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CRYSTALLINE DIEUDONNE MODULE THEORY
VIA FORMAL AND RIGID GEOMETRY
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Introduction

Let S be a base scheme in characteristic . Consider the crystalline Dieudonné
module functor D on the category of p-divisible groups over S to the category of Dieudonné
crystals over S. We ask whether D is fully faithful or fully faithful up to isogeny over S.
If so, we can ask whether D is even an equivalence.

The idea of associating Dieudonné crystals to p-divisible groups goes back to
Grothendieck. We refer to his letter to J. Tate of 1966, his Montréal lectures in 1970 [G1]
and his talk at the Nice congress [G2]. In Section 3 of [G2] Grothendieck mentions
two constructions of the Dieudonné crystal; one using the exponential, another using
the method of #-extensions. The first approach is developed in [M], the second in [MM].
In [M] the Dieudonné crystal is constructed using universal extensions by vector groups,
and Messing proves the deformation theorem. In [MM] the authors prove the compa-

* The research of Dr. A. J. de Jong has been made possible by a fellowship of the Royal Netherlands Academy
of Arts and Sciences.
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rison theorem, which compares the de Rahm cohomology of an abelian scheme with
the Dieudonné crystal of its p-divisible group. Open questions in the theory at that
time were the full faithfulness/equivalence questions mentioned above and the problem
of extending D to the category of finite, locally free p-groups. These questions were raised
in [G1] and [MM].

In [B] and [BBM] Grothendieck’s formalism of crystalline sites and crystals is
developed and extended. Using this the Dieudonné crystal is defined in [BBM] as an
&xt-sheaf on the crystalline site. This definition generalizes to give the crystalline Dieu-
donné module functor on the category of finite, locally free p-groups.

There are partial results on the full faithfulness/equivalence problem. Berthelot
and Messing [BM] prove that D is fully faithful on schemes having locally a p-basis.
There are unpublished results of Kato proving that D is an equivalence over schemes
smooth over perfect fields of characteristic p > 2. This continues work of Bloch on
p-divisible formal Lie groups (1974, unpublished). Messing proved (unpublished) that
the result of Kato for arbitrary characteristic follows from the results of [d]]. However,
the full faithfulness question does not have a positive answer in general; there are
counterexamples given in [BM].

In this paper we extend the results of Berthelot, Bloch, Kato and Messing. The
first result is an equivalence theorem.

Main Theorem 1. — Let X be a formal scheme in characteristic p, formally smooth over

Spec(F,), such that X, is locally of finite type over a field with a finite p-basis. The crystalline
Dieudonné module functor D is an equivalence over X. 0O

In particular D is an equivalence over regular schemes which are of finite type over
a field with a finite p-basis.

Our second main result is that D is fully faithful up to isogeny over schemes of
finite type over a field with a finite p-basis. This assertion (Corollary 5.1.2) follows
from the following slightly stronger theorem.

Main Theorem 2. — Let S be a reduced scheme of finite type over a field with a finite p-basis.
Let G,, G, be p-divisible groups over S. We have the following equality:

Homy,qs(D(Gy), D(G;)) = torsion subgroup ©® D(Homg(G,, G,)). O

For certain schemes S it is known that the torsion subgroup is zero, for example if S is
a locally complete intersection. If S is such a scheme and satisfies the conditions of the
theorem, then the crystalline Dieudonné module functor is fully faithful.

We turn to an overview of the contents of the chapters. Chapter 1 contains some
algebraic preliminaries. In Chapter 2 the crystalline Dieudonné module theory is
extended to formal schemes. We start with the definition of D from [BBM]. We analyse
what it means to have Dieudonné crystals over formal schemes. After this the fully
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faithfulness in the Main Theorem 1 follows from the fully faithfulness result of [BM]
by a rather formal argument.

In Chapter 3 we deform Dieudonné crystals and p-divisible groups. An important
technical point is the introduction of special Dieudonné modules. This allows us to
deform Dieudonné crystals. We want to deform a p-divisible group given a deformation
of its Dieudonné crystal. Here we use the precise description of the deformations of a
p-divisible group G in terms of filtrations on its Dieudonné crystal. We can do this
since D(G) agrees with the crystal defined in [M], as is shown in [BM].

In Chapter 4 we prove essential surjectivity in Main Theorem 1. We use induction
on the dimension of X_,. The crucial step is the case dim(¥,;) = 0. Here we have to
prove that D is essentially surjective over a field with a finite p-basis. The proof uses
two ingredients: the description, in [d]], of formal p-divisible groups in terms of
Dieudonné modules, and a result on extensions of étale by multiplicative p-divisible
groups.

