough injectives, both families can
be viewed as the right derived functors of the same functor. We actually present two versions of
the proof, first in the classical case, and then in the context of connections with log poles, or, more
generally, connections on log schemes. This presents some technical and conceptual difficulties,
since the theory of Frobenius descent is not so straightforward in this case. Finally, we give an
explicit formula for the isomorphism in terms of local coordinates, as well as a few consequences.
The appendix gives a formula for the action of p-curvature on divided powers.

2. Higgs complexes and effaceability
2.1

For the convenience of the reader, we recall from [Sim92] some basic facts about Higgs fields and
Higgs cohomology. Throughout this paper we will allow ourselves the following abuse of notation:

if E' is a sheaf on a space X, we write e € E/ to mean that e is a section of F over some open subset
of X.

Let © be a locally free sheaf of finite rank on a scheme X, let T" be its dual, and let £ be any
sheaf of Ox-modules. Then the natural map

Homop, (E, E ® Q) — Homp, (T, Endp, (E))

is an isomorphism. If ¢ : £ — E®) and t is a local section of T', we denote by ¢; the corresponding
section of Endp, (E). For each i > 0, let Q% := A'Q), and define ¢* by the diagram

;oeid ;
E®Q EFEoQ®0

DEFINITION 2.1.1. Let Q be a locally free sheaf on a scheme X, let T' be its dual, and let E be
a sheaf of Ox-modules. A T-Higgs field on E is an Ox-linear map ¢ : F — E ® € such that the
composite of ¢ with the map ¢! : E® Q — E ® A%Q induced by ¢ vanishes. If this is the case,
@' o ¢'~1 =0 for all i, and the sequence of maps

1
K(E¢) =E—>EoQ-2~EFgA20—

defines a complex, called the Higgs complex of (E,$). The Higgs cohomology of (E,¢) is the
cohomology of this Higgs complex.

Giving a T-Higgs field ¢ on E is equivalent to giving an action of the symmetric algebra S™T
of T on F, compatibly with its given structure of an Ox-module. Let E; denote this S"T-module.
If t. := (t1,...,t,) is a basis for T, then the Higgs complex of (F,¢) can be identified with the
Koszul complex K'(¢., Ey) of E4 with respect to the corresponding sequence ¢. of endomorphisms
of E¢.

Remark 2.1.2. When FE is quasi-coherent, one can give a geometric interpretation of the Higgs
complex of a T-Higgs sheaf (E, ¢) in the following way. Let VI™ := Spec ST, let 7 : VI™* — X
be the canonical projection, and let ¢ : X — VT™ be the zero section. Let E’¢ denote the sheaf
of Oyr+-modules corresponding to (E,¢). Then there are canonical isomorphisms in the derived
category of sheaves of Ox-modules:

K'(E,¢) = Ri'Ey = Li* Eg[—n] @ Q™. (2.1.2)
148
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To see this, let us recall the coordinate free construction of the Koszul complex from [Ber71].
The canonical map u : 7T — Oy« can be viewed as a section of 72, and multiplication by (—1)"
times this section in the exterior algebra defines a complex of Oy p+-modules:

K (u) :== Oy — 7Q — 0% — QR
Here n is the rank of Q, and the complex lives in degrees [—n, 0]. This complex gives a locally free
resolution of the sheaf 7,Q™. Hence
N L - L -
K(u) ®E¢ = i*Qn & Ed’ >~ Q" ®i*0X & Ed’
= Li*(By @ 7 Q") = Li*(Ey) @ Q™.
But the Higgs complex K (F,¢) = K (u) @ Ey[—n]. Similarly,
Ri'(E4) = RHom(i,Ox, Eg) = Hom(K (u), Ey) @ 7°Q" = K'(E, ¢),
where the last isomorphism is induced by the pairing Q27 @ Q"~7 — Q.

2.2

The following result is a simple analog for Higgs fields of the construction of the Gauss—Manin
connection by Katz and Oda [Kat72, 1.4]. We continue with the previous notation: X is a scheme,
T a locally free sheaf of Ox-modules of rank n, €2 its dual, and E a sheaf of Ox-modules.

PROPOSITION 2.2.1. Let ¢ be a T-Higgs field on E, and let 0 — Q" — Q — Q" — 0 be an exact
sequence of locally free Ox-modules of finite type. Let ¢" : E — E ® Q" be the composition of ¢
with the projection E ® Q — E ® Q. Then each Higgs cohomology sheaf H'(E,¢") is equipped
with a Higgs field ¢/ with values in €V, and there is a spectral sequence

By = H(H(E,¢"),¢') = H(E, ).
Proof. Let F' denote the usual Koszul filtration of A'() associated to the inclusion of Q' in Q. Thus,
F'AQ is the image of the natural map AQY ® AJ7'Q — AJQ, and Grl AT7Q =2 ATQ' @ AVQ". If we
also denote by F' the corresponding filtration of £ ® 2, then F' is compatible with the boundary

maps of the Higgs complex of (E, ¢), which thus can be regarded as a filtered complex. Let Ey’ be
the spectral sequence of this filtered complex. Then

By = Grip(E® A1) = E@ A" @ AQ.
Furthermore, one verifies that the boundary map Eé’j — Eé’jH in the spectral sequence can be
identified with the identity of A’Q)’ times the boundary map of the Higgs complex of ¢”. Thus
EY = HI(E,¢") @ 'Y,
and in particular d(l]’j : E? J El1 Jis a map
H(B,¢") = H(E,¢) © .
One checks that di’j is obtained from d(l)"j as in the diagram (2.1.1). Hence d(l)’j defines a Higgs field
on HI(E, ¢") with values in Q', and E;” can be identified with its Higgs complex. Thus

By = H(H(E,¢"),¢') = HH(E,9). O
COROLLARY 2.2.2. Let ¢ be a T-Higgs field on an Ox-module E. Suppose there exists a nowhere
vanishing section t of T' such that ¢, is an automorphism of E. Then HY(E, ¢) = 0 for all q.

