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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",
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

EV ®C OXan —, pon

is an isomorphism. Moreover, the De Rham complex £ ® Q' /C of E is a resolution of EV on X%
that is,
EV ifi=0,

1.1.1
0 iti>0. ( )

HI(E™ @ Q) = {

If X/C is proper, or more generally if (F,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) = Rad(EY) (1.1.2)
for all ¢. In fact, if U is any open subset of X, there is a canonical isomorphism
H'(U,E® Q) = H'(U™, EY).
Here the term on the left is the hypercohomology of the De Rham complex of F; 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

2000 Mathematics Subject Classification 14F30,14F40
Keywords: De Rham cohomology, Higgs field, connection, p-curvature



ARTHUR OGUS

Ox-modules with integrable connection on X/S. Consider the usual Frobenius diagram,

F
X X/S‘X/ us . X

(1.2.1)

F
S S .5

in which the square is Cartesian and 7 o Fy/g is the absolute Frobenius endomorphism Fx of X.
The relative Frobenius morphism F/g in this diagram is a homeomorphism, and the boundary
maps of the complex Fy /g, (E ® Q'X/S) are Ox-linear. Thus

Fx/s.H'(E @ Qy ) = H (Fxs.(E © Qy)s)),s

and these sheaves, which we identify and denote simply by Hﬁj r(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]:

C;(}s‘ Vx5 = 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 F5 / SE’ — F is an isomorphism [Kat70,
§5]. Then the De Rham complex of (E,V) can be identified with E' ® FX/S*Q'X/S, and since
Fx/s.8% /s is a complex of flat Oxs modules whose cohomology sheaves are also flat, the natural
map

E'® O /s N HZ(FX/S*QX/S) — HZ(E’ ® FX/S*QX/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*(Q/q)

characterized by the formula

(¥(e), 1@ D) = Vi (e) = Vpw (e)

for every section e of ¥ 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 ¢ forms a complex

K'(B4)=E "+ Eg F3s(Q1)s) R Fy/s(Q%s) — - (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(QS(/ / g)- We shall see that the boundary
maps in the K" (F, 1) are compatible with these connections, and hence that the cohomology sheaves
Hf;,) (E, V) inherit a connection as well. Our generalization of Cartier’s result asserts that for every
7 there is a natural isomorphism
HL(E, V)Y = Hpr(E, V). (1.2.4)
This is evident when i = 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 Ox-modules
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compatible with the connections. For each i, H, , and pr are functors from the category MI1C(X/S)
to the category of Ox/-modules. As it turns out, it will be a little more convenient to work with
—1) instead of v; of course, the functors R, and H,, are isomorphic.

THEOREM 1.2.1. The sequences {HY%, : i € N} and {'H"_Vzb : 4 € N} form cohomological 0-
functors [Gro57] from the abelian category MIC(X/S) to the category of Ox/-modules. Moreover,
there is a unique isomorphism of cohomological 0-functors

Cx/s: HY, — Hpr
which agrees with (1.2.4) in degree 0. In particular, if (E, V) is an object of MIC(X/S), there is a

canonical isomorphism of Ox/-modules

Cxrg: Hoy(B, V)Y 2 Hpp(E,V).

To compare the isomorphism in Theorem (1.2.1) with the Cartier isomorphism (1.2.2), take
(E,V) to be (Ox,d). Since ¢ = 0, H’_TZ}(E, V) is just F)*(/SWX,/S, and so 'H‘_d)(E,V)V &~ Q’X,/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!, in this case. Note that there is a natural

X/8
isomorphism of complexes:
Y . Yoo
E E® FX/S(Q%/S) — FX/S(Q§(’/S) —_
id —id id
E E® FX/S(QR"/S) — FX/S(Qg(’/S) —_—

Thus, had we used 9 in place of —, we would have obtained (—1)’ times the usual Cartier isomor-
phism in degree 3.

1.3 Theorem (1.2.1) is very suggestive of Simpson’s nonabelian 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 E’ with a Higgs field : ' — E' ® Qﬁ(/c and constructs a
(transcendental) quasi-isomorphism between the De Rham complex of (E, V) and the Higgs complex
of (E’',0). 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 Kontse-
vich [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 hyperco-
homologies 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) = F o(m"w — Cx/s(w)) [Kat72, 7.22]. In
particular, if w = df, where f € Ox(X), then C(w) =0, (1) = F)”‘(/SW*(df), and the p-curvature
complex is the pullback by Fx of the complex

K (Ox,df) i= Ox ~T+ Q4 s 2% o,

If f has isolated critical points, one can deduce that the cohomologies of the Higgs complex
K'(Ox,df) and the De Rham complex of (Ox, V) have the same dimension.

