RIMS-1904

Integrable Connections I1I:
Frobenius-descent Data

By

Yuichiro HOSHI

TAKRE PR XN

RESEARCH INSTITUTE FOR MATHEMATICAL SCIENCES
KYOTO UNIVERSITY, Kyoto, Japan




INTEGRABLE CONNECTIONS III: FROBENIUS-DESCENT DATA

Y UICHIRO HOSHI

JuLy 2019

ABSTRACT. — In the present paper, we prove that, for a smooth scheme over a field of
characteristic p > 0, the natural morphism from the divided power stratification structure to
the Frobenius-stratification structure is strictly p-integrable. In particular, as an application
of the second fundamental correspondence, we obtain a natural bijection between the set
of Frobenius-descent data and the set of p-dormant PD-connections on objects of weakly
integrable categories fibered in groupoids over categories of schemes. This bijection may be
regarded as a generalization of the well-known equivalence concerning dormant connections
and Frobenius-descent data.
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INTRODUCTION

1.0. — Let p be a prime number, S a scheme over a field of characteristic p, and X a
scheme which is smooth and separated over S. Write X¥ — S for the base-change of the
structure morphism X — S of X by the absolute [p-th power| Frobenius endomorphism
of S [cf. Definition 1.1],

Fryg: X —= X"

for the relative [p-th power] Frobenius morphism of X /S [cf. Definition 1.1], Schg for the
category of schemes over S and morphisms of schemes over S [cf. [3], Definition 1.6, (i)],
and

POpl C X x¢ X
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for the closed subscheme of X xg¢ X defined by the quasi-coherent ideal of Ox x ob-
tained by forming the square of the quasi-coherent ideal that defines the diagonal closed
subscheme X C X xgX of X xg X [cf. [4], Definition 2.1, (ii); [2], Remark 4.2]. For each
i € {1,2}, write, moreover,

PDprll : PDPI

— = X

for the morphism over S obtained by forming the composite of the natural closed im-
mersion PP P! < X x g X and the projection X xg X — X onto the i-th factor [cf. [3],
Definition 2.3, (ii); [4], Lemma 2.2].

I.1. — In the remainder of the present Introduction, let
&

be a locally free Ox-module. Here, let us recall some discussions of [4], Introduction. Let
us first recall that a connection on & [i.e., relative to X/S] is defined to be a homomor-
phism of (X — S)~'Og-modules

V: €& — & ®oy Vs

that satisfies the equality V(fe) = fV(e) +e® df — where f, e are local sections of Oy,
&, respectively [cf. [4], Definition 1.6]. On the other hand, it is well-known [cf., e.g., [2],
Proposition 2.9] that giving a connection on &£ [i.e., a homomorphism of (X — S)~1Og-
modules as above] is equivalent to giving an isomorphism of Orp pr-modules

("Ppry) € —= ("Ppry)*E

that restricts, on the diagonal closed subscheme X C PP P! to the identity automorphism
of & [cf. [4], Proposition 2.6, (ii)]. Moreover, such an isomorphism ("Pprl)*& = (FPpr})*€
is naturally related to the notion of a divided power stratification [cf., e.g., [2], Definition
4.3] on €£.

Now let us observe that since the above “second” definition of the notion of a connection
[i.e., an isomorphism (PPpri)*€ = (FPpri)*€ as above] and the definition of the notion
of a divided power stratification of [2], Definition 4.3, are “sufficiently abstract”, one may
apply these definitions [not only to locally free modules as above but also] to an object of
a category fibered in groupoids over the category Schg. In the remainder of the present
Introduction, let & — Schg be a category fibered in groupoids over Schg and £ an object
of F over X. Thus, one may define

e a PD-connection on £ to be an isomorphism
("Ppry) € — ("Ppry)¢
in F over the identity automorphism of P P! that restricts to the identity automorphism
of € = ((FPprd)*¢)|x = ((FPpr})*¢)|x [cf. [3], Definition 4.1, (iii); [4], Definition 2.5].
Moreover, one may also define

e a PD-stratification to be a collection of data similar to a divided power stratification
defined in [2], Definition 4.3 [cf. [3], Definition 4.6; [4], Definition 2.5] and
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e a PD-integrable PD-connection to be a PD-connection whose PD-curvature [cf. [3],
Definition 4.7, (i); [4], Definition 2.5] is the identity automorphism [cf. [3], Definition 4.7,
(ii); [4], Definition 2.5].

Write
PDStre(¢), PPIntCnn(€)

for the sets of PD-stratifications, PD-integrable PD-connections on &, respectively [cf. [3],
Definition 4.6; [3], Definition 4.7, (ii); [4], Definition 2.5].
Here, let us recall that one important result of [4] [cf. [4], Theorem A] asserts that

if the category F fibered in groupoids over Schg is weakly integrable [cf.
[3], Definition 1.8], then the natural map

PDStrt(¢) — "PIntCnn(€)

[cf. [3], Lemma 4.8] is bijective.

Note that this bijection may be regarded as a generalization [cf. [4], Remark 4.3.1, (i)] of
the well-known equivalence of the following two conditions on a given [classical] connection
Vi€ = E®oy Qﬁ(/s on the locally free Ox-module &:

e The connection V is integrable — i.e., the curvature of the connection V
v vi
£ —=E®oy Vx5 — & Qox Vyys

cf., e.g., the discussion preceding [2], Theorem 2.15] is zero.

e The connection V extends to a uniquely determined divided power stratification on

£.

I1.2. — We shall refer to a descent datum on the object £ of the category F fibered
in groupoids over the category Schg with respect to the relative Frobenius morphism
Fry/s: X — X of X/S — ie., an isomorphism in F, over the identity automorphism
of X xxr X, of the pull-back of £ by the second projection X x yr X — X with the
pull-back of & by the first projection X xxr X — X that satisfies a certain “cocycle
condition” on X X yr X X xr X — as a Frobenius-descent datum on £ [cf. Definition 3.2,
(iv)]. Write

FrDsc(§)

for the set of Frobenius-descent data on & [cf. Definition 3.2, (iv)].

Now let us observe that one verifies easily that the natural closed immersion P P! —;
X Xg X factors through the closed immersion X X yr X — X xg X determined by the
morphism X¥ — S [cf. Lemma 1.3]. Thus, by pulling back a Frobenius-descent datum
on ¢ by the resulting closed immersion PP P! < X x yr X, one obtains an isomorphism

(PDpr%ykg _~ (PDpr%)*g
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in F over the identity automorphism of PP P!. Let us also observe that this isomorphism
is in fact a PD-connection on &; moreover, this PD-connection naturally extends to a PD-
stratification on €. In summary, one may construct a PD-stratification from a Frobenius-
descent datum, i.e., obtain a map of sets

FrDsc(¢) — "PStrt(¢) (— "PIntCnn(¢))
[cf. Proposition 1.11; Proposition 3.3; [3], Lemma 4.8; [3], Lemma 4.12, (i)].