Proof. If, in addition to the hypothesis of the corollary, 7' has rank one, then ¢ defines an
isomorphism Q = Oy, and the Higgs complex of (E, ¢) can be identified with the complex F — E
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whose boundary map is the endomorphism ¢;. Since ¢, is an isomorphism, this complex is acyclic.
In the general case, t defines an exact sequence 0 — Q' — Q — Ox — 0. Then the Higgs field ¢" on
E with values in O defined by this exact sequence is just ¢, so H/(E, ¢") = 0 for all j. Thus the
corollary follows from the spectral sequence in Proposition 2.2.1. O

COROLLARY 2.2.3. Let ¢ be a T-Higgs field on an Ox-module E, let (t1,...,t,) be a basis for T,
and let (¢1,...,¢y) be the corresponding sequence of endomorphisms of E. Suppose that, for every
i, ¢; acts surjectively (respectively injectively) on the kernel (respectively cokernel) of the map

(f1,...,0i_1) : E — E' (respectively of (¢1,...,¢i_1): B — E).
Then HY(E, ¢) = 0 for all ¢ > 0 (respectively g < n).

Proof. We shall give the proof in the surjective case, which is slightly less standard. If n = 1, the
Higgs complex can be identified with the complex ¢ : E — E, and the statement is a tautology.
Let T" be the submodule of T' generated by (t1,...,t,—1) and let 7" be the quotient. The duals fit
into an exact sequence 0 — Q' — Q — Q" — 0, and an induction assumption implies that the Higgs
cohomology sheaves H7(E, ¢') vanish for j > 0. Thus, in the spectral sequence of Proposition 2.2.1,
E3? =0 for j > 0. Then the spectral sequence degenerates, and H'(E,¢) = H (H(E, ¢"), ') for
all 4. But H°(E, ¢') is the kernel of the map (¢1,...,¢,_1), and the Higgs field ¢' can be identified
with the endomorphism of this kernel induced by ¢,,. The Higgs complex of ¢’ has length one, so
its cohomology vanishes in degrees larger than one, and the cohomology vanishes in degree one if
(and only if) ¢ is surjective. O

2.3

Let E be a sheaf of Ox-modules on a scheme X with a T-Higgs field ¢, where T is locally free of
rank n. If f: X’ — X is a morphism and 7" := f*T, then E’' := f*E inherits a T'-Higgs field ¢'.
By the right exactness of f*, there is a natural isomorphism f*H"(E, ¢) — H"(E’, ¢’). For example,
if 2 is a scheme-theoretic or geometric point of X and f : x := Speck(x) — X is the corresponding
morphism, we write F(z) for f*FE.

PROPOSITION 2.3.1. Suppose X is noetherian and T is locally free of rank n. Let (E, ¢) be a coherent
sheaf with a T-Higgs field on X, let E4 be the corresponding sheaf on V1™, and let x be a point
of X. Then the following are equivalent.

i) The nth Higgs cohomology sheaf of (E(z),¢(x)) on the scheme x vanishes.
ii) The stalk of E4 at i(z) vanishes, where i : X — VT* is the zero section.
iii) The stalk of the Higgs complex K'(E, ¢) at x is acyclic.

If k(z) is infinite, these are also equivalent to the existence of a t € T, which acts bijectively on E,.

Proof. Suppose condition (i) holds. Since formation of the nth Higgs cohomology group commutes
with base change, it follows that the fiber of H"(F, ¢) at x vanishes. By Nakayama’s lemma, the
same is true of its stalk at z. By (2.1.2), H"(E, ¢) = i*E, ® Q", and hence by Nakayama’s lemma
(now on VT*), the stalk of F at i(x) vanishes. This shows that (i) implies (ii). If condition (ii)
holds, (2.1.2) shows that the stalk of the Higgs complex at z is quasi-isomorphic to the zero complex,
and hence is acyclic, so (ii) implies (iii). The implication of (i) by (iii) follows from the fact that
formation of H” commutes with base change. Condition (ii) implies that the maximal ideal pg of
S'T(z) corresponding to i(x) does not belong to the support of Eg(z). Then py does not contain any
associated prime p of Ey(x), i.e. for each such p, the map po — k(p) is not zero. Since py is generated
by T'(z), the map T'(z) — k(p) is not zero, so its kernel is a proper k(z)-linear subspace of T'(x).
Since k(z) is infinite and there are only finitely many associated primes, there exists an element of
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T'(z) which is not in any of these kernels, and which then acts injectively, hence bijectively, on E(x).
Since the map T,, — T'(x) is surjective, there exists a t € T,, which acts bijectively on E(xz). Then by
the implication (i) implies (iii) for the Higgs field defined by ¢; (with n = 1), it follows that ¢; is
bijective on F,. O

DEFINITION 2.3.2. Let (E, ¢) be a T-Higgs module on X and let x be a point of X. Then x is said
to be a critical point for ¢ if the stalk of the Higgs complex of (E, ¢) at z is not acyclic. If this is
not the case, x is said to be non-critical.

For example, if X/S is smooth and f is a global section of Ox, then df is a global section of
Qﬁ( /s and defines a T'x/g-Higgs field on Ox. A point is a critical point for this Higgs field if and
only if it is a critical point of the function f.

2.4

Let X/S be a smooth morphism of schemes in characteristic p > 0 and let Px,g denote the
PD-envelope of the diagonal X — X x g X [BOT78, 3.19]. Recall that Px /s has the same underlying
topological space as X and that its structure sheaf Py g, viewed as an Ox-module through the right,
carries a canonical HPD stratification, induced by the map 0 : Px;g — Px/s @ Px/g (see [BOTS,

p. 2.18]). Let Vp denote the integrable connection on Py /g corresponding to this stratification, and
let Jx,g be the ideal of X in Px/g. Thep Vp maps J)[?/]S to J)[?/_Sl] ® Qﬁ(/s for all n, and hence
induces a connection on the completion Px /g of Px,g with respect to the system {J )[?} g:n €N}
If E is any sheaf of Ox-modules, let R(E) := E ® Px/g and R(E) := E®PX/S, the completion
of R(E) with respect to the system {.J )[?} s} Note that we are computing the tensor product using
the left module structure of Py/g, so that the connection of Px/s coming from the right module

structure passes over to R(E) and R(E): V(e ® z) := e ® V(z) for z € Px/s and e € E.