The Main Theorem 2 is proved in Chapter 5. The proof uses ideas of Berthelot
on convergent isocrystals ([B2]). By Main Theorem 1 we already know the result over
the regular part of S. Over the singular part of S we get the result by induction on the
dimension. Hence, we need to show that the two resulting homomorphisms glue. Using
the ideas of Berthelot it is proved that they glue rigid analytically over a tube U of S.
See the beginning of Chapter 5 for the definition of a tube. We are able to descend
from U back to S using certain results, proved in Chapter 7, relating rigid geometry
and formal geometry.

The result of Chapter 6 is that on a connected rigid analytic variety X over a
discretely valued field any two points may be connected by curves on X. This result
is used in Chapter 5. In Chapter 7 we describe Berthelot’s functor X +— X", Here X is
a formal scheme over a complete discrete valuation ring R, where X need not be of
finite type over R. The result X™ is a rigid analytic variety over the quotient field of R.
In Theorem 7.4.1 we compare bounded rigid analytic functions on X" with formal
functions on X. In Proposition 7.5.2 we prove a result on rigid descent of closed formal
subschemes.

This work is strongly influenced by the work of Prof. Berthelot, indeed, this paper
might not have existed had I not attended a talk by Berthelot on convergent isocrystals.
I would like to thank him for stimulating conversations. Furthermore, I would like to

thank Prof. Messing, Prof. Zink and R. Huber for discussions on subjects related to
this paper.

1. Some algebra

In this chapter we introduce a class of formally smooth F -algebras and give

some of their properties. Further, we recall some notations and definitions. All rings
considered are assumed commutative with 1.
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1.1. Rings with p-bases

1.1.1. Definition. — A subset { x, } of an F -algebra A is called a p-basis of A if A,
considered as an A-module via the Frobenius of A, is a free A-module which admits as
a basis the set of monomials #*, where I runs over multi-indices I = (z,), 0< 7, < p and
almost all i, are zero.

This definition is taken from [BM] (Definition 1.1.1). It implies that A is reduced
and is a formally smooth F -algebra. If A has a p-basis then any localization S=! A has
a p-basis and any polynomial ring A[T,] has a p-basis. Any field of chraracteristic p
has a p-basis.

1.1.2. Lemma. — For any F -algebra A having a p-basis the natural augmentation of the
cotangent complex of A over F :

1
LA/F,, - QA/F,,

(see [1ll, IT (1.2.4.1)]) is a quasi-isomorphism. (Here L AFF, is viewed as an object of the derived
category D(A).)

Progf. — We first remark that for any ring A in characteristic p the Frobenius
endomorphism A — A induces an endomorphism of L,y which is homotopic to the
zero morphism. Indeed, the augmentation Ppﬁ(A) —A I, I (1.5.5.6)]is a homotopy
equivalence. Hence any endomorphism of Py, (A) lifting the Frobenius endomorphism of A
is homotopic to the canonical one (the one from [Ill, IT 1.2]). Therefore, we may take
the Frobenius morphism of PFp(A) (i.e., the Frobenius endomorphism on each PFA(A) )
to compute the action of Frobenius on L AR, As (L A,,,p),, = Qp, AfFp> this induces the
zero morphism on LA,Fp.

Let us write for A? C A the subring of p-powers of A. Frobenius induces an iso-
morphism A — A?, hence by the remark above the inclusion A? C A induces the zero
morphism L,pp — L,,. Consider the distinguished triangle associated to F, C A”C A
(see [II, IT (2.1.2.1)]):

LAPIFP ®ur A = LA/F,, = Lyt 2 LAP/F,, ® 40 A[1].
We have seen that (1) induces the zero map on homology. It is easy to see that (2)
induces an isomorphism QlA/r,, — Q},a¢. To finish the proof we have to show that (3) is
injective on H_,(L,,,») and that H_;(L,,,») = 0 for all 7> 2.

Let { x;},c; be a p-basis of A. Consider the ideal I generated by the elements
T? — x%, j €J in the polynomial ring P := A”[T};; € J]. It is easily shown to be Koszul
([I11, III 3.3]). Since A =~ P/I we get by [Ill, Proposition 3.3.6] that

Lo (0—IE 201 ,0,A 0.
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Of course in our situation dp ,» = 0. We leave it to the reader to show by an explicit
calculation that (3) induces an isomorphism

I — Q;p,l,ﬂ ®,0 A.
(It maps T7 — x} to —dx7®1.) O

1.1.3. Lemma. — Let A be an F -algebra with a finite p-basis, 1 C A a finitely generated
ideal. The completion A of A with respect to 1 has a finite p-basis also.