I.3. — Next, let us recall the notion of p-curvature [cf., e.g., [5], §5]. One may associate,
to a divided power stratification [or, alternatively, an integrable connection| on the locally
free Ox-module &£, the p-curvature, i.e., a certain homomorphism of O yx-modules

8 —_— (C/’ ®OX FIA;(/SQ;'F/S

The usual definition of the p-curvature of a divided power stratification relies, at least a
priori, on the fact that £ is an Ox-module. Thus, the usual definition cannot be applied,
at least in any immediate way, to a PD-stratification on an object of F discussed in
§1.1. However, S. Mochizuki gave a “sufficiently abstract” definition of p-curvature [cf.
[7], Proposition 1.7; [8], §2.3], which does work even if one works with the category F
fibered in groupoids over Schg as in §1.1. We define

e the (m,p)-curvature of a PD-stratification — that is an automorphism of a certain
object of F — by applying a similar definition to the definition by Mochizuki [cf. also
Remark 3.9.1, (i)], i.e., [3], Definition 4.13, (i) [cf. Proposition 1.11; [3], Definition 4.13,

(i)]-
Moreover, we define
e a (m,p)-dormant PD-connection by applying [3], Definition 4.13, (iii), i.e., to be a

[necessarily PD-integrable — cf. [3], Lemma 4.8] PD-connection that arises from a PD-
stratification whose (7, p)-curvature is the identity automorphism [cf. Proposition 1.11;

(3], Definition 4.13, (iii)].
Write
™PDrmCnn(¢) C "PIntCnn(¢)

for the set of (m,p)-dormant PD-connections on £ [cf. Proposition 1.11; [3], Definition
4.13, (ii)].

I.4. — Next, let us recall that it is well-known [cf., e.g., [5], Theorem 5.1] that, for a given
integrable connection V on the locally free Ox-module £, the following two conditions
are equivalent:

(t) The integrable connection V is dormant — i.e., the p-curvature of the integrable
connection V

[cf. §1.3] is zero.

(1) The integrable connection V arises from a uniquely determined Frobenius-descent
datum on & [cf. the final display of §1.2].
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Here, let us observe that the proof of the above relationship between dormant connec-
tions and Frobenius-descent data given in [5], §5, relies, at least a priori, on the fact that
€ is an Ox-module [cf. the argument concerning the endomorphism “P” in the proof of
[5], Theorem 5.1]. In particular, this proof cannot be applied, at least in any immediate
way, in a situation in which we work with the category F fibered in groupoids over Schg
as in §L.1.

In the present paper, we give a “geometric proof” of the above equivalence, which does
work even if one works with a certain category F fibered in groupoids over Schg as in §I.1.
One important result of the present paper — that may be regarded as an application of the
second fundamental correspondence of [3], Definition 6.7 — is as follows [cf. Corollary 3.9].

THEOREM A. — Let p be a prime number, S a scheme over a field of characteristic
p, X a scheme which is smooth and separated over S,

JF —— Schg

a weakly integrable [cf. 3], Definition 1.8] category fibered in groupoids over Schg, and
& an object of F over X. Then the map

FrDsc(¢) — ™DrmCnn(¢)

[cf. Proposition 1.11; Definition 3.2, (iv); Proposition 3.3; [3|, Definition 4.13, (iii); [3],
Lemma 4.14] determined by the morphism w: PD — Fr [¢f. Proposition 1.11] is bijective.

We shall say that the category F fibered in groupoids over Schg is Frobenius-descent
effective if the relative [p-th power| Frobenius morphism of every smooth scheme over
S is an effective descent morphism, i.e., relative to the category F fibered in groupoids
over Schg [cf. Definition 3.2, (v)]. Since [one verifies easily that] the relative Frobenius
morphism of a smooth scheme over S is a finite flat universal homeomorphism, one verifies
immediately from elementary descent theory that both

e the category fibered in groupoids of locally free modules [cf. [4], Definition 1.1] and
e the category fibered in groupoids of smooth schemes [cf. [4], Definition 1.7]

are Frobenius-descent effective [cf. Remark 3.2.1].
As an application of Theorem A, we also obtain the following result [cf. Corollary 3.10].

THEOREM B. — Let p be a prime number, S a scheme over a field of characteristic
p, X a scheme which is smooth and separated over S, and

F— SChS

a weakly integrable [cf. [3], Definition 1.8] and Frobenius-descent effective [cf.
Definition 3.2, (v)] category fibered in groupoids over Schg. Write X¥ — S for the base-
change of the structure morphism X — S of X by the absolute [p-th power] Frobenius
endomorphism of S,

Fryg: X —= X"
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for the relative [p-th power] Frobenius morphism of X/S, and
]:'|)D(rm
for the groupoid defined as follows:

Drm

e An object of the category F|3™ is a pair (§, V) consisting of an object & of F|x [cf. [3],
Definition 1.6, (ii)] and a (7, p)-dormant PD-connection V on & [cf. Proposition 1.11;
3], Definition 4.1, (iii); [3|, Definition 4.13, (iii); [4], Definition 2.5].

o If(£,V1) and (&, Vo) are objects of the category F|R™, then a morphism (£, V1) —
(&, V) in the category F|X™ is defined to be an isomorphism & — & in F|x that is
PD-horizontal [cf. [3], Definition 4.2; [4], Definition 2.5].

Then the functor
.F‘XF —— f’?{rm

[cf. Corollary 3.9] determined by the morphism Fry,g: X — XF is an equivalence of
categories.

Thus, we obtain generalizations of the equivalence of the two conditions () and (1) in
§1.4, i.e., Theorem A and Theorem B.
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1. FROBENIUS-STRATIFICATION STRUCTURES

In the present §1, we introduce and discuss the notion of a Frobenius-stratification
structure on a smooth scheme over a field of positive characteristic [cf. Definition 1.8
below|. In the present §1, let p be a prime number, S a scheme over a field of characteristic
p, and X a scheme which is smooth and separated over S. Thus, we have the divided power
stratification structure on X/S

PD = ((PDJ_‘)n)nZO7 (PDLn: PDPn N PDPnJrl)nZO7

(PDO_n : PDPn N ){(2))71207 (PD(Snl,ng . PDPnl,ng N PDPn1+n2)n1,n220)

[cf. [4], Definition 2.5].

DEFINITION 1.1. — We shall write
Fr S S——3S8
for the absolute [p-th power] Frobenius endomorphism of .S,

Frx: X — X
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for the absolute [p-th power| Frobenius endomorphism of X,
Xr—-g
for the base-change of the structure morphism X — S of X by Frg, and
Frys: X —= XF

for the relative [p-th power| Frobenius morphism of X/S. Thus, we have a commutative
diagram of schemes

X FI‘X

\Ffj/s
Xr—=Xx
S—— 9

Frg

— where the right-hand lower square is cartesian.

DEFINITION 1.2.

(i) We shall write

def

"PE X xx, X

for the fiber product of two copies of Fry/s: X — X*. Thus, the structure morphism
X¥ — S of X determines a closed immersion over S

Frpc . x(2)
(ii) Let i be an element of {1,2}. Then we shall write
Frpri: FrP X

for the projection onto the i-th factor.