The construction R can also be interpreted in terms of differential operators. Let Dx /g denote
the ring of PD-differential operators [BO78, § 4] of X/S. Recall that, as a sheaf of Ox-modules,

Dx/s = lim Hom(Pxs/Jy 5, Ox),
where the Hom is computed using the left Ox-module structure on Px/g. Then the category of
Ox-modules with connection can be identified with the category of left Dy g-modules. If £ is any
Ox-module, then R(E) = Homo, (DX/S,E). Here we are using the left Ox-module structure on
Dx/g, and the connection on R(E) corresponds to the left D x/s-action coming from the action of

Dy s on itself on the right. If F' is injective in the category of Ox-modules, R(E) is injective in the

category of Dy g-modules, since the functor R has an exact left adjoint which consists of forgetting
the Dx/g-module structure.

ProrosiTION 2.4.1. If F is any sheaf of Ox-modules, then for any g > 0
Hbr(R(E), V) = Hig (R(E), V) =0,

and
HIL(R(E),V) = HI(R(E),V) 0.

Proof. We may verify this proposition locally, with the aid of a system of coordinates (z1,...,x,)
for some open subset U of X/S. Let & := 1 ® x; —x; ® 1, and let 0; := 9/0x; € Tx/g. For each

multi-index I := (I,...,I,), let &l .= éfﬂ e 57[1 "l Then the set of divided power monomials &!/]
forms a basis for Py,g as an Ox-module (using either the left or right structure), and the dual
basis for Dx/g is the set of monomials ol = 81[1 -+~ Oln. Recall that the stratification on Px/s is
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induced from the map 8*, which sends £ to Dorri—ié 1 @ ¢l/]. Hence the connection Vp sends
¢l to 3o, ¢ll=4l @ du;, where (e1,...,€,) is the standard basis for Z" and where (/] := 0 if any
J; < 0.

A section of R(E) (respectively of R(E)) over U can be written uniquely as a sum (respectively
formal sum) > e; ® & U], where each ey is a section of E over U. The connection on F ® Px/s on
such a (formal) sum is given by

vp<zel ®§Ul> => > er@dgdr. (2.4.1)
7 I

1

Then the vanishing of H%, (R(E)) and Hi g (R(E)) for ¢ > 0 follows from the standard calculation
used to prove the crystalline Poincaré lemma [BO78, 6.12].

Let 0] := 7*(9;) and let ¢; := ¥(d]) be the endomorphism of R(E) (respectively R(E)) induced
by the p-curvature of Vp. Since 8i(p ) = 0, 1; = V(9;)P. Thus 9; (1) = ll=P<] Then the annihilator
of (1,...,1;) on R(E) (respectively R(E)) consists of the set of (formal) sums 3 e; ® &[] such
that e;, = 0 whenever I; > p and j < i. The action of ;1 on such sums is evidently surjective, so
the vanishing of H?p for ¢ > 0 follows from Corollary 2.2.3. U

2.5
An integrable connection on E is equivalent to the structure of a left Dx/g-module on E. Such a

connection then defines a natural horizontal map € : E — R(E), where e(e)(D) := D(e) for each
section of e of £ and D of Dx/g.

Proof of Theorem 1.2.1. To see that (£ ® F)*(/SQ'X,/S, ) is a complex, we check that v defines an
F*Tx s-Higgs field on E, as explained in (2.1.1). This can be checked locally. Let (91, ...,0,) be
the basis for T'y/g dual to the differentials (dz1,...,dz,) of a system of coordinates, and let ¢); :=
(7*(8;)). Since V is integrable and [8;,9;] = 0, [V(8;), V(8;)] = 0. Since 9% = 0, ¢ = V(8,)?,
so [1;,7;] = 0. It follows that ¢ satisfies the integrability condition in Definition 2.1.1 and that
i1yt = 0. Tt also follows that each 9); commutes with each V(9;), which implies that the boundary
maps of the complex (E’,v) commute with the connection on each term.

We claim next that the p-curvature of the induced connection on the Higgs cohomology sheaves
vanishes. Again, it suffices to work locally, with the aid of a system of coordinates. Since the
p-curvature of F, 5, / ) is zero, the p-curvature of the connection on F® F'y / (%, / ) is the map
induced by p-curvature of E. Thus it suffices to show that, for each ¢ and each j, the endomorphism
of HY(E,1) induced by t; ® id is zero. But the Higgs cohomology can be identified with the
Koszul cohomology of E with respect to (¢1,...,%y), which is by construction annihilated by
each ;.

Associated to a short exact sequence 0 — E' — E — E” — 0 of Ox-modules with integrable
connection there is short exact sequence of de Rham complexes

0—>E’®Q'X/S —>E®Q'X/S —>E”®Q'X/S—>O,
and hence a long exact sequence of de Rham cohomology sheaves
s M (B, V) — b (B, V) — i (E", V) — Higa (B, V) — -
Similarly there is a short exact sequence of p-curvature complexes
0— E'® F/sQxis = E® Fx 6y g = B" ® Fx sQx /6 = 0,
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and consequently a long exact sequence:
- — H;Lp(E,’ V) — H;Z(E, V) — H;Z(E”’ v) N H;L;l»l(El’ v) .