1.4 Our proof of theorem (1.2.1) is quite simple. We show that for 7 > 0, ’Hi’z and H’, , are efface-
able. Then the theorem follows from the universality of effaceable cohomological d-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 for-
mula 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.

It is a pleasure to thank Spencer Bloch and Héléne Esnault for an inspiring lecture series in
Japan which mentioned the theorem of Barannikov and Kontsevich and motivated my search for
a characteristic p analog. Thanks also go to J.-P. Serre and (as usual) Ofer Gabber for reminding
me about signs. I am also grateful to Luc Illusie and Elmar Grosse-Kloene for comments and
discussions, and especially to the referee for a meticulous review which has, I think, greatly improved
the exposition.

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 € F to mean that e is a section of E over some open subset
of X.

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

Homop, (E, E ® ) — Homoe, (T, Endp, (E))

is an isomorphism. If ¢: F — EF® ) 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

o0 294 b aga

¢ id ® A (2.1.1)

E Qi
DEFINITION 2.1.1. Let 2 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 ¢: E — E ®  such that the
composite of ¢ with the map ¢': E ® Q — E ® A%Q) induced by ¢ vanishes. If this is the case,
@' o ¢'~! =0 for all 4, and the sequence of maps is the complex:

1
K(E¢)=E -+ B0+ EaAQ ...
defines a complex, called the Higgs complex of (E,¢). The Higgs cohomology of (E, ¢) is the coho-
mology of this Higgs complex.

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

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 S'T, let 7: VI™* — X
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be the canonical map, and let : X — VT™ be the zero section. Let E¢ denote the sheaf of Ovyp+«-
modules corresponding to (E, ¢). Then there is a canonical isomorphism in the derived category of
sheaves of Oy pr+-modules:

K'(E,¢) = Ri'Eg = Li* Eg[—n] @ Q" (2.1.2)
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 7*(2, and multiplication by (—1)"
times this section in the exterior algebra defines a complex of Oy p+-modules:

K (u) := Oyps — 7°Q — Q% — ... 7*Q".
Here n is the rank of €2, and the complex lives in degrees [—n,0]. This complex gives a locally free
resolution of the sheaf 7,.™. Hence

K'(u) ® Ey =i, Q" & E, 210" ®i,0x & Ey=
Li*(Ey @ 7°Q") = Li*(Ey) @ Q™.
But the Higgs complex K'(E, ¢) = K(u) ® Eg[—n]. Similarly,
Ri'(Ey) = RHom(i.Ox, Ey) = Hom (K (u), Ey) @ m*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 [KO68]. We continue with the previous notation: X is a scheme, T a
locally free sheaf of Ox-modules of rank n,  is 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 €', and there is a spectral sequence
By = H(H(B,¢"),¢) = H'(E. )
Proof. Let F denote the usual Koszul filtration of A" associated to the inclusion of €’ in Q. Thus,
FAJQ) is the image of the natural map
AQ @ AV — ATQ,
and Gri, A™HQ = AIQ/ @ AJQ”. If we also denote by F' the corresponding filtration of E®(Q, then F

is compatible with the boundary maps of the Higgs complex of (£, ¢), which thus can be regarded
as a filtered complex. Let E;”’ be the spectral sequence of this filtered complex. Then:

Ey = Gri(E@ ATQ) 2 Eo N @ Q.
Furthermore, one verifies that the boundary map Eé’j — Eé’jﬂ in the spectral sequence can be
identified with the identity of A’Q’ times the boundary map of the Higgs complex of ¢”. Thus
Eiv] o~ H'](E7¢”) ® AiQ/7
and in particular d?’j : E? LN E11 Jis a map
H(E,¢") — M (B, ¢) @ Q.
One checks that dil’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 €', and E;” can be identified with its Higgs complex. Thus

EY = H(H(E,¢"),¢) = HHI(E, ).
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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 H1(E, ¢) = 0 for all q.