LEMMA 1.3. — Let n be a nonnegative integer. Then the morphism PPo™: PP P — X(2)
factors through the closed immersion ™" P — X® of Definition 1.2, (i):

PD Pn FrP

P‘% /
xX@,

PROOF. — This assertion follows immediately from [4], Lemma 3.11 [cf. also [4], Lemma
3.9). 0
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DEFINITION 1.4. — Let n be a nonnegative integer.
(i) We shall write
Frpn c Fp
for the closed subscheme of '*P obtained by forming the scheme-theoretic image of the

morphism FPP" — FP obtained in Lemma 1.3. Thus, we have a sequence of closed
subschemes of ' P

(ii) We shall write
Fr,n. Frpnc___ Frpn+l
for the natural closed immersion over S.
(iii) We shall write
Fron. Frprc__ x(2)
for the closed immersion over S obtained by forming the composite of the natural closed
immersion ™ P" < P and the closed immersion P < X®) of Definition 1.2, (i).
(iv) We shall write
on.PDpn ___Frpn
for the morphism over S obtained by the definition of ¥ P*. Thus, we have a commutative
diagram of schemes over S

PD P FrPn

P]% Fro.n

LEMMA 1.5. — The collection of data
((FrPn)n207 (Fan: FrPn N FrPn+1)n20; (Fro_n: FrP'rL N X(Z))nZO)
forms a pre-stratification structure [cf. [3], Definition 2.2] on X/S.

PROOF. — It is immediate from the definitions of “*/™” and “f¢™” that the collection
of data under consideration satisfies condition (1) of [3], Definition 2.2. Moreover, it
follows from the commutative diagram of Definition 1.4, (iv), and [4], Lemma 2.2, that
the collection of data under consideration satisfies condition (2) of [3], Definition 2.2.
This completes the proof of Lemma 1.5. U

DEFINITION 1.6. — Let ny, ny be nonnegative integers. Thus, we have the scheme
Frprimn2 gver S [cf. [3], Definition 2.4, (i), in the case where we take the “G” to be the
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pre-stratification structure of Lemma 1.5]. Then one verifies easily that the commutative
diagram of schemes over S

PD(;nl ,n9

PDPnl,nz PD pn +ng
PDo.nl,nQ \L \LPDUTL1+TL2
x 3 x (2

Xpr(3)

{1,3}

[cf. condition (1) of [3], Definition 2.5; [4], Proposition 2.4] determines a commutative
diagram of schemes over §

Frpn1 N2 Fr Pn1 +no
X G xX®
Xpr(3)
{1,3}

— where the vertical arrows are the natural closed immersions. We shall write

Fr5n1,n2 . FrPnl,nz FrPn1 +no

—_—

for the upper horizontal arrow of this diagram.

PROPOSITION 1.7. — The collection of data

Fr = ((Fr13n>nzo7 (Fan: FrPn — FrPn—l-l)n207

(Fro_n: FrPn N X(Q))nZOa (Fr5n1,n2 : FrPn1,n2 N FrPn1+n2)n17n220>
forms a stratification structure [cf. [3], Definition 2.5] on X/S.

PrROOF. — This assertion follows immediately from Lemma 1.5 and [4], Proposition 2.4,
together with the definition of “Frmm2”. O

DEFINITION 1.8. — We shall refer to the stratification structure of Proposition 1.7

Fr = ((Frpn)HZO’ (Fan: FrPn N FrPn+l)n207

(Fran: Fr pn N X(Q))nEO; (F‘r(gm,nz: Fr pni.ng N Ferer)m,mZO)

as the Frobenius-stratification structure on X/S.

LEMMA 1.9. — Let n be a nonnegative integer. Then the closed immersion ™™ : ¥ Pm
Frprtl js square-nilpotent [cf. [3], Definition 1.2, (ii)]. In particular, the stratification
structure Fr is t-quasi-nil-retraction-like [cf. [3], Definition 3.1, (i)].

PRrROOF. — This assertion follows from [4], Lemma 2.7 [cf. also [3], Remark 1.2.1]. O
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LEMMA 1.10. — Let r be a positive integer; nq, ..., n, nonnegative integers. Write n o
>y ni. Then the morphisms in the diagram of schemes over S

Frsxn
I r6n1 ..... ne I
rPXn T PR,
Fr& A.u,ny‘
FrPn

of [3], Definition 2.6 [i.e., in the case where we take the “G” to be the Frobenius-
stratification structure Fr|, are quasi-nil-retraction-like [cf. [3], Definition 1.2, (iii)].

PrROOF. — This assertion follows from Lemma 1.9 and [3], Remark 3.1.1, (iii). O

PROPOSITION 1.11. — The collection of data

forms a morphism of stratification structures [cf. [3], Definition 2.8]

PD —— Fr.
PrOOF. — This assertion follows immediately from the various definitions involved. [J
LEMMA 1.12. — Let r be a positive integer; ny,...,n, nonnegative integers. Then the

morphism g™nr s PP prvne o ¥r praone [of (3]0 Definition 2.9, i.e., in the case where
we take the “®” to be the morphism 7 of Proposition 1.11] is quasi-nil-retraction-like.

PrROOF. — This assertion follows — in light of [3], Remark 3.7.1 — from Lemma 1.9
and [4], Lemma 2.7. O

2. DIviDED POWER POLYNOMIAL ALGEBRAS IN POSITIVE CHARACTERISTIC

In the present §2, we discuss divided power polynomial algebras in positive character-
istic. The results obtained in the present §2 will be applied in §3 to prove that the
Frobenius-stratification structures have some good properties.

In the present §2, let R be a ring and A an R-algebra. Suppose that there exist a
nonnegative integer d and d elements aq,...,aq € A of A such that the a;’s determine an
étale morphism R|[sy,...,sq] — A over R — where sq,..., s, are indeterminates. Thus,

we are in the situation of [4], §3. In particular, we are given the ring A® © Yy ®r A, the
kernel I C A® of the multiplication A® — A, and the homomorphisms
o, S A — A

given by mapping a € Atoa® 1, 1 ® a € A®, respectively. In the present §2, let p be a
prime number. Moreover, suppose that the ring R is a ring over a field of characteristic

p.
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DEFINITION 2.1.
(i) We shall write
J, C A®)
for the ideal of A® generated by

)ti(PTgQ)(al)p - )ﬁ(pr?)(al)p Y fprg) (aq)” — );fpl“?)(ad)p

cf. also [4], Lemma 3.11] and
A AP,
for the quotient of A® by the ideal J, € A® of A®.
(ii) Let i be an element of {1,2}. Then we shall write
I;’fpri: A—=TA

for the homomorphism obtained by forming the composite of the homomorphism )ﬁ( pr§2) A —
A® and the natural surjective homomorphism A® — 4.

(iii) Let n be a nonnegative integer. Then we shall write
FrAn C PDAn

cf. [4], Definition 3.1, (ii)] for the subring of "P A™ obtained by forming the image of the
homomorphism (F*A™ —) A®) /(I"+ 4 J) — PP A" obtained in [4], Lemma 3.11.

(iv) Let n be a nonnegative integer. Then we shall write

I;rl/n: FrAnJrl FrAn

for the natural surjective homomorphism.

(v) Let n be a nonnegative integer. Then we shall write

Fj;ro_n: A(Q) FrAn

for the natural surjective homomorphism.

(vi) Let n be a nonnegative integer. Then we shall write

]iﬂ—n: FrAn( PDAn

for the natural injective homomorphism.

LEMMA 2.2. — Write

x4« Spec(A) —= S o Spec(R).