As we observed above, each term in this sequence admits an integrable connection with
p-curvature zero. It then follows from the theory of Cartier descent [Kat70, 5.1] that the sequence
of horizontal sections

RN Hf;b(E/’v)V - HQ(E, V)V N HQ(E”,V)V R H;“(E’,V)V .

is still exact. (We should point out that the statement in op. cit. is for quasi-coherent sheaves, but the
proof also applies to arbitrary Ox-modules. See also Corollary 3.2.2.) Thus, each of {Hb : i > 0},
{H;’V :i > 0}, and {Hi_’z : ¢ > 0} forms a cohomological d-functor. If (E, V) is a sheaf with an
integrable connection, there is a horizontal injection (E,V) — (R(E),V), so by Proposition 2.4.1
both sequences of functors are effaceable. Consequently, there is a unique isomorphism of cohomo-
logical O-functors H;’Z — Hpp extending the obvious one in degree zero. U

Remark 2.5.1. A connection V on E is quasi-nilpotent if, locally on X, every local section e of
F is annihilated by some power of the p-curvature. If this is the case, then the canonical map
¢ : E — R(FE) factors through R(E). This statement can be verified locally with the aid of a system
of coordinates as above. By definition, €(e) is the formal sum 3 9! (e) ® €/, and, by [BO7S, 4.10],
this sum is in fact a finite sum (locally on X). The standard connection Vp on Px,g is quasi-
nilpotent, and the category MICY(X/S) of modules with quasi-nilpotent connection is a thick
abelian subcategory of MIC(X/S). Thus Theorem 1.2.1 is also true in this subcategory.

3. Log schemes and log connections

3.1

In this section we extend Theorem 1.2.1 to the case of connections with log poles. We shall do this
using the language of log schemes, which in fact considerably increases its generality and scope.
Readers who are unfamiliar with this language can restrict to the case of the log structures arising
from a smooth scheme X with a divisor D with normal crossings. In this case, the log structure
is just the inclusion Mx — Ox, where Mx is the sheaf of sections of Ox which are invertible
outside D.

The log case introduces several technical and conceptual difficulties (some of which do not
arise in the case of divisors with relative normal crossing or in the case of semistable reduction).
Let X/S be a smooth morphism of fine log schemes in characteristic p > 0. We denote simply by
Qﬁ( /s the sheaf of relative log differentials and by T'y /g its dual; these are locally free sheaves of finite
rank on X. First of all, in this generality it is not true that Ox is the kernel of d : Fx/g,(Ox) —
Fx, 5*(Q§( / ¢)- As Kato points out in [Kat89, 4.12], one must replace the relative Frobenius diagram
with a refinement:

Fxs
X—X

SL)S

Here X" is the fiber product of X with S over F'x, computed in the category of fine log schemes, and
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X — X’ — X" is the canonical factorization of the weakly purely inseparable map X — X" into an
exact morphism followed by an étale morphism. (Our notation is not the same as Kato’s.) In the case
of morphisms of Cartier type (for example, in the case of log structures arising from divisors with
normal crossings or a semistable degeneration) X’ — X” is the identity map and the underlying
scheme of X" is the usual fiber product, so that this subtlety can safely be ignored. Since the
square is Cartesian and X' — X" is (log) étale, it is still true that the map W*Qﬁ(/s — Q;,/S is an
isomorphism. In this context, Kato constructs a canonical isomorphism

Cx)s : Lxrys = Fxysu(H (Qy)s)) (3.1.1)
generalizing the classical Cartier isomorphism.

Another difficulty is that Cartier descent is considerably more complicated for log schemes.
Even if S is the spectrum of a field with the trivial log structure and X/S is smooth, X might not
be regular, so F'x/g need not be flat. And even in the classical DNC case, Fy 4 does not induce an
equivalence between the category of Ox/-modules and the category of Ox-modules with integrable
and p-integrable connection. For a thorough discussion, see [Lor00].

Nevertheless, we shall see that there is indeed a log version of Theorem 1.2.1. In fact, with
proper formulation, the statement is almost the same. Let (E,V) be a module with (logarithmic)

integrable connection on X/S. Again, the p-curvature of (F, V) can be interpreted as an Ox-linear
map

¥:E— EQ® Fy Q% /s;
see [Ogu94, § 1]. One verifies easily as before that 1) defines an F'}, / sT'x/s-Higgs field on E and that

it is horizontal for the natural connections on its source and target. This allows us to define functors
{’Hz_vw : 1 € N} from the category MIC(X/S) to the category of Ox/-modules.

THEOREM 3.1.1. Let X/S be a smooth morphism of fine log schemes in characteristic p > 0,
let Fx;s : X — X' be the exact relative Frobenius map, and let MIC(X/S) be the category of
sheaves of Ox-modules equipped with an integrable connection. The sequences {Hpy : i € N} and
{’Hi_vw : 1 € N} form cohomological O-functors from the abelian category MIC(X/S) to the category
of Oxs-modules. Moreover, there is a unique isomorphism of cohomological J-functors

Cxjg i MY, — Hpr

which agrees with the obvious one in degree zero. In particular, if (E, V) is an object of MIC(X/S),
there is a canonical isomorphism of Oxs-modules

Oxrs t HLW(B, V)Y = Hpp (B, V).