Proof. 1f, in addition to the hypothesis of the corollary, T" has rank one, then ¢ defines an isomor-
phism Q = Ox, and the Higgs complex of (E, ¢) can be identified with the complex E — E whose
boundary map is the endomorphism ¢;. Since ¢, is an isomorphism, this complex is acyclic. In the
general case, ¢ defines an exact sequence 0 — Q' — Q — Ox — 0. Then the Higgs field ¢ on F
with values in Oy defined by this exact sequence is just ¢, so H/(E,¢”) = 0 for all j. Thus the
corollary follows from the spectral sequence in (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,...¢n) be the corresponding sequence of endomorphisms of E. Suppose that for every
i, ¢; acts surjectively (resp. injectively) on the kernel (resp. cokernel) of the map

(¢1,-.-¢im1): E— B
Then HY(E,¢) =0 for all ¢ > 0 (resp. ¢ < 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 ¢1: F — FE, and the statement is a tautology.
Let T" be the submodule of T' generated by (¢1,---t,—1) and let T be the quotient. The duals fit
into an exact sequence 0 — ' — Q — Q" — 0, and an induction assumption implies that the
Higgs cohomology sheaves H/(E, ¢") vanish for j > 0. Thus in the spectral sequence of (2.2.1),
E5? =0 for j > 0. Then the spectral sequence degenerates, and H'(E, ¢) = H{(H(E, ¢"),¢) for
all i. 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*F inherits a T’-Higgs
field ¢’. By the right exactness of f*, there is a natural isomorphism f*H"(E,¢) — H"(E',¢').
For example, if = is a scheme-theoretic or geometric point of X and f: x := Speck(z) — X is the
corresponding morphism, we write F(z) for f*E.

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 Ey4 be the corresponding sheaf on VI, and let x be a point of
X. Then the following are equivalent.

i) The nth Higgs cohomology sheaf of (FE(x),¢(x)) on the scheme x vanishes.
ii) The stalk of E4 at i(z) vanishes.
iii) The stalk of the Higgs complex K (E, ¢) at x is acyclic.

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

Proof. Suppose (1) holds. Since formation of the nth Higgs cohomology group commutes with base
change, it follows that the fiber of H"(F, ¢) at = vanishes. By Nakayama’s lemma, the same is true
of its stalk at x. By (2.1.2), H™(E, ¢) = i* E;®Q", and hence by Nakayama’s lemma (now on VT*),
the stalk of Ey at i(z) vanishes. This shows that (1) implies (2). If (2) holds, (2.1.2) shows that
the stalk of the Higgs complex at x is quasi-isomorphic to the zero complex, hence is acyclic, so (2)
implies (3). The implication of (1) by (3) follows from the fact that formation of H commutes with
base change. Condition (2) implies that the maximal ideal py of S"T'(x) corresponding to i(z) does
not belong to the support of Ed)(:z) Then py does not contain any associated prime p of Ey4(x), i.e.,
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for each such p, the map py — k(p) is not zero. Since p is generated by T'(x), the map T'(x) — k(p)
is not zero, so its kernel is a proper k(x)-linear subspace of T'(x). Since k(z) is infinite and there are
only finitely many associated primes, there exists an element of 7'(x) 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(z). Then by the implication (1) implies
(3) for the Higgs field defined by ¢; (with n = 1), it follows that ¢; is bijective on E,. O

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

For example, if X/S is smooth and f is a global section of Oy, then df is a global section of
Qﬁ( /s and defines a T'x/s-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/s denote the
PD-envelope of the diagonal X — X xg X [BO78, 3.19]. Recall that Px/g has the same underlying
topological space as X and that its structure sheaf Px /g, viewed as an Ox-module through the right,
carries a canonical HPD stratification, induced by the map ¢: Px/g — Px,3 ® Px/s (see [BOTS, p.
2.18]). Let Vp denote the integrable connection on Px/s corresponding to this stratification, and

let Jx/s be the ideal of X in Px/g. Then Vp maps ] o g1

X/$ X/S ® Qﬁ(/s for all n, and hence

induces a connection on the completion 73)(/ s 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/s and R(E) := EQPy/g, the completion
of R(E) with respect to the system {.J )[?/] ¢} Note that we are computing the tensor product using
the left module structure of Py g, so that the connection of Px/g, coming from the right module
structure, passes over to R(E) and R(E): V(e ® z) := e ® V() for z € Pxs 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,

Dxys = lim HOm(PX/s/J;[?/JfgI], 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 Dx/g-modules. If E'is any
Ox-module, then R(E) = Homoy (Dx/g, E). Here we are using the left Ox-module structure on
Dx/g, and the connection on R(FE) corresponds to the left Dy /s-action coming from the action of
Dx/g 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 Dy g-module structure.