In particular, we are in the situation of §1, which thus implies that we are given the
morphisms

Frprl’ Frpr2 . FrP X, 71'" . PDPn FrPn
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— where n is a nonnegative integer — and the pre-stratification structure on X/S of
Lemma 1.5

(("P")uzo, (T TP TP g, (o™ P = X)),

Then there exist isomorphisms of schemes

rp . Spec(*A), Frpn - Spec(*"A™)
such that the morphisms of schemes
Frprb FrprQ’ ,/Tn’ Frbn’ Fro_n
coincide — relative to the isomorphisms of schemes under consideration and the iso-
morphisms of schemes of [4], Lemma 3.2 — with the morphisms of schemes induced by
the homomorphisms
P;jrprlu Pj;rpr% ]jﬂ-na l?jr[/n7 E;ro-n
defined in Definition 2.1, respectively.
PROOF. — This assertion follows immediately from [4], Lemma 3.2, together with the
various definitions involved. U
DEFINITION 2.3. — Let r be a positive integer; nq,...,n, nonnegative integers. Write
n® D i1 M
(i) Let myq, ..., m, be nonnegative integers such that m; < n; for eachi € {1,...,r}; j
an element of {1,...,r+1}; j' an element of {1,...,7r}. Then it follows from Lemma 2.2
that we obtain rings
FrAnl,...,nr’ FTAXT‘
that “correspond” — relative to the isomorphisms of schemes of Lemma 2.2 — to the
schemes
FrPnl,...,nr’ FrPXr

defined in [3], Definition 2.4, (i), (vi) [i.e., in the case where we take the “&” to be the
pre-stratification structure of Lemma 1.5], respectively, and homomorphisms

Fr my,...m, . FrAnl,...,n,« FrAml,...,mT

tbnne )

E&rprnl,...,nrz A FrAnl,.,.,nT

! ’ Fﬁrprnl,m,nr . FrAnj/ FrAnl,.‘.,nT

{5".9"+1} ’

l*;trpr;r: A FrAXr’ P;irpr?j?jurl}: FrAl FrAXr
that “correspond” — relative to the isomorphisms of schemes of Lemma 2.2 — to the
morphisms of schemes

N yeeeyNp Fr_._ xr

Fr maq,...,m, Fr_ _ni,..nr Fr Fr___ xr
Py P Phgrgr+1)

Lnl,...,nr ) prj )

defined in [3], Definition 2.4, (ii), (iv), (v), (vi) [i.e., in the case where we take the “&”
to be the pre-stratification structure of Lemma 1.5], respectively.
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(ii) It follows from Lemma 2.2 that we obtain homomorphisms

Fr ¢xn . Fr gni,...,n Fr A xn Frecxn . Fr gAn Fr A xn
f0m A T —— AT O AT —— AT
};rcsnl,...,n,.: FrAn FrAnl,...,n,.
that “correspond” — relative to the isomorphisms of schemes of Lemma 2.2 — to the

morphisms of schemes

Fr6><n Fr(sxn F‘ré‘nl,...,nr
)

M1yeeesTp?

defined in [3], Definition 2.6 [i.e., in the case where we take the “G” to be the stratification
structure of Definition 1.8], respectively.

(i) Let ¢ be an element of {1,...,r+ 1}. Suppose that n > 1. Then it follows from
Lemma 2.2 that we obtain rings

Fr gni,...,n Fr g xr
Attt A
that “correspond” — relative to the isomorphisms of schemes of Lemma 2.2 — to the
schemes
Fr pni,...,n Fr pxr
P " Vid

defined in [3], Definition 2.7, (i), (v) [i.e., in the case where we take the “G” to be the
stratification structure of Definition 1.8], respectively, and homomorphisms

F&rénl,...,nT: F‘rAnl,...,nT F‘rAnl,...,nT’ F&rénl,...,nr: FrAnfl FrAnl,...,nT7
i A T BB g g,
Fj;réxr: FrAXr F‘réxr’ Fj;réxr: FrAr—l FrAXT>
I;rgixr: A FIAXT7 I;ré(ir: FrAXr A
that “correspond” — relative to the isomorphisms of schemes of Lemma 2.2 — to the

morphisms of schemes

Fr ni,...,n Fr cnq,...,n Fr_ _ni,..nr Fr 0
é T? é T? El I Anl,. My
Fr xr Fr cxr Fr__ xr Fr 0
L 9 é 9 pri 9 é><7~

defined in [3], Definition 2.7, (ii), (iii), (iv), (v) [i.e., in the case where we take the “&”
to be the stratification structure of Definition 1.8|, respectively.

(iv) Let m’ < m < n be nonnegative integers and i an element of {1,2}. Then it
follows from Lemma 2.2 that we obtain a ring

TrAn|m

that “corresponds” — relative to the isomorphisms of schemes of Lemma 2.2 and [4],
Lemma 3.2, and — to the scheme

7rPn|m
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defined in [3], Definition 2.10, (i) [i.e., in the case where we take the “®” to be the
morphism of Proposition 1.11], and homomorphisms

ﬁ7_‘.n|m: FrAm wAn\m ;Lnim/ . 7rAn|m TrAn|m’
EiN = 4 ) Ynlm = £ 2 )
Tprm A A 0T A
1 ° — Y nim * =
that “correspond” — relative to the isomorphisms of schemes of Lemma 2.2 and [4],

Lemma 3.2 — to the morphisms of schemes

nlm 7 nlm/ T nm w0
m ; én|m ’ pr; ) £n|m

defined in [3], Definition 2.10, (ii), (iii), (iv), (v) [i.e., in the case where we take the “®”
to be the morphism of Proposition 1.11], respectively.

DEFINITION 2.4. — Let n be a positive integer. Then we shall write
[n,d] C [n, d]

for the subset of the set [n,d] of [4], Definition 3.4, (i), consisting of maps {1,...,n} —
{0,...,d} such that fm~'({i}) < p whenever ¢ # 0. Thus, the equivalence relation “~”

on the set [n, d] of [4], Definition 3.4, (ii), determines an equivalence relation on the subset
[n, d]<P.

LEMMA 2.5. — Let n be a positive integer. Then the following hold:
(i) Let m be an element of [n,d]<?/ ~ (C [n,d]/ ~). Then the element zI™ € PP A"
defined in [4], Definition 3.4, (iii), is contained in the subring *A® C PP A" of PP An.
(ii) If one regards *TA™ as an A-module by the homomorphism Fﬁrpr’f (respectively,
¥pry), then the A-module ™A™ is free, and the subset {a™}sema<r/n C A" of FrAm
[cf. (i)] forms a basis of the free A-module ™ A™.

PROOF. — Since [it is immediate that] (p — 1)! is invertible in R, these assertions follow
immediately from condition (4) of [2], Definition 3.1, and [4], Lemma 3.5, (i). O

LEMMA 2.6. — Let n be a nonnegative integer. Then the following hold:

(i) It holds that the injective homomorphism yr™: ¥ A" — PP A" s an isomorphism
if and only if the inequality n < p — 1 holds.