3.2

The first step is to show that {Hi_vlp : ¢ € N} forms a cohomological 0-functor. Recall [Ogu94, § 1]
that if X/S is a smooth morphism of fine log schemes, then locally on X there exists a sequence
of sections (my, ..., my,) of Mx defining an étale map from X to the logarithmic affine space AZ*.
Here A"~ is the log scheme corresponding to the prelog structure N* — Z[N"] and A" := A" x S.
In particular, (dlog my, ..., dlog m,) forms a basis of Q%{/sﬁ let (01,...,0,) be the dual basis of Ty /g.
(For example, in the case of the trivial log structure, each m; is a section of O%, dlogm; = dm;/m;,
and 0; = m;0/0m;.) Thus each 0; is a (log) derivation Ox — Ox relative to S, and hence defines
a (log) PD-differential operator of order one. Since the connection V is integrable, it defines an
action of Dy,g on E, and if D € Dx/g we denote by Vp or V(D) the corresponding Oy -linear
endomorphism of E. For each i, let 9; := 7*(0;) € Dxr/s = 7" Dx/g-

The following result already appears in the proof of [Ogu94, 1.3.4]. (The formulas for h; given
there look different, but reduce to the simpler ones here when pOx = 0.)
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PROPOSITION 3.2.1. Suppose X/S is equipped with a system of log coordinates (m1,...,my,), and
let (E,V) be an Ox-module with integrable connection. For each i € {1,...,n}, let ¢; := ¢(9]) €
Endoy (E), and let h; :=id — 8~" € Dx/s.

i) V(0)V(hi) = V(h:i)V(0;) = —ti.
ii) Let h be the PD-differential operator | [, h;. Then if the p-curvature of E is zero, V(h) : E — E
is a projection operator with image EV .

Proof. In the ring Dy/g, the pth power DP of a derivation D is a differential operator of order p
and needs to be distinguished from the derivation D®) used in the definition of p-curvature. If 9; is
one of the log derivations coming from a system of log coordinates as above, then 81-(p ) = 0; [Ogu94,
1.2.2]. Then

$(@) = V(@) V(&) = V(@) ~ V(@)

7

= V(9)V (P~ —1) = =V () V().

This proves the first statement. It follows that if » = 0, VV},(e) = 0 for every e € E. On the other
hand, if V(e) = 0, then Vy,(e) = 0 for every 7, and hence Vj,(e) = e for every i and Vj(e) =e. O

COROLLARY 3.2.2. Let X/S be a smooth morphism of fine log schemes. Then if
0— (B',V') — (B, V) — (E",V") -0

is an exact sequence of Ox-modules with integrable connection whose p-curvature vanishes, the
sequence

is also exact.

Proof. The statement is local on X, so we may assume that there exists a set of log coordinates.
Then the exactness follows from the existence of the projection operator V(h) of Proposition 3.2.1.
O

Proof of Theorem 3.1.1. The fact that {prv i € N} and {Hhy : i € N} form cohomological
O-functors follows as in the proof of Theorem 1.2.1, thanks to Corollary 3.2.2. Thus, to prove the
theorem it suffices to show that both are effaceable. We use the logarithmic version of the construc-
tion R. In terms of the ring Dx/g of (logarithmic) differential operators, R(E) := Hom(Dx/s, E).
Suppose that X/S admits a sequence of logarithmic coordinates (my,...,my). Then Dy g is a free
left Ox-module [Ogu94, 1.1]. In fact there are two useful bases that we shall want to use. Let P
denote the structure sheaf of the (exact) divided power envelope P of the diagonal X — X x4 X.
If m is a section of My, pj(m) and pj(m) are two sections of Mp with the same restriction to the
diagonal, so there exists a section 7 of the ideal Jx /g of the diagonal such that pg(m) = p'i (m)(1+n).

If n; is the section thus constructed for each m;, then (11,...,7n,) is a sequence of divided power
generators for Jx /g, and the set of divided power monomials nll = nyl] e ng”} is a basis for P

over Ox (as either a left or right module). Let

G o= log(1+1;) =1 — ") + 2 +

Then the divided power monomials in the (’s also furnish a basis for P. Let {07} be the basis for
Dx/s dual to {n/} and let {D;} be the basis dual to {¢!!}. It follows from the definitions and the
cocycle condition that

S =106G+6el, k)= Y. e

I+J=K
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Hence D[D] = DI+J and

Then the fact that HqDR(R(E)) = 0 for ¢ > 0 again reduces to the divided power Poincaré lemma.
For the effaceability of {Hﬁ} : ¢ > 0}, one can either calculate directly or use the explicit local

comparison Proposition 4.1.1 in the next section. For the direct calculation, note that the p-curvature
operator v; corresponding to D is Df — D;. Hence

W; (MY = ¢lI=peid _ ¢ll=ei],
Again we verify that ’ng(ﬁt(E)) = 0 for ¢ > 0 using Corollary 2.2.3. Let e be a local section of
R(E) annihilated by (41, ...,%;_1), and write e as a formal sum S, er @ CHL. Define ¢ inductively

by setting
o 0 if I; < p,
1= .
er—pe; + e}_pei_H if I > p.
Then ¢ := 3" ¢} ® ¢!l is annihilated by (¢1,...,%;_1) and ¥;(¢') = e. O

Remark 3.2.3. This is perhaps a good place to point out that, as Berthelot has observed, the
equation on page 17 of [Ogu94] should read

A* (nz[n}) _ Z ol (CL 1‘ C) <b —IC— C) m[a-i—c} ® m[b—f—c].

a+b+c=n

4. Explicit formulas

4.1

Our first goal in this section is to give an explicit formula for the isomorphism Cy /g of Theorem 3.1.1
in terms of local coordinates. For this purpose, let X/S be a smooth morphism of fine log schemes,
and suppose that (mq,...,m,) is a system of log coordinates for X/S. Then (dlog my,..., dlogm,)
is a basis for (2%(/5. Let (O1,...,0n) be the dual basis for Tx/g. Let w; := dlogm; € Qﬁ(/s and
w) = F)*(/Sw*wi € F)*(/SQ;,/S. If I is a subset of {1,...,n} and g := |I|, we also denote by I the

q
X/8

with similar notation for w’. Note that each w; is closed, and that Kato’s inverse Cartier operator

(3.1.1) takes w} to wy. The set of wy with |I| = ¢ forms a basis for ng/s, and similarly for Q?{//S'