PROPOSITION 2.4.1. If E' is any sheaf of Ox-modules, then for any i > 0,
Hpr(R(E)) = Hpr(R(E)) =0,
and
Hy(R(E), V) = Hy(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® z; — 2; ® 1, and let 9; := 9/0x; € Tx/g. For each
multi-index I := (Ip,--- ,I,), let &l .= dh] . -f,[{"]. Then the set of divided power monomials &)

forms a basis for Px/g as an Ox-module (using either the left or right structure), and the dual basis
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for Dx/g is the set of monomials ol .= 8111 .-~ 0 Recall that the stratification on Px/s is induced
from the map 8*, which sends ¢ to D=k & Ul @ ¢/, Hence the connection Vp sends &1 to
S €04l @ dx;, where (eq, ... €,) is the standard basis for Z" and where ¢V := 0 if any J; < 0.

A section of R(E) (resp. of R(E)) over U can be written uniquely as a sum (resp. formal sum)

S e @ Ul where each ey is a section of E over U. The connection on E ® Px/s on such a (formal)
sum is given by

)

Vp (Ze](@f[f]) :ZZ€[®5[1_EJ ® dx;. (2.4.1)
I 1

A~

Then the vanishing of Hi, 5 (R(E)) and Hi, 5 (R(E)) follows from the standard calculation used to
prove the crystalline Poincaré Lemma [BO78, 6.12].

Let 9] := 7*(;) and let v; := 1(}) be the endomorphism of R(E) (resp. R(E)) induced by the
p-curvature of Vp. Since 81.@) =0, 1; = V(0;)P. Thus

i(g!l) = gl
Then the annihilator of (¢1,...v;) on R(E) (resp. R(E)) consists of the set of (formal) sums

dYer® ¢l such that er; = 0 whenever I; > p and j < i. The action of ;41 on such sums is
evidently surjective, so the vanishing follows from (2.2.3). O

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: 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 ® F)*(/SQ'X,/S,w) is a complex, we check that 1 defines
an F*Tx//s-Higgs field on F, as explained in (2.1.1). This can be checked locally. Let (01, ...0,) be
the basis for Tx/g dual to the differentials (dz1,...dzy) of a system of coordinates, and let 1; :=
Y(7*(0;)). Since V is integrable and [9;,0;] = 0, [V(9;), V(9;)] = 0. Since 8Z~(p) =0, ¢¥; = V(0;)?,
so [¥s,1;] = 0. It follows that ¢ satisfies the integrability condition required in the definition of a
Higgs field (2.1.1) and that **? = 0. It also follows that each ); commutes with each V(9;),
which implies that the boundary maps of the complex (E", ) 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;(/S(Q}//S) is zero, the p-curvature of the connection on F'® F)"‘(/S(Qg(//s) is the map
induced by p-curvature of E. Thus it suffices to show that for each i and each j, the endomorphism
of H'(E, ) induced by ¢; ®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®Qys—EeQys— E' @ q—0,
and hence a long exact sequence of De Rham cohomology sheaves:
- = Hpp(E', V) = Hpp(E, V) = Hpr(E",V) = Hpa(E, V) — -
Similarly there is a short exact sequence of p-curvature complexes
0—FE® F)*(/SQ'X,/S - E® F)*(/SQ'X,/S — E'® F}/SQ}(,/S — 0,
8
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and consequently a long exact sequence:
= Hy(E', V) = Hy(E,V) = Hy(E",V) = H (B, 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:

B HZ(E/vV)V - H:’[,(E, V)V - HZ,(E”, V)V - HZH(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 (3.2.2).) Thus, each of {H}p : i > 0},
{H;’V : 1 > 0}, and {HZ_’Z : 4 > 0} forms a cohomological 0-functor. If (E,V) is a sheaf with
an integrable connection, there is a horizontal injection (E,V) — (R(E),V), so by (2.4.1), both
sequences of functors are effaceable. Consequently there is a unique isomorphism of cohomological

O-functors H;’Z — Hpp extending the obvious one in degree zero. O

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(E) 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" 8 (e) ® ¢/, and by [BOT7S, 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 MIC?(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 My 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 Tx /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: Fix/5,(Ox) — FX/S*(Qk/S). As
Kato points out in [Kat89, 4.12], one must replace the relative Frobenius diagram with a refinement:

Fx/s

X ¢

o
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Here X" is the fiber product of X with S over Fx, computed in the category of fine log schemes,
and 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 — Qﬁ(//s
is an isomorphism. In this context, Kato constructs a canonical isomorphism