In the remainder of the present paper, if n < p—1, then let us identify " A™ with PP A"
by means of this isomorphism yg™: FFA™ 5 PP A"

FrAn — PDAn

(i) It holds that the natural surjective homomorphism ¥ A — ™ A" is an isomorphism
if and only if the inequality d(p — 1) < n holds.
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PROOF. — These assertions follow immediately from Lemma 2.5, (ii), and [4], Lemma
3.5, (i). O
LEMMA 2.7. — Let r be a positive integer; ny,...,n, nonnegative integers. Write n o
Y iy ni. Let us recall the commutative diagram of rings
FrAn
F‘rAnl,...,nT FrAXn
Frdxn
t9n1,.. Ny

[cf. [3], Definition 2.6, i.e., in the case where we take the “G” to be the stratification
structure of Definition 1.8]. Then the homomorphisms in this diagram are injective.

PRrROOF. — This assertion follows from [4], Lemma 3.8. O

LEMMA 2.8. — Suppose that n > 3. Let us recall the commutative diagram of injective
[c¢f. Lemma 2.7) homomorphisms of rings

Fré‘l,nfl

FrAn( i FrAl,n—l

Fr5><n
Fré‘n—l,l # Fr5><n
i #%1,n—1

Then the following two conditions are equivalent:
(1) Fithern# p ord=0.
Fr ¢Xn

(2) The intersection of the image of "7,y and the image of 'f6,", | coincides with
the image of Fﬁrém.

PROOF. — First, we verify the implication (1) = (2). If d = 0, then it is immediate
that condition (2) is satisfied. If n < p — 1, then it follows from Lemma 2.6, (i), and [4],
Lemma 3.9, that condition (2) is satisfied. Suppose that n > p+ 1 and d # 0.

Let z be an element of FPA*" = T A*" [cf Lemma 2.6, (i); [4], Definition 3.3, (i)]
contained in the intersection under consideration. Thus, it follows from [4], Lemma
3.9, that z is contained in the image of "P6*" [cf. [4], Definition 3.3, (ii)]. For each
m € [n,d], write a, € A for the uniquely determined element of A such that if one
regards "PA*" = " A*" as an A-module by the homomorphism "Ppri™ = Fpri™ [cf.
Lemma 2.6, (i); [4], Definition 3.3, (i)], then the equality z = >~ [, 5 @mTem holds [cf.
[4], Definition 3.4, (iv); [4], Lemma 3.5, (ii)].

Next, let us observe that it follows — in light of [4], Lemma 3.7, (i) — from Lemma 2.5,
(ii), and [4], Lemma 3.5, (i), that, to verify the implication (1) = (2), it suffices to verify
the following claim:

me(n,
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Claim 2.8.A: If m € [n,d] \ [n,d]<P, then a, = 0.

To this end, let m be an element of [n,d] \ [n,d]<P. Now let us observe that since z is
contained in the image of "P6*", it follows from [4], Lemma 3.7, (i), that, to verify the
equality a, = 0, we may assume without loss of generality, by replacing m by a suitable
element of [n, d] equivalent [i.e., with respect to the equivalence relation of [4], Definition
3.4, (ii) — cf. [4], Remark 3.6.1] to m, that the map m: {1,...,n} — {0,...,d} sends
every element of the subset {1,...,p} C{1,...,n} [cf. our assumption that n > p+1] to
1 €{0,...,d}. Then since z is contained in the image of Fﬁré,ffLI, and n—1 > p, it follows
immediately from Lemma 2.5, (ii), and [4], Lemma 3.7, (i), that a,, = 0, as desired. This
completes the proof of Claim 2.8.A, hence also of the implication (1) = (2).

Next, to verify the implication (2) = (1), suppose that n = p and d # 0. Write
m € [n,d] for the map {1,...,n} — {0,...,d} given by mapping every i € {1,...,n}
to 1 € {0,...,d}. Then one verifies easily from Lemma 2.5, (i), and [4], Lemma 3.7, (i),
that the element rgm € PP A*™ = T AX" [cf. [4], Definition 3.4, (v)] is contained in the
intersection under consideration. On the other hand, one verifies easily from Lemma 2.5,
(ii), and [4], Lemma 3.7, (i), that the element zgz € PPAX™ is not contained in the
image of 6*". This completes the proof of the implication (2) = (1), hence also of
Lemma 2.8. U

LEMMA 2.9. — Let r be a positive integer; ny,...,n, nonnegative integers. Write

n & > iy ni. Suppose that n > 1. Then the kernel of the surjective homomorphism
ot B At BEAMte e the ddeal of T A™ " generated by the image of

Fr Any (PRI /PRIy C Fr A [¢f. [4], Definition 3.1, (i)] by F6™ " — is annihilated
by the kernel of the surjective homomorphism 100, o FrAMzonr o FAG0 = A,

PRrROOF. — This assertion follows immediately from [4], Lemma 3.10. O

LEMMA 2.10. — Let n < p be a nonnegative integer. If one regards PP AP as an A-
module by the homomorphism P?prﬁ’, then the kernel of the surjective homomorphism

ﬁi}z: PDAP = ™ APlP —, ™ API" coincides with the A-submodule of PP AP freely [cf. [4],

Lemma 3.5, (i)] generated by the x[™ ’s, where m ranges over the elements of [p,d]<P/ ~
(C [p,d]/ ~) such that everym € m (C [p, d|<P) satisfies the inequality tm~1({1,...,d}) >
n+ 1.

PROOF. — Let us first observe that [it is immediate that] (p—1)! is invertible in R. Thus,
Lemma 2.10 follows immediately — in light of condition (4) of [2], Definition 3.1 — from
Lemma 2.5, (ii), and [4], Lemma 3.5, (i). This completes the proof of Lemma 2.10. [

LEMMA 2.11. — Let n < p be a positive integer. Then the kernel of the surjective
homomorphism géﬂz—l: TAPIn s 7 APIn=1 s annihilated by the kernel of the natural
surjective homomorphism ;rég‘n: TAPIY s A,

PROOF. — This assertion follows immediately from Lemma 2.10, together with condition
(4) of [2], Definition 3.1. O
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3. AN APPLICATION OF THE SECOND FUNDAMENTAL CORRESPONDENCE

In the present §3, we prove [cf. Theorem 3.8 below] that, for a smooth scheme over a
field of characteristic p > 0, the morphism 7: PD — Fr of Proposition 1.11 is strictly
p-integrable [cf. [3], Definition 3.9]. Moreover, we discuss an application of the second
fundamental correspondence of [3], Definition 6.7 [cf. Corollary 3.9 below]. In the present
83, let p be a prime number, S a scheme over a field of characteristic p, X a scheme
which is smooth and separated over S,

F— SChS
a category fibered in groupoids over Schg, and

£
an object of F over X.

LEMMA 3.1. — Let n be a nonnegative integer. Then the following hold:

(i) It holds that the morphism ©": PP P — ¥'P" js an isomorphism if and only if
the tnequality n < p — 1 holds.

(ii) It holds that the natural closed immersion ™ P" — ¥ P is an isomorphism if and
only if the inequality d(p — 1) < n holds.

PROOF. — Assertion (i) (respectively, (ii)) follows from Lemma 2.6, (i) (respectively,
(ii)). O

DEFINITION 3.2.

(i) We shall write

def

BT E X xx, X xx, X

for the fiber product of three copies of Fry/s: X — X*.
(ii) Let I C{1,2,3} be a subset of {1,2,3} of cardinality two. Then we shall write

Frpr?: bep_ _Fp

for the projection onto the factors labeled by the elements of I, i.e., the morphism given
by “(x1, 22, x3) — (T4, xi,)", where I = {iy,i5} and i) < is.