Let (E, V) be a sheaf of Ox-modules with integrable connection on X/S. For each g we construct
additive maps

unique increasing function {1,...,q} — {1,...,n} whose image is I. Let w; := wp, A+ - -Awp, € Q

a®: E® Q% g — E® FysQ% g

B E® Fy g%, — E®Q%

as follows. For each i, let h; := id — 9 ~!in the ring of (log) PD-differential operators. For each
I C {1,...,n}, define PD-differential operators o := [[{h; : ¢ € I} and By := [[{h; : @ & I}.
Then define

o Terwwr) =5 Taylen 9,
B(Cerour) =5 Valen o,
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ProrosSITION 4.1.1. With the above notation, a := ®af and (8 := &7 define morphisms of com-
plexes:

(B ® Q5 V) —2 = (B ® Fy Qg0 —0)

I

(E ® Q'X/S, V) = (E ® F)*(/SQ'X//S, _7/))

with the following properties.
i) Pa is homotopic to the identity.
ii) H'(aB) : H_,(E) — H_,(E) is a projection onto HY(E).
ili) « and 8 induce isomorphisms
ot Hpr(E) = HY,(E), B =o' HY(E) - Hpr(E).
Proof. In order to save space, we write De instead of Vp(e) if D is a PD-differential operator and
e is a section of E. Let ¢ := — and write Ep, for the de Rham complex of (E,V) and E for the

Higgs complex of (E, —). Ifi € {1,...,n} and I C {1,...,n}, let ¢; 7 := (—1)™®)) where m is the
cardinality of the set of elements of I which are less than i. Thus

e qwrui ifi ¢ 1,
w; Nwy = ’
0 ifiel.

Any local section e of F ® Q%(/S can be written uniquely as a sum e = > ey ® wy with ey € E.

Then the differential d of the complex Ep is given explicitly as follows:
dle; @ wy) = Z dier ® € [WLi-
€1
Similarly, any element e of E® F}, /S(Qg(, / ¢) can be written uniquely as a sum e = ) e; ® w}, and
the differential ¢ of the complex Ej is given explicitly as

oler ® W'I) = Z pier ® €i,IW/1ui'
igl

To check that o and § form morphisms of complexes, we use Proposition 3.2.1:

ad(e; ®wr) = « ( Z Oier ® Ei,IWIUi)

igl
=Y ail@er) ® eiwin = Y ar(hidier) ® e wiy;
i¢l il
=Y ar(gier) @ e,y = Y dilarer) © e Wiy
igl igl

= ¢(aje; @ wh) = pale; @ wy).
This shows that « is a morphism of complexes. The proof for 3 is similar:
Bler ® wh) = ﬂ(Z pier © Ei,IW/IUz')
il
= Biidier @ eirwivi = Y _ Bruihidier ® € rwii
il i1
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= Bider ® € wivi = »_ 0ifrer ® € rwiui
igl igl
= d(Brer @ wr) = df(e; ® wh).
Evidently fBa is given by fa(er ® wr) = h(er) ® wy, where h := [[{h; : 1 < i < n} is the
operator of Proposition 3.2.1. Similarly, af(e; ® W) = h(er) ®w}. Since h; :=id — 8?71, there exist
differential operators r; such that

h=id+ i 0.
=1

Define R: E® Q% ¢ — E® Q% ¢ by

R(er @ wy) := Zejﬂ“je[ ® wr\j-
jel
We compute

(dR + Rd)(e[ & wI) = Z d(€j7[7“j€[ & wI\j) + Z R(€i7[3i€[ ® UJ[UZ')

jel il
=) enyeoirier @wnjui+ Y Y €avicimidier ® wio
JeI igI\j igl jelUi
=Y engerdirier @wr + Y Y€€ idirier © wryju;
jel jel il
+ E €, 10i€,1Ti05er @ wr + E E €5,10i€i, 1T Oier @ Wi j-
il il jel

Since €1 =€ n;if j € I and €1 = € ju; if ¢ ¢ I and 0; and r; commute,

n
Z €5,1€5,1j05rjer @ wr + Z €16, 1uiTi0ier @ wr = Z dirier @ wy.
Jjel igl i=1
On the other hand, if j € [ and ¢ ¢ I, then i # j. If i < j, then m(j,I Ui) = m(j,I) + 1 and
m(i, I) =m(i, I\ j). If j <1, then m(j,1 Ui) =m(j,I) and m(i,I) = m(I,I\ j)+ 1. In any case,
€;,1\j€j,1 + € 1ui€i1 = 0. Thus the expression above reduces to

n
(dR+ Rd)(e; ®wy) = Y dyrie; @ wr = (h —id)(e; @ wy).
i=1
This proves that Sa is homotopic to the identity.

It follows that the map on cohomology H(a) : H(EpR) — H(E}) is injective and split, the map
H(B) : H(E;) — H(Epg) is surjective and split, and the image of a coincides with
the image of H(af3). Recall that Ey is a complex of modules with integrable connection, and
that the corresponding cohomology groups inherit a connection whose p-curvature is zero. Thus by

Proposition 3.2.1 the action of H(«3) on these cohomology groups is a projection onto the horizontal
part. In other words, H(c) identifies Hyyp (E) with H&)(E)V, as claimed in the theorem. O

Remark 4.1.2. Let us continue to suppose that X/S admits a set of log coordinates as in
Proposition 4.1.1. Then for any FE, the morphism of complexes

Be: K (E,—Y) - (E®Q,V)
induces morphisms of cohomology sheaves:
H (B)Y : H(E)Y — H (B, V).
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As F varies, these maps form a morphism of cohomological d-functors which agrees with the tauto-
logical one on H’. It follows from the uniqueness theorem for such morphisms that H"(3)V is in fact
the isomorphism labeled C' X}S in Theorem 3.1.1. Let us apply this remark when (E,V) = (Ox,d).
Taking into account the explicit formula for 3, we see that C;(}S takes w} to wy for any I with
|I| = g. Thus the isomorphism of Theorem 3.1.1 agrees with the one defined by Kato, and, when

the log structure is trivial, with the classical Cartier operator.