Cxrs: Yxrys = Fxysa(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 Fy,s need not be flat. And even in the classical DNC case, Iy g 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 (E, V) can be interpreted as an Ox-linear
map

Y: E— E® Fx /60 /s;
see [Ogu94, §1]. One verifies easily as before that ¢ 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
{H", :i € 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;g: 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 {H,, : i € N}
and {Hi_vzp : 1 € N} form cohomological 0-functors from the abelian category MIC(X/S) to the
category of Ox/-modules. Moreover, there is a unique isomorphism of cohomological O-functors

Ox)st M — Hpg

which agrees with the obvious one in degree 0. In particular, if (FE,V) is an object of MIC(X/S),
there is a canonical isomorphism of O x-modules

Oxrs: Hoy(B, V)Y 2 Hpp(E,V).
3.2 The first step is to show that {Hi_d} : ¢ € 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 (m1,...my) of Mx defining an étale map from X to the logarithmic affine space AG*.
Here A™* is the log scheme corresponding to the prelog structure N” — Z[N"] and Ag™ := A" x S.
In particular, (dlogmy,...dlogm,) forms a basis of Qﬁ(—/s; let (01,...0y,) be the dual basis of T’x/g.
(For example, in the case of the trivial log structure, each m; is a section of O%, dlog m; = dm;/my,
and 9; = 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 1. Since the connection V is integrable, it defines an action of
Dx/son E, and if D € Dy/g we denote by Vp or V(D) the corresponding O y-linear endomorphism
of E. For each 4, let 0 := 7*(0;) € Dx1/g = m*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.)

10
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PROPOSITION 3.2.1. Suppose X/S is equipped with a system of log coordinates (myq,...my), and
let (E,V) be an Ox-module with integrable connection. For each i € {1,...n}, let ¢; := (0}) €
Endo, (E), and let h; :=id — 8" € Dyg.
1) V(0:)V(hi) = V(hi)V(9;) = =i
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 Dx/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-(10 ) = 0; [Ogu94,
1.2.2]. Then

H(3h) = V(@) - V(")
= V() = V(9)
= V@)V -1)
= —V(9)V(hi)
This proves the first statement. It follows that if v» = 0, VV},(e) = 0 for every e € E. On the other
hand, if V(e) = 0, then Vp,(e) = 0 for every 4, 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
O _ (E/7v/) _ (E,V) N (E/l’v//) — 0

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

0 — E/V’ N EV N E//V” =0

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 (3.2.1). O

Proof of Theorem (3.1.1). The fact that {Hl :i € N} and {H%p : 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/g, E).
Suppose that X/S admits be a sequence of logarithmic coordinates (myq,...my;). Then Dyxs 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, p}(m) and p}(m) are two sections of Mp with the same on the diagonal,
so there exists a section 7 of the ideal Jx/g of the diagonal such that py(m) = p’(m)(1 +n). If 5,
the section thus constructed for each m;, then (n1,...n,) is a sequence of divided power generators

for Jx/s, and the set of divided power monomials = 77[11] ng "l'is a basis for P over O x (as
either a left or right module). Let
G i=log(1+m) =i —nf” + 2 +

Then the divided power monomials in the (’s also furnish a basis for P. Let {07} be the basis for
Dx/g dual to {71} and let {D;} be the basis dual to {¢[]}. Tt follows from the definitions and the
cocycle condition that

G =1G+G®1
11
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()= Y, Med

I+J=K
Hence D;Dj = Dyyy and
vl = Z ¢=<l @ diogm,.
i
Then the fact that H, R(]:Z(E) = 0 for ¢ > 0 again reduces to the divided power Poincaré lemma.
For the effaceability of {ng : ¢ > 0}, one can either calculate directly or use the explicit local

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

Wi (U = ¢li=peid _ ¢l=ei],
Again we verify that H‘iw(R(E)) = 0 for ¢ > 0 using (2.2.3). Let e be a local section of R(E)
annihilated by (¢1,...4;_1), and write e as a formal sum ), e; ® ¢ U], Define e inductively by

setting
o = 0 if I; <p
1= .
€l—pe; + e/prei+1 if Ii > p.
Then €' := 3" ¢} ® ¢!l is annihilated by (¢1,...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:

v In a+c\[(b+c\ |grec c
INCUOENDY C!( . )( . >n1[+}®m[b+]-

a+b+c=n

4. Explicit formulas

4.1 Our first goal in this section is to give an explicit formula for the isomorphism Cx /g of The-
orem (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 (mi,...m,) is a system of log coordinates for X/S. Then
(dlogmy, . ..dlogm,) is a basis for Q_lX/S‘ Let (O1,...0,) be the dual basis for Tx/g. Let w; :=
dlogm,; € Qﬁ(/s and w, = FYgmiwi € F;‘{/SQ%(,/S. If T is a subset of {1,---n} and ¢ := |I|,
we also denote by I the unique increasing function {1,...¢} — {1,...n} whose image is I. Let

wr=wp A -wy, € ng/s, with similar notation for w}. Note that each w; is closed, and that Kato’s

q

inverse Cartier operator (3.1.1) takes w} to wy. The set of wy with |I| = ¢ forms a basis for QX/S’

q
X//S

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

and similarly for Q

al: E®Qg(/s — E®F)*(/SQg(//s
B E® Fy s s = B0y

as follows. For each i, let h; := id — &7 ~!in the ring of log differential operators. For each I C
{1,...n}, define PD-differential operators ay := [[{h; : ¢ € I} and Sy := [[{hi : i & I}. Then define

oY er@w) =Y Va,(er) @)
B3 er @ uf) = 3 Vo (er) Do

12
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ProprosITION 4.1.1. With the above notation, o := ®a? and § := &3¢ define morphisms of com-
plexes:

. a .
(EF® QX/S,V) — (E® FX/SQX’/S7 —v)

af
pa g

. (6%
(E ® QX/Sa v)

with the following properties:

i) Pa is homotopic to the identity.
ii) H'(af): H_,(E) — H_,(E) is a projection onto H(E)V.
iii) o induces an isomorphism o/ : Hpp(E) — H'_w(E)V, B induces an isomorphism (3’ : H;¢(E)v —

Hpr(E), and o and ' are inverses of each other.

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 E},p 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 ;1 := (—1)"1) where m is the
cardinality of the set of elements of I which are less than i. Thus

€ qwiui if i g1,
w; Nwy =
0 if7el.

Any local section e of F ® QC)I(/S can be written uniquely as a sum e = > ey @ wy with e; € E.
Then the differential d of the complex K5 is given explicitly as follows:

dler @wr) =Y dier ® € jwiu;.
idl
Similarly, any element e of £ ® F;(/S(Qg(//s) can be written uniquely as a sum e = ) ef ® W}, and
the differential ¢ of the complex E, is given explicitly as:

dler @ W) = Z pier ® €, 1wy,
igl

To check that these form morphisms of complexes, we use (3.2.1):

ad(e; @ wy) = a(z dier @ €, 1wi;)
il
= Z agui(dser) ® € 1wy
il
= Z ar(hidier) @ €, 1wy,
il
= Z ar(gier) ® € 1w
il
= dilarer) ® e Wiy
il
= ¢(arer ® wr)
= ga(er @ wr).
13
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This shows that « is a morphism of complexes; the proof for § is similar:

Bo(er ® wy) = ﬂ(z pier ® €, 1wi;)
igl
= Bridier ® € rwii
igl
= Brihidier @ i rwiui
il
=" Bidier ® e jwivi
il
= 0iBrer ® e jwivi
il
= d(Brer ® wr)
= df(e; @ wh).
Evidently Sa is given by Ba(er @ wr) = h(er) @wy, where h := [[{h; : 1 < i < n} is the operator
of (3.2.1). Similarly, af(e; @w}) = h(er) ®w}. Since h; = id—@ffl, there exist differential operators
r; such that

h=id + Zn: o;ri.
=1

Define R: E@ Q% g — E® QY ¢ by

R(e; @ wy) := Z €171 Q W\ ;-
Jjel

We compute:

(dR+ Rd)(e; @ wy) = Z d(ejﬂ“je[ ® wl\j) + Z R(eiJaie] ® Wryi)

jel il
= g g €,1\;€5,10im5er ® Wi\ jui + g E €5,1Ui€i,1Tj0ie1 @ Wiy
JEI igI\j i@l jelUi
= eniEadimier Qwr+ > Y e pjerdirier ® wpjuit
jel jel igl
E €, 10i€i,1mi0ier ® wr + E § €5,10i€i, 1T 0ier @ Wi j
gl 2l jel