(iii) Let ¢ be an element of {1,2,3}. Then we shall write
Brprl B> X

for the projection onto the i-th factor.

(iv) We shall refer to a descent datum on £ with respect to the morphism Frx/g: X —
XF — ie., an isomorphism in F

Frp

0: pry¢ —- Tprig
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that satisfies the following “cocycle condition” as a Frobenius-descent datum on &: The
composite

("priy )70

("prs )€ = (Mpriyg) " prsé = (Fprigsy) prié
T * T *Fr_ % (Frprzﬂl’g})*e T *Fr_ %
= (Mpry) € = (Mpriygy) T prag — (Mpriygy) prie

(Frpr%’L?)})*(@—l)

- ("pri) "¢ = (Mpriyg) " prié — (Fpriysy) prsé
— (Frpr?;)*é-

— where we write = for the inverse of the isomorphism 6 — is the identity automorphism
of (**pri)*¢. We shall write

FrDsc(€)
for the set of Frobenius-descent data on €.

(v) We shall say that the category F fibered in groupoids over Schg is Frobenius-descent
effective if the relative [p-th power] Frobenius morphism of every smooth scheme over S
is an effective descent morphism, i.e., relative to the category F fibered in groupoids over

SChs.

REMARK 3.2.1. — Since [one verifies easily that] the relative Frobenius morphism of a
smooth scheme over S is a finite flat universal homeomorphism, one verifies immediately
from elementary descent theory that both

e the category LcFr — Schg fibered in groupoids of [4], Definition 1.1, and
e the category SmSch — Schg fibered in groupoids of [4], Definition 1.7,

are Frobenius-descent effective.

PROPOSITION 3.3. — The notion of a Frobenius-descent datum on & of Defini-
tion 3.2, (iv), is the same as the notion of an Fr-stratification on £ in the sense
of Definition 1.8 and [3], Definition 4.6:

FrDsc(€) = " Strt(€)
[cf. Definition 1.8; [3], Definition 4.6].

PROOF. — This assertion follows immediately from Lemma 3.1, (ii), together with the
various definitions involved [cf. also [3], Remark 4.6.2]. O



INTEGRABLE CONNECTIONS 111 19

LEMMA 3.4. — The following hold:
(i) The stratification structure Fr satisfies condition (1) of [3], Definition 3.2.

(ii) Suppose that X is of positive relative dimension over S. Then the stratification
structure Fr is d-strictly cocartesian of level > p + 1 [cf. [3], Definition 3.1, (iv)]
but not d-strictly cocartesian of level > p.

PROOF. — First, we verify assertion (i). Let us first recall from Lemma 1.9 that Fr is
L-quasi-nil-retraction-like. Moreover, it follows from Lemma 1.10 and Lemma 2.7 that
Fr is d-nil-retraction-like [cf. [3], Definition 3.1, (iii)]. In particular, the stratification
structure Fr satisfies condition (1) of [3], Definition 3.2, as desired. This completes the
proof of assertion (i).

Next, we verify assertion (ii). Let us recall from the first paragraph of the present
proof of Lemma 3.4 that Fr is d-nil-retraction-like. Thus, it follows immediately from
Lemma 2.8 that the stratification structure Fr is d-strictly cocartesian of level > p+1 but
not d-strictly cocartesian of level > p, as desired. This completes the proof of assertion
(i), hence also of Lemma 3.4. O

LEMMA 3.5. — The following hold:

(i) The stratification structure Fr satisfies condition (1) of [3], Definition 3.6.

(ii) The stratification structure Fr satisfies condition (2) of [3], Definition 3.6.

(iii) Suppose that p # 2 (respectively, p = 2). Then the surjective homomorphism
of Ori-modules from ("17.).(Qy,g @0y U /s) [i-e., the conormal sheaf of the closed im-
mersion ¥/ L, TV — ¥Px2 — of (i); [3], Lemma 3.5, (i), (iv)] to the conormal sheaf

of the square-nilpotent closed immersion T' < Y™ P*2 [cf. (ii)] determined by the closed
immersion ¥ %% T PX2 s FrpX2 [of (1)] determines an isomorphism of

(") (respectively, ("1).(S°0k )

— where we write SQQﬁ(/S for the symmetric product of Q}(/s of degree two) with the
conormal sheaf of the square-nilpotent closed immersion T — ¥*P*2,

PROOF. — Let us first recall from Lemma 3.1, (i), that *P" may be identified with
PD pn whenever n < p — 1. Thus, since 1 < p — 1, assertion (i) follows from the fact that
PD satisfies condition (1) of [3], Definition 3.6 [cf. [4], Theorem 4.1]. Next, assertions (ii),
(iii) follow immediately from Lemma 2.5, (ii), and [4], Lemma 3.7, (i). This completes
the proof of Lemma 3.5. U

THEOREM 3.6. — Let p be a prime number, S a scheme over a field of characteristic
p, and X a scheme which is smooth and separated over S of relative dimension d.

Then the following hold:
(i) The following two conditions are equivalent:
(i-1) Eitherp#2 ord=0.
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(i-2) The Frobenius-stratification structure Fr [cf. Definition 1.8] is of standard
type [cf. [3], Definition 3.6].

(ii) The following three conditions are equivalent:
(ii-1) Eitherp=2 ord=0.

(ii-2) The Frobenius-stratification structure Fr is integrable [cf. [3], Definition
3.2].

(ii-3) The Frobenius-stratification structure Fr is strictly integrable [cf. [3], Def-
inition 3.3).

PROOF. — Assertion (i) follows immediately from Lemma 3.5, (i), (ii), (iii). Next, we
verify assertion (ii). Let us first verify the following assertion:

Claim 3.6.A: The Frobenius-stratification structure Fr satisfies conditions
(1), (3), and (4) of [3], Definition 3.2.

To this end, let us first recall from Lemma 3.4, (i), that Fr satisfies condition (1) of
[3], Definition 3.2. Moreover, it follows from Lemma 1.9 that Fr satisfies condition (3)
of [3], Definition 3.2. Finally, one verifies immediately from a similar argument to the
argument applied in the fifth paragraph of the proof of [4], Theorem 4.1, together with
Lemma 2.9, that Fr satisfies condition (4) of [3], Definition 3.2. This completes the proof
of Claim 3.6.A.

Next, let us verify the following assertion:

Claim 3.6.B: The Frobenius-stratification structure Fr satisfies conditions
(2), (3) of [3], Definition 3.3.