4.2

The classical Cartier operator is often described as a mapping from the set of closed i-forms on
X to the set of i-forms on X’. At least for ¢ = 1, this is possible in our generalized context as
well: there is a map from the closed 1-forms in the de Rham complex of F to the closed forms
in its p-curvature complex which lifts C'y/5. We show this with the aid of a construction that has
essentially already appeared in [Ogu77, 2.11]. This gives a ‘physical interpretation’ of the generalized
Cartier isomorphism Cx/g of Theorem 3.1.1 in this case.

PROPOSITION 4.2.1. Let X/S be a smooth morphism of fine log schemes in characteristic p > 0,
letwel'(X,E® QX/S) be closed, and let [w] be its class in I'(X, H}z (E, V)). Define an integrable
connection V' on E' := E® Ox by V'(e ® a) := V(e) + aw @ da.

i) The p-curvature ¢’ of V' is given by ¢'(e ® a) = (¢(e) — aw’,0), where 1) is the p-curvature of
EFandw € E® FX/SQX/S satisfies

<7T*D, w/> = <D(p)’w> - va_1<D7 w>'
for every D € T/g.
ii) The element w' defined above is a closed cycle in the Higgs complex (E ® FX/SQX/S, —1)), and

its image in F(X,H£¢(E, V)) is Cx/g([w]).
Proof. One checks easily that V' is integrable. In fact, there is an exact sequence of modules with
integrable connection

0— (E,V)— (E',V)— (Ox,d) —0

whose class in I'(X, Ext' (Ox, E)) 2 HY(X, H}yg (E)) corresponds to [w]. According to Theorem 3.1.1,
this sequence produces a commutative diagram

HODR(OX7 d) H]IDR(Ea V)
CX/S' CX/S
H) (Ox, d) HEY (B, V)

The image of 1 along the top row is, by construction, the class of w. The image of 1 along the
bottom row is, by definition, —¢’'(0 & 1), where ¢’ is the p-curvature of V'. It is clear a priori that
Y (e®a) =1(e) —aw' for some v’ € E® F¥, /SQX,/S In particular, —¢/(0® 1) = /', so the diagram
shows that C'x/glw] is the class of w'.

To compute «’, first check by induction on k that

V(e ® a) (vDe—l-Z( ) a)VE =D, >@Dka>.

Hence
V(e ®a) = (Ve +aVh (D,w) ® DPa),
159

https://doi.org/10.1112/50010437X03000058 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X03000058

A. Ogus

and
Vrple®a) = V(e ®a) = Vi, (e®a)
= ¢p(e) +aVh (D, w) — a(DP) W) ® DPa — DPa.

Since DPa = D®Pa, we see that ¢/(e @ a) = ((e) — aw’ @ 0), where o' € F)*(/S(Q;,/S) satisfies
(7*D,w') = (D®) W) — VP 1D, w). O

5. Consequences and remarks

5.1

Throughout this section we let X/S be a smooth morphism of fine log schemes in characteristic
p > 0.

A special case of the following result has already appeared in [Ogu77], where it was one of the
key ingredients in the proof of Katz’s formula [Kat72] relating p-curvature to the Kodaira-Spencer
mapping.

COROLLARY 5.1.1. Let (E,V) be a module with integrable connection on X/S endowed with a
horizontal filtration N such that the p-curvature of Gry E vanishes. Let (E,d) be the spectral
sequence of the filtered complex (E ® Q'X/S,N ). Then there is a commutative diagram whose
horizontal arrows are isomorphisms:

o o Oy , o
o Hp (Griy B @ Qy g) =———— Giiy(B)Y @ Q77
dy? )
Cx/s

v ST _ ; i+j+1
EiJrl’] Hi)é (Grﬁ\"fl E® QX/S) Grﬁl(E)V ® QZX/J/S

Proof. Consider the short exact sequence in the category MIC(X/S);
0— Gr'f' E — N'E/N'"E — Grly E — 0.

The arrow dil’j of the spectral sequence is the boundary map in the long exact sequence of
cohomology associated to this sequence by the cohomological d-functor Hpg. By Theorem 3.1.1,
there is a commutative diagram

H (Grly B)Y — 2 (G B)Y

(4
Cx/s Cx)s
M (Grly B) —— M (G )
But — acting on Gr; E is zero, so Hijg (Gry )Y 2 Grly E® Qz;/j/ g, and the boundary map di’j
is just the map induced by —1. O
5.2

For the remainder of this section, we suppose that X /S is a smooth morphism of fine log schemes,
with S noetherian of characteristic p > 0. The following result is an immediate consequence of
Theorem 3.1.1 and Proposition 2.3.1.
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COROLLARY 5.2.1. Let (E,V) be a coherent sheaf with integrable connection on X/S. If v € X is
non-critical (see Definition 2.3.2) for the p-curvature of V, then the de Rham complex (E®Q'X/S, V)
is acyclic in some neighborhood of x.

PROPOSITION 5.2.2. Let (E,V) be a sheaf with integrable connection on X/S, where S = Spec A
is affine. Then the Eo term of the ‘second spectral sequence’ of hypercohomology

By = H'(X, H/(E © Qy5)) = Hpy (B, V)
can be rewritten as
By = H'(X', HL(E)).
Consequently, if E' is coherent and the critical locus (see 2.3.2) of 1 is proper over S, then the global
hypercohomology HER(E, V) is finitely generated over A.