Since €1 = €51\ if j €I and €1 =€ 1ui if ¢ € I and 0; and r;commute,

n

Z fj,IGjJ\jajrjeI R wr + Z 61‘7]61‘7[&7“181'6[ Qwy = Z oirier ® wr.
JET igl i=1

On the other hand, if j € I and i & I, then i # j. If i < j, then m(j,I Ui) = m(j,I) + 1 and

m(i, ) =m(i, I\ j). If j <, then m(j,I Ui) =m(j,I) and m(i,I) = m(I,I\ j) + 1. In any case,

€;,1\j€j,1 + €j1ui€i1 = 0. Thus the expression above reduces to

(dR+ Rd)(er ® w]) = Zaﬂ’ie[ ®@uwr = (h—id)(er ® wr).
=1

14
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This proves that h is homotopic to the identity.
It follows that the map on cohomology
H(a): H(Epr) — H(Ey)
is injective and split, the map
H(B): H(Ey) — H(Epg)
is surjective and split, and the image of « coincides with the image of H(h). Recall that Ej is
a complex of modules with integrable connection, and that the corresponding cohomology groups
inherit a connection whose p-curvature is zero. Thus by (3.2.1) the action of H(h) on these coho-

mology groups is a projection onto the horizontal part. In other words, H(«) identifies H}, 5 (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 (4.1.1).
Then for any E, the morphism of complexes

induces morphisms of cohomology sheaves:
H (Bp)Y: H_,(BE)Y — H'(E, V).

As FE varies, these maps form a morphism of cohomological 0-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’)_(}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)_(}  takes W} to wy for any I with [I| = ¢.
Thus the isomorphism of (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 7 = 1, this is possible in our generalized context as
well: there is a map from the closed one-forms the De Rham complex of E to the closed forms in its
p-curvature complex which lifts C'x/g. We show this with the aid of a construction that essentially
appeared already in [Ogu77, 2.11]. This gives a “physical interpretation” of the generalized Cartier
isomorphism Cy/g (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® Q%{/S) be closed, and let [w] be its class in I'(X, H} 5 (E, V)). Define an integrable
connection V' on E' := E® Ox by: V(e ® a) :== V(e) + aw @ da.

i) The p-curvature v’ of V' is given by /(e ® a) = (¢(e) — aw’,0), where 1) is the p-curvature of
E andW € E® F)*(/SQ&/S satisfies
(7*D,w') = (D) W) — V21D, w).
for every D € Txg.

ii) The element w' defined above is a closed cycle in the Higgs complex (E ® F)*(/SQ'X/S, —1)), and
its image in I'(X, Hl_w(E, V)) is Cxys([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
15
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whose class in I'(X, Ext! (Ox, E)) = H°(X, H}, »(E)) corresponds to [w]. According to (3.1.1), this
sequence produces a commutative diagram

HODR(OX7 d) - HIDR(Ev V)
Cx/s Cx/s

HE)(Ox,d) — HEJ (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
P (e®a) =1(e) —aw' for some W' € E®F)*(/SQX,/S. In particular, —¢'(0® 1) = &', so the diagram
shows that C'x/g[w] is the class of .

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

Vhe® e—i—Z() (a) VA=Y D,w) @ D*a)

Hence
Vhe®a) = (Vhe + aV%A(D, w) @ DPa),

and

Yrple®a) = V’g(e ®a)— VID(P) (e ®a)
= (¥p(e) + CLV%A(D,w) —a(DP) W) @ DPa — DW)q)
Since DPa = DWa, we see that /(e ® a) = (¥(e) — aw’ @ 0), where W' € Fy (2, ) satisfies
(m*D,w') = (DW,w) — VI 1D, w). -

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 appeared already 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 hori-
zontal filtration N such that the p-curvature of Gry E vanishes. Let (E,d) be the spectral sequence
of the filtered complex (E ® Q- N). Then there is a commutative diagram whose horizontal
arrows are isomorphisms:

X/8

C)?/s

0

Griy(B)Y @ Q47

By ——— H(Gry E® Q) s

iz =

—1
X/8

Ei+1:.7 HZ+]+1 (GI‘?\Jfrl E® QX/S) Grz]’\Jfrl (E) QZ+J+1

X'/s
Proof. Consider the short exact sequence in the category MIC(X/S);
0— Gr'\i' E— N'E/N""E — Gr'ly E — 0.

16
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The arrow di’j of the spectral sequence is the boundary map in the long exact sequence of cohomology
associated to this sequence by the cohomology J-functor Hpr. By Theorem (3.1.1), there is a
commutative diagram

H (Gr'y E) o HATH G B)

-1 -1
Cy/s Cx/s
i i O i1 it
But — acting on Grﬁv E is zero, so H_¢(Gr§V E) = Grﬁv E, and the boundary map is just the map
induced by —. 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 immediate consequence
of (3.1.1) and (2.3.1).