To this end, let us first observe that it follows from Lemma 2.5, (ii), that Fr satisfies
condition (2) of [3], Definition 3.3. Moreover, it follows immediately from Lemma 3.5,
(iii), together with a similar argument to the argument applied in [3], Remark 3.6.2, that
Fr satisfies condition (3) of [3], Definition 3.3. This completes the proof of Claim 3.6.B.
Now it follows from Claim 3.6.A and Claim 3.6.B, together with Lemma 3.4, (ii), that
assertion (ii) holds. This completes the proof of assertion (ii), hence also of Theorem 3.6.
U

REMARK 3.6.1. — Suppose that p = 2. Then, as discussed in Lemma 3.5, (iii), the
conormal sheaf of the square-nilpotent closed immersion 7% < ¥ P*2 [cf. Lemma 3.5,
(ii)] is isomorphic to the Ori-module (7). (S*Qy/g). Now let us observe that [since

p = 2| the Ox-module S*Q /s fits into the following exact sequence of Ori1-modules

Moreover, one verifies immediately that

e the quotient module Q% /s is closely related to the conormal sheaf of the square-

nilpotent closed immersion PP,Z,: Tt < FP PX2 [cf. [4], Theorem 4.1], i.e., closely related
to the notion of the PD-curvature [cf. also [4], Remark 4.3.1, (i), (ii)], and
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e the submodule Fr}/SQﬁ(F /s is isomorphic to the conormal sheaf of the square-

nilpotent closed immersion ”ggmz X «— mPA0 e, closely related to the notion of the
(7, p)-curvature [cf. Remark 3.9.1, (i), (ii), below].

COROLLARY 3.7. — Let S be a scheme over a field of characteristic two, X a scheme
which is smooth and separated over S,

F— SChS

a weakly integrable [cf. 3], Definition 1.8] category fibered in groupoids over Schg, and
& an object of F over X. Then the natural map

FrDsc(¢) — ™IntCnn(¢)

[cf. Definition 1.8; Definition 3.2, (iv); Proposition 3.3; [3], Definition 4.7, (ii)] is bijec-
tive.

PRrROOF. — This assertion follows from Theorem 3.6, (ii), and [3], Theorem 5.6. O
The main result of the present paper is as follows.

THEOREM 3.8. — Let p be a prime number, S a scheme over a field of characteristic
p, and X a scheme which is smooth and separated over S. Then the morphism [cf.
3], Definition 2.8] from the divided power stratification structure [cf. [4], Definition 2.5]
to the Frobenius-stratification structure [cf. Definition 1.8]

T PD = ((PDPn)nZOa (PDLnZ PDPn N PDPn—H)nZ[b
(PDO_TL: pDPn - X(z))n20> (PD5n1,n2 . PDPnl,nz N PDPnl+n2)n1,n220)
— S Fr = ((Frpn)nZOa (Fan: FrPn N FrPn+1)n20a

(Fro_n: FrPn N X(Q))nZOa (Fr5n1,n2 : FrPn1,n2 N FrPn1+n2)n17n220>
[cf. Proposition 1.11] is strictly p-integrable [cf. [3], Definition 3.9].

PROOF. — Let us first observe that it follows from Lemma 2.5, (ii), and [4], Lemma 3.5,
(1), together with Lemma 1.12, that 7 is nil-retraction-like [cf. [3], Definition 3.7, (i)]. In
particular, the morphism 7 satisfies condition (1) of [3], Definition 3.8.

Next, it follows from [4], Theorem 4.1 (respectively, Lemma 3.4, (i), (ii); Lemma 1.9)
that condition (2) (respectively, (3); (4)) of [3], Definition 3.8, is satisfied.

Next, let us verify that 7 satisfies condition (5) of [3], Definition 3.8. Let n < p be a
positive integer. Let us first observe that it follows immediately from Lemma 2.5, (ii), and
[4], Lemma 3.5, (i), together with Lemma 2.10, that the morphism zPI": ™ PPI" — Fr pn jg
nil-retraction-like [cf. [3], Definition 1.2, (iv)], which thus implies [cf. [3], Remark 1.3.1]
that the morphism 77" : ™ PP — ¥ P7 gatisfies conditions (1), (2) of [3], Definition 1.3.
Now let us take the “X” (respectively, “Y”) of [3], Definition 1.3, to be X (respectively,
X) and the closed immersion “ix” (respectively, “iy”) of [3], Definition 1.3, to be the
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closed immersion 10 : X < PP (respectively, ™u): X = PO 5 *Pm). Then it
follows from Lemma 2.11 that condition (3) of [3], Definition 1.3, is satisfied. Moreover,
condition (4) of [3], Definition 1.3, is immediate. This completes the proof of the assertion
that 7 satisfies condition (5) of [3], Definition 3.8. In particular, the morphism 7 satisfies
condition (1) of [3], Definition 3.9.

Next, it follows from immediately from Lemma 2.5, (ii), and [4], Lemma 3.5, (i),
together with Lemma 2.10, that 7 is p-pr-finite flat [cf. [3], Definition 3.7, (ii)]. In
particular, the morphism 7 satisfies condition (2) of [3], Definition 3.9.

Finally, it follows from Lemma 2.5, (ii), that Fr is pr-finite flat [cf. [3], Definition 3.1,
(ii)]. In particular, condition (3) of [3], Definition 3.9, is satisfied. Thus, we conclude that
the morphism 7 is strictly p-integrable. This completes the proof of Theorem 3.8. U

One main application of the second fundamental correspondence of [3], Definition 6.7,
is as follows.

COROLLARY 3.9. — Let p be a prime number, S a scheme over a field of character-
istic p, X a scheme which s smooth and separated over S,

F —— Schg

a weakly integrable [cf. 3], Definition 1.8] category fibered in groupoids over Schg, and
& an object of F over X. Then the map

FrDsc(¢) — "PDrmCnn(€)

[cf. Proposition 1.11; Definition 3.2, (iv); Proposition 3.3; [3], Definition 4.13, (iii); [3],
Lemma 4.14] determined by the morphism m: PD — Fr [cf. Proposition 1.11] is bijective.

PROOF. — This assertion follows from Theorem 3.8 and [3], Theorem 6.6. U

REMARK 3.9.1. — Suppose that we are in the situation of Corollary 3.9.

(i) Suppose that one takes the “F — Schg” of Corollary 3.9 to be the category
LcFr — Schg fibered in groupoids of [4], Definition 1.1 [cf. also [4], Proposition 1.5],
which thus implies that the object £ corresponds to a locally free Ox-module .

Let V be a PD-integrable [cf. [3], Definition 4.7, (ii); [4], Definition 2.5] PD-connection
cf. [3], Definition 4.1, (iii); [4], Definition 2.5] on &. Then it follows from [4], Proposition
2.6, (ii), that the PD-connection V corresponds to a classical connection on &, i.e., a
certain homomorphism of (X — S)~!Og-modules [cf. [4], Definition 1.6]

Moreover, it follows from [4], Corollary 4.3 [or the equivalence between (i) and (iii) of [2],
Theorem 4.8 — cf. [4], Remark 4.3.1, (i)], that the PD-integrable PD-connection V on &
extends to a uniquely determined PD-stratification [cf. [3], Definition 4.6; [4], Definition
2.5 Von &

Now let us observe that one verifies easily from Lemma 2.10 that the closed immersion
Wég\o: X « ™ PP0 i5 square-nilpotent. Moreover, it is well-known that the conormal sheaf
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of this square-nilpotent closed immersion Wég\(): X — 7 PPO s jsomorphism to the Ox-
module Fr}/sﬂﬁ(F/S cf., e.g., [7], Proposition 1.6]. Thus, it follows from [4], Lemma 1.2,
(ii), that the subgroup

Liftr ((x°)'€, (x)";ide) € Autzy, , ((271°)°€)
may be naturally identified with the module
L(X, Fry s s ®oy Endoy (€)).