Proof. — Choose a p-basis { #;, ..., xy } of A and generators f,, ..., f of I. We
denote by x + % the map A — A. We want to write any element ¢ = lim a, of A (with
a, € A/I") in the form

a= > (a;)? %%, ay € A.
T=(d1y ++0r» INH 0SSy <D

By assumption we can write a, = 2(a; ,)” #” mod I". We see that
Z(“J,n+l —a;,,)°«" eI™

Considering the effect of

2\ 9 \™
é—'x—l ..-(—a"—x;

on elements of the form 2 4% »* and on I", it becomes clear that
(85,041 — 85,0)" €1" 7PN,
Next, we can write any element of I*~?N (in particular the element (a; ., — 45 ,)?)
|K|>nlp—N—(p—l)M“K(fK)9’ *x €A
Here the sum runs over multi-indices K = (&, ..., ky) with total degree
| K |:i=Fky + ... + &y
at least ¢(n) :=n/p — N — (p — 1) M. Writing ax = Z(xg ;)? 2’ we see that

(aJ,n+1 - aJ.n)p =2( X “K,fo)p .
I |K|=en)

The only non vanishing term on the right is the one with J = 0. Therefore, we conclude
that

c(n)
85 pi1 — By, €17,
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Thus, putting

a;:= lima; , mod I'"™ e A,
we get

a = X(a;)* %’

as desired. Unicity is proved in the same manner. O

1.2. Lifts of rings in characteristic p to characteristic 0

1.2.1. Definition. — Let A be a ring of characteristic p. A lift of A (resp. a lift of A
modulo p") is a p-adically complete ring A, flat over Z, (resp. flat over Z/p" Z) endowed
with an isomorphism K/px =~ A. A lift of Frobenius on such a lift Aisa ring endomorphism
o:A — A such that c(a) = a® mod pK. In this situation we will also call the pair A, )
a lift of A (resp. a lift of A modulo p").

1.2.2. Lemma. — Suppose A is an F-algebra whose cotangent complex L AR, s quasi-
1somorphic to .Q.i,,,p. If, in addition, Q}wp is a projective A-module then a lift (K, c) of A exists.

Progf. — We are going to find a lift (A,, 6) of A modulo p". We argue by induction
on n (the case n = 1 is clear). The obstruction to find A, ; given A, lies in

EXt2A,, (LA,,/Z/p" z> A)

by [MlI, IIT (2.1.3.3)]. Since L, znz® A= L,y (see [Ill, IT (2.3.10)]) we get
Ext},(Lyyziomz, A) = Exty(Lyy,, A) = Exti(leFp, A)
and the last group is zero by assumption. Similarly, given A, | ,, the obstruction to lift
6:A, >A, to A, lies in
EthAn(LA"/Z/p" z®s A,, A).
(Use [IIl, IIT (2.2.2)]; we remark that a subscript o is missing from [Ill, III For-
mula (2.2.1.4)].) In this case we have the quasi-isomorphisms
LA,,/ZIp"Z ®c A" @A~ LA,lIZ/p"z ®A ®c Ax LA/Fp ®a Az QIA/FP ®a A

and we conclude in the same manner that the obstruction is zero. O

1.2.3. Remarks. — a) Combining Lemmata 1.1.2 and 1.2.2 we see that any
F,-algebra A with a p-basis has a lift (A, ). In [BM] an explicit construction of such
a lift is given.

b) Although the lift A of the lemma is always unique up to isomorphism, this is
not true in general for the pair A, o).
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1.3. Formally smooth rings in characteristic p

1.3.1. Let A be an F -algebra and I C A an ideal of A. We consider the following
condition on the pair (A, I):
(1.8.1.1) — A is Noetherian and complete with respect to the I-adic topology on A.
— The ring A is formally smooth over F, (see EGA 0;y 19.3.1 or [Mat,
28.C]; we use the I-adic topology on A).
— The ring A/I contains a field with a finite p-basis and is a finitely gene-
rated algebra over this field.

We will say that an F -algebra A satisfies (1.3.1.1) if there is an ideal I C A such that
(A, T) satisfies (1.3.1.1) above. Usually, we will assume that the ideal I is as big as possible,
i.e., I = V/I. We remark that this assumption and (1.3.1.1) uniquely determine I C A.
This follows from the fact that a ring finitely generated over a field has only one adic
topology for which it is complete: the discrete topology.