Proof. Since F : X — X’ is a homeomorphism, Theorem 3.1.1 implies that we can rewrite E;J as
H{(X', H w(E)V). This gives the reinterpretation of the spectral sequence. The sheaves H’ w(E)V

are coherent sheaves of Ox/-modules. If their support is proper, it follows that each E;j is finitely
generated over A, and hence so is the abutment. O

If (E,V) is an Ox-module with integrable connection and w is a 1-form on X, then the w-twist

of (E, V) is the connection V¥ on E defined by V¥ (e) := V(e)+e®w. If w is closed, then V¥ is again
integrable. If (E, V) is the constant connection on Oy, this connection is denoted by L, and its
p-curvature is the map 1 — F§ /s (m*w—Cx/slw])®@e where Cx/g[w] is the Cartier operator applied to
the cohomology class of w (see [Kat72, 7.1.2]). In general, the w-twist of (E, V) is the tensor product
of (E,V) with L, and hence its p-curvature ¢ is the map e — 1 (e) + F)*(/S(w*w — Cx/slw]) ® e.
In particular, if f € Ox(X) and w = df, then ¢/ = ¢ + Fy(df) ® id. Note that if (E,V) is
quasi-nilpotent, as in Remark 2.5.1, then the critical locus of 9’ coincides with the critical locus
of f.
COROLLARY 5.2.3. Suppose that S = Spec A, let (E, V) be a coherent sheaf on X /S with integrable
connection, and let f be a global section of Ox. If the p-curvature of (E,V) is nilpotent and the
critical locus of f is proper over S, then the de Rham cohomology of the df-twist of (E, V) is finitely
generated over A.
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Appendix A. p-curvature and divided powers

Al

The key to the effaceability of the functors pr for ¢ > 0 was the computation of the p-curvature
of the divided power envelope of the diagonal embedding. For this purpose, a local calculation,
involving a choice of coordinates, was sufficient. In some circumstances it can be desirable to have
an intrinsic formulation, and this is the purpose of the following proposition.

Let X/S be a smooth morphism of schemes in characteristic p > 0, and let (A, V) be a sheaf
of Ox-modules with integrable connection on X/S. Suppose that A is endowed with the structure
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of an Ox-algebra which is compatible with the connection, and that there exists an ideal I of A
endowed with a divided power structure {v,, : I — I : m > 1} such that

Vp(ym(a)) = ym-1(a)Vp(a)
forallm > 1, a € I, and D € Tx/g. Observe that a? = 0 for any a € I. Hence if f € Ox, a € I,
and D € Tx/s,
(Vp(fa))? = (D(f)a+ fVp(a))’ = f*(Vp(a)).
Thus the map ¢p sending a to (Vp(a))?P is a linear map I — Fx,(A). Since Vp sends 1P to I, ¢p
annihilates 712, Tt is also Fx-linear in D, so that D — ¢p defines an Ox-linear map

¢: FxI — A® Fy /6% s

which factors through F%(I/11%). We write al™ for ~,,(a) and use the conventions vo(a) := 1 for
all a and ~,,(a) := 0 for m < 0.

ProprosITION A.1.1. Let (A,I,v,V) be as above and let ¢ be the p-curvature of (A, V). Then for
any section a of I and any m > 0,

Y(a™) = a" M (a) + a1 @ a).

Proof. We need to calculate the action of differential operators on the divided powers of elements
of I. The formula which follows does not use the fact that pA = 0, and is expressed in terms of
partitions. If T is a set, by a partition of T we mean a set 7 of disjoint non-empty subsets of T’
whose union is all of 7. Thus if 7 is such a partition, an element s of 7 is a subset of 7. We let |s]
denote the cardinality of |s| and |7| the cardinality of .

LEMMA A.1.2. For anyn > 1,
[M] Za il H V‘B'(a),
sem

where the sum is taken over the set P, of all partitions of {1,...,n}.

Proof. If n = 1, the formula just says that Vp(al™) = a1V p(a), which is certainly true for
all m € Z. We proceed by induction on n. Assume the formula is true for n. If 7 is a partition of
{1,...,n} and s is an element of m, let w4 be the partition of {1,...,n + 1} obtained by adding
n+ 1 to s and leaving the other elements of 7 unchanged: 75 := 7 \ {s} U {s U {n + 1}}. Similarly,
denote by 7y the partition obtained by adjoining the singleton {n + 1} to m: 7y := 7 U {{n + 1}}.
In this way we obtain all the partitions of {1,...,n + 1}. Note that |7s| = |7| and 7y = |7| + 1.

From the Leibnitz rule and the induction hypothesis, we obtain

Vgl = vD( S aln I ] v <a>>

TeEPy, sem

= 3" Vo™ M T Vi@ + Y dm v, TT Vi)

TEP, sem TEP, seET
= > ") [ V@)

TeEPy, sem

+ Y dm SR @) T Vi)

TEP, sem s'em\{s}
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= Z alm=Imall H Vg(a) + Z qlm—=Ims]] H Vg(a)

TEP, temy semeP, teTms
- 5 T .
mEP, 11 te™
If # € P, and |7| = r, write 7 = (s1,...,s,) with |s1| < [sa] < -+ < |s;], and let ¢(7) =
(Isil,---,|sr]). Then ¢(m) does not depend on the choice of the ordering of 7, and ¢ is a function

from P, to the set of finite non-decreasing subsequences of the positive integers. The fibers of ¢ are
exactly the orbits of P, under the natural action of the symmetric group S,,. For each subsequence
I = (Ii,...,I,), let v,(I) denote the cardinality of the corresponding orbit, and let r(I) be the
length of I. Then Lemma A.1.2 implies that

(™) ZV Yalm—( }va(a). (A.1.1)

The cyclic group Z/nZ operates on P, through its inclusion in the symmetric group S, and it
is evident that the only partitions fixed under this action are the partitions 7 := {1,...,n} and
7 = {{1}---{n}}. In particular, when n = p, all the other orbits have cardinality p, and hence all
the other orbits under the full action of S, have cardinality divisible by p. Thus, if n = p, v, (I) is
divisible by p unless I = (p) or I = (1,1,...,1). Hence, if pA = 0, Equation (A.1.1) when p = n
reduces to

v%(a[m]) - a[mfllv%(a) + a[m*p]VD(a)p.

By the definition of p-curvature,

vp(al™) = V1, (@) = ¥ i (a™)
— qlm—1 Vi (a) + a[m*p]VD(a)p - a[mfl]vD@) (a)
=a" Up(a) + d™Pep(1 @ a).

This completes the proof of Lemma A.1.1. O
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