COROLLARY 5.2.1. Let (E,V) be a coherent sheaf with integrable connection on X/S. If x € X is
noncritical (2.3.2) for the p-curvature of V, then the De Rham complex (E ® (2 /s V) is acyclic in
some neighborhood of .

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

By = H'(X,H/ (E ® QY 5)) = HYA(E,V)
can be rewritten:
By = H'(X' H (E)Y).
Consequently, if £ is coherent and the critical locus (2.3.2) of v is proper over S, then the global
hypercohomology Hp,,(E, V) is finitely generated over A.

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

are coherent sheaves of Oxs-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 one-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
Ly, and its p-curvature is the map 1 — F§ o(7"w — Cx/slw]) ® e (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 — (e) + F)*(/S(W*w — Cx/s5[w]) ® e, where Cx/g[w] is the Cartier operator applied to the
cohomology class of w. In particular, if f € Ox(X) and w = df, then ¢/ = ¢ + F}(df) ® id. Note
that if (E, V) is quasi-nilpotent (2.5.1), then the critical locus of ¢’ 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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6. Appendix: p-curvature and divided powers

6.1 The key to the effaceability of the functors HZD 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
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 {7,,: I — I : m > 1} such that

Vp(ym(a)) = ym-1(a)Vp(a)

for allm > 1, a € I, and D € Tx/g. Observe that a? = 0 for any a € I. Hence if f € Ox, a € I,
and D € Txys,

(Vo(fa))? = (D(f)a+ fVp(a))’ = fP(Vp(a)).
Thus the map ¢p sending a to (Vp(a))? is a linear map I — Fy,(A). Since Vp sends I? to I, ¢p
annihilates 112, Tt is also Fx-linear in D, so that D — ¢p defines an Ox-linear map

¢: FxI — A® Fx /6% /5

which factors through F%(I/I12). We write al™ for ,,(a) and use the conventions o(a) := 1 for
all a and ~,,(a) := 0 for m < 0.

PROPOSITION 6.1.1. Let (A, 1I,7,V) be as above and let ¢ be the p-curvature of (A, V). Then for
any section a of I and any m > 0,

(@™ = a™ Uy (a) + ™ Plp(1 @ 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 nonempty 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 T. We let |s| denote
the cardinality of |s| and |7| the cardinality of .

LEMMA 6.1.2. For any n > 1,

Vi(al") =3 al" T V),

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™) = al™ 1V 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 7, let 75 be the partition of {1,...,n + 1} obtained by adding
n+ 1 to s and leaving the other elements of 7 unchanged: g := 7\ {s} U {sU {n + 1}}. Similarly,
denote by my the partition obtained by adjoining the singleton {n + 1} to m: mp := 7 U {{n + 1}}.
In this way we obtain all the partitions of {1,...n + 1}. Note that |rs| = |7| and 7y = |7| + 1.
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From the Leibnitz rule and the induction hypothesis, we obtain:

e -5y £ 580

TeP, sem
= Ul [V @+ S e, TV @)
TEPy, sET TEPy, sET
= > "V [T Vi)
TeP, sem
+ Z [m— IWI]ZV\ \+1 H V\S
TeP, sem s'em\{s}
m—|m t Ts t
:Za[ ImI]HV|D| Za IIHV\A(G)
TeP, temy seEmEP, teTs
= Z Ha IWI]VW (a)
7TEPn+1 tem
O
If # € P, and |x| = r, write 7 = (81,...,8,) with [s1] < [s2]--- < [s;], and let ¢(7w) :=
(Is1l,---,|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 nondecreasing subsequences of the positive integers. In fact, the fibers
of ¢ are exactly the orbits of P, under the natural action of the symmetric group S,. For each
subsequence I = (I,...1,), let v,(I) denote the cardinality of the corresponding orbit, and let r(I)
be the length of I. Then Lemma (6.1.2) implies that

(al™) ZV )alm T O] V3 (a) (6.1.1)
J

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 m := {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, (6.1.1) when p = n reduces to:

V%(a[m]) = a[m_”V’]D(a) +a™ PV p(a)P.
By the definition of p-curvature,
Yp(al™) = Vi, (al™) = V) (al™)
am= P (a) + a™ PV p (a)? — V i (a™)
=a™ yp(a) + a™ Pop(1 ® a).
This completes the proof of (6.1.1) O
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