1.3.2. Examples. — Let k be a field of characteristic p with [%: 7] < oo, i.e., k has

a finite p-basis.
(1.8.2.1) Any completion of a polynomial algebra Z[x,, ..., x,] with respect to an
ideal satisfies (1.3.1.1). By Lemma 1.1.3 such a ring has a finite p-basis.
(1.83.2.2) Any finitely generated k-algebra A = A/I which is a regular ring satisfies
(1.3.1.1). (To see that A is formally smooth over F use EGA 0., 22.6.7.)

From Lemma 1.1.3 we see that rings of the type described in (1.3.2.1) have
a finite p-basis. Hence by [BM] we know that crystals over such rings can be described

in terms of modules with connections over lifts. The next lemma will imply the same
for rings as in 1.3.1.

1.8.3. Lemma. — Let A be a ring satisfying (1.3.1.1).
a) There exists a ring B of the form described in (1.3.2.1) and a surjection n: B — A

such that the inverse image of an ideal of definition of A is an ideal of definition of B. We may
then choose i: A — B suck that mwoi =id,.

b) The homomorphism QY — QL (continuous differentials) is an isomorphism; Q) isa
finite projective A-module.
¢) The morphism Ly — ) is a quasi-isomorphism.
d) If we have B, i and = as in a) then we can find an isomorphism
B A[[M]] = 11 Sym}(M)

where M s a finite projective A-module. We can find a lift (K, o) of A (1.2.2); as a lift of B
we can take

B = A[(M),
for some lift M of the module M. Furthermore, we can find a lift of Frobenius o on B satisfying

~

o(M) C Sym?(M) and inducing o on A.
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Progf. — Let IC A be an ideal asin (1.3.1.1) and let £ C A/I be the field which is
supposed to exist by (1.3.1.1). Take a lift £ — A of the homomorphism 2 — A/I (this
is possible, & is formally smooth over F,). Next we take a homomorphism

QiR[x, .. X, Xy %] >A

such that the images of x,, ..., x, generate A/I as a k-algebra and ¢(x,,,), ..., p(x,)
are generators of the ideal I. Let B be the completion of %[x,, ..., x,] in the kernel of
k[x;, ..., x,] = A/L. The homomorphism ¢ induces a surjection =:B — A. Let JC B
(resp. K C B) be the kernel of B — A/I (resp. B — A/I?). The ring A is formally smooth
over F, by (1.3.1.1), hence we can find a ring homomorphism ¢, : A — B/J? fitting
into the diagram:

A —— Al —s AfI

b T

B/]* — B/K — B/J.

(Remark that J*C K C J and that ¢, need not be &-linear.) We see that I* C Ker(¢,),
as Y,(I) C J/J?, therefore we get ¢, : A/I> — B[J% By induction on n we choose homo-
morphisms ¢, : A/I* - B/J* (n> 3), such that ¢, mod I""!' = ¢, _, (use that A is
formally smooth over F ). We put

Yo = lim ¢, : A - B.

Our choice of ¢, implies that w0 ¢, = id, mod I?, so it must be an automorphism of A.
If we take i:= ¢ o (T o P,)” " then we see that moi = id,. This proves a).

The usual argument shows that, since B is formally smooth also, we must have
B ~ A[[M]] with M a finite (B Noetherian) projective A-module (cf. EGA 04y, 19.5.3).
This implies that the ideal MB = Ker(B — A) is regular and that the sequence

0->M—->Q,®A >Q) -0

is split exact. Our result LB/F,, =~ QL (Lemma 1.1.2) gives ¢) by [Ill, III 3.3.6]. State-
ment b) follows from the fact that Q} is a finite free B-module and is isomorphic to the
module QL of continuous differentials (with respect to the J-adic topology). This fact is
easily proved using the finite p-basis of B (compare with the proof of Lemma 1.1.3).

We already proved the first part of d). There are no obstructions to lifting finite
projective modules, so we can find the lift M of M. This is a finite projective A-module;

let us take a finite free module 1~&.x¢ and homomorphisms K.xi—i M and
SV x.xi <M with sot = idg;. For o we take the composition
A[M)) — A[[x]] — A[lx]] — A[[M]]
m > t(nt) x > a? x; > s(x;)
idy con A idz .

This concludes the proof of Lemma 1.3.3. O
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1.3.4. Remarks. — a) The lift A of the lemma above is also complete for the T-adic
topology; here T denotes the inverse image in A of an ideal of definition I of A.
b) The module

Al . . . . ~ . Al
Q3 = differentials continuous for the p-adic topology on A := limQj,,.x

is a finite projective K—module; it is flat over A and we have Q% /pﬁ% =~ .QL. To see this,
use 1.3.3 d) to reduce to the case that A has a finite p-basis and apply [BM, 1.3.1].