In particular, we conclude that the (m, p)-curvature [cf. Proposition 1.11; [3], Definition
4.13, (i)] of the PD-stratification V may be naturally identified with a global section of

Moreover, in this case, one verifies easily from a straightforward calculation [cf., e.g., [7],
Proposition 1.7] that this global section of Fr}/SQﬁ(F/S Roy Ende, (&) coincides, up to
sign, with the p-curvature of the corresponding classical connection on £

in the usual sense [cf., e.g., the discussion preceding [5], Theorem 5.1].
In particular, we conclude from Remark 3.2.1 that the bijection of Corollary 3.9 may
be regarded as a generalization of the equivalence between

e quasi-coherent Oyr-modules and

e quasi-coherent Ox-modules equipped with dormant connections [i.e., integrable
connections of p-curvature zero|

by Cartier [cf., e.g., [5], Theorem 5.1] [i.e., in the case where the modules under consid-
eration are locally free].

(ii) Suppose that one takes “F — Schg” of Corollary 3.9 to be the category SmSch —
Schg fibered in groupoids of [4], Definition 1.7 [cf. also [4], Prposition 1.11], which thus
implies that the object ¢ is a smooth morphism Z — X of schemes over S. Let V
be a quasi-p-PD-connection [cf. [3], Definition 4.1, (i); [4], Definition 2.5] on £. Then
it follows immediately from a similar argument to the argument of (i), together with
[4], Lemma 1.8, (ii), that the (7, p)-curvature of the quasi-p-PD-connection V may be
naturally identified with a global section of

Fr}/stF/s Roy &Tz/x-

COROLLARY 3.10. — Let p be a prime number, S a scheme over a field of character-
istic p, X a scheme which is smooth and separated over S, and

F— SChS

a weakly integrable [cf. [3], Definition 1.8] and Frobenius-descent effective [cf.
Definition 3.2, (v)] category fibered in groupoids over Schg. Write X' — S for the base-
change of the structure morphism X — S of X by the absolute [p-th power] Frobenius
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endomorphism of S,
Frys: X —= X"
for the relative [p-th power] Frobenius morphism of X/S, and
f‘)D(rm

for the groupoid defined as follows:

Drm

e An object of the category F|3™ is a pair (§, V) consisting of an object & of F|x [cf. [3],
Definition 1.6, (ii)] and a (7, p)-dormant PD-connection V on & [cf. Proposition 1.11;
3], Definition 4.1, (iii); [3], Definition 4.13, (iii); [4], Definition 2.5].

o [f(£,V1) and (&, Vo) are objects of the category F|R™, then a morphism (£, V1) —
(&, V) in the category F|X™ is defined to be an isomorphism & — & in F|x that is
PD-horizontal [cf. [3]|, Definition 4.2; [4], Definition 2.5].

Then the functor

Drm

.F|XFH‘F|X

[cf. Corollary 3.9] determined by the morphism Frx,g: X — XF is an equivalence of
categories.

PrOOF. — This assertion follows from Corollary 3.9. U

Corollary 3.9 and [4], Corollary 4.3, give an alternative proof [of a slight generalization]
of [1], Theorem B.0.1, and [6], Lemma 3.5 [cf. also [1], Remark B.0.2], i.e., the following
assertion.

COROLLARY 3.11. — Let p be a prime number; S a scheme over a field of character-
istic p; X, Z smooth schemes over S; &: Z — X a smooth morphism over S. Write
XF — S for the base-change of the structure morphism X — S of X by the absolute
[p-th power| Frobenius endomorphism of S and

Frys: X —= X"
for the relative [p-th power] Frobenius morphism of X/S. Suppose that the Ox-module

&Tz/x 1s zero. Then the following two conditions are equivalent:

(1) The image of the Kodaira-Spencer homomorphism Tx,s — R'¢,Tz/x asso-
ciated to Z/X 1is zero.

(2) There ezists a unique, up to isomorphism, smooth morphismY — X' of schemes
over S that fits into the following cartesian diagram of schemes over S':

4 ——Y

|

X —= XF,

FTX/S
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PROOF. — Let us first observe that, to verify Corollary 3.11, we may assume [cf. Re-
mark 3.2.1] without loss of generality, by replacing S, X by affine open subschemes of
S, X, respectively, that both S and X are affine [which thus implies that X is separated
over S].

Next, let us observe that since X is affine, one verifies easily that condition (1) is
equivalent to the condition that the Kodaira-Spencer class € H(Z, §*Q§/s ®o, Tz/x)
is trivial. Thus, since [we have assumed that] the Ox-module £, 77/ x is zero, it follows
from Proposition 3.12; (i), (ii), below that condition (1) is equivalent to the following
condition:

(1) The smooth morphism £: Z — X [that is an object over X of the category SmSch
fibered in groupoids over Schg of [4], Definition 1.7] admits a unique PD-connection.

Next, let us observe that, again by our assumption that the Ox-module &7z x is
zero, it follows from [4], Remark 4.3.1, (ii), that every PD-connection on ¢: Z — X is
PD-integrable. Thus, it follows from [4], Prposition 1.11, and [4], Corollary 4.3, that
every PD-connection on £: Z — X extends to a uniquely determined PD-stratification
on {: Z — X. On the other hand, again by our assumption that the Ox-module &7/ x
is zero, it follows from Remark 3.9.1, (ii), that every PD-stratification on £: Z — X is
(7, p)-dormant. Thus, in summary, we conclude from Corollary 3.9 and [4], Prposition
1.11, that condition (1) is equivalent to the following condition:

(1”) The smooth morphism £: Z — X [that is an object over X of the category SmSch
fibered in groupoids over Schg of [4], Definition 1.7] admits a unique Frobenius-descent
datum.

On the other hand, the equivalence (1”) < (2) follows from Remark 3.2.1. This completes
the proof of Corollary 3.11. O

PROPOSITION 3.12. — Let Z be a scheme over S and &: Z — X a smooth morphism

over S, which thus determines an object over X of the category SmSch fibered in groupoids
over Schg of [4], Definition 1.7. Then the following hold:

(i) The following two conditions are equivalent:

(1) The object & of SmSch over X admits a PD-connection [cf. [3], Definition
4.1, (iii); [4], Definition 2.5, i.e., the set PPCnn*(€) [cf. [3], Remark 4.1.1; [3], Definition
4.4; [4], Definition 2.5] is nonempty.

(2) The Kodaira-Spencer class € H'(Z,£*Qys ®o, Tz/x) associated to Z/X is
trivial.

(ii) If the set PPCnn’(¢) is nonempty, then the set PPCnn'(¢) has a natural struc-
ture of torsor under the module

[(X,Q%/s ®0, &Tz/x)-

PrROOF. — These assertions follow immediately from a straightforward calculation con-
cerning [4], Lemma 1.8, (i), (ii), in a specific situation in which we take the “(X, X, X <
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X, &1,&,0)" of [4], Lemma 1.8, to be

[cf.

(PDPI7 X :PDPO’ PDLO’ (PDpr%)*Z%PDPI, (PDpI&)*Z —>PDP1, le)

[4], Lemma 2.7}, which thus implies [cf. [2], Remark 4.2] that the “Ox-module Zx”

of [4], Lemma 1.8, is isomorphic to the Ox-module Q}(/S [cf. also the second paragraph
of the proof of [6], Lemma 3.5]. O

1]
2]

3]
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