More generally for any lift A as constructed in Lemma 1.2.2 the module ﬁ% is a flat
lift of Q). The reader may enjoy proving this general result for himself.
¢) The natural homomorphism

~ al Al

Q= Q3,5 > Q35

is an isomorphism. The A-module on the right denotes differentials continuous in the
I-adic topology (see a)). This follows from 1.3.3 5).

2. Crystals, formal and p-divisible groups

In this chapter we describe crystals in terms of modules with connections. We
are a bit more general then [BM]. In addition we do the same for Dieudonné crystals.
Finally, we define a Kodaira-Spencer map for Dieudonné crystals on certain formal
schemes which measures in a certain sense how versal the crystal is.

2.1. Crystalline sites and crystals

2.1.1. We always work in the absolute case, with base scheme (Z, £, y) where
2 = Spec(Z,), J = p0Oy and y denotes the canonical divided powers on . For any
Z-scheme T we also denote by y the canonical divided powers on the ideal p0. If S is
a X-scheme such that p is locally nilpotent on S then we write CRIS(S/Z) for the big
fppf-crystalline site of S over (Z, £, y) (see [BBM, 1.1]). We will always endow it with
the fppf-topology.

We refer to [BBM] for the notation and conventions we use regarding these sites,
sheaves on them, etc. For example, recall [BBM, 1.1.3] that a sheaf & on CRIS(S/Z)
is given by the following data:

(2.1.1.1) a sheaf &y 1 5 (usually denoted &) on the small fppf-site Ty, of T for
any object (U, T, 3) of CRIS(S/Z),

(2.1.1.2) for any morphism (x,v): (U’, T, 8) - (U, T, 8) of CRIS(S/Z) a sheaf
homomorphism v~ (&) — ..

These have to satisfy a number of obvious conditions.
Let € be a site, & a sheaf of rings on € and % a sheaf of &/-modules. We say
that & is a quasi-coherent sheaf of o/ -modules if F is locally on % isomorphic to the cokernel
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of a map &P — /"%, More precisely, for any X € Ob®, there exists a covering { U; - X}
of X such that & |y, is isomorphic to the cokernel of a morphism &P |y — 7|y of

&/-modules. Compare [EGA, O; 5.1.3]; see also [B, Section 1.1] for this and the fol-
lowing definition.

2.1.2. Definition. — Suppose &/ is a sheaf of rings on CRIS(S/Z). We say that a
sheaf of &/-modules & is a crystal of quasi-coherent <f-modules if the following conditions hold:
(2.1.2.1) &,is a quasi-coherent sheaf of .&/;-modules on T, for any object (U, T, §)

of CRIS(S/Z),
(2.1.2.2) the transition homomorphisms (2.1.1.2) induce isomorphisms

27 (Ep) B propy Hy — .

We get the definition of crystals of finite locally free /-modules by replacing in (2.1.2.1)
the word quasi-coherent by finite locally free. In the same manner one can also define
crystals of oZ-modules of finite presentation over CRIS(S/Z).

2.1.3. Let X, Y be Z-schemes on which p is locally nilpotent. Let : Y — X be
a closed immersion. To ¢ is associated a morphism of functoriality

torts = (LCmrrs s torass) © (Y/Z)corts = (X/Z) cgis

of crystalline topoi, see [B, III 4.2.1] and [BBM, 1.1.10]. We want to study the effect
of igpg. on crystals of Oy-modules.

Let us describe iggp,. For any object (U, T,8) of CRIS(X/X) we write
(V,Dy(T), [ ]) for the divided power envelope of V:=Y X yU in T, the divided
powers [ ] taken compatible with those on the ideal of U in T (i.e., 8) and with y on p0;.

The triple (V, Dy(T), [ ]) is an object of CRIS(Y/Z). For a sheaf & on CRIS(Y/X)
we have the following isomorphism

(2.1.3.1) toris«(€)r = (Pr)s (Cpym)-

Here p, is the canonical morphism Dy(T) — T it induces a functor (p,),: Sheaves on
Dy(T)gpe — Sheaves on T ;. This is proved exactly as in [B, IV 1.3]. We remark that
for T — T flat we have Dy.(T") = Dy(T) X, T’ (see [B, I 2.7.1]). Clearly, if V = U,
that is, if the morphism U — X factors through Y, then (V,Dy(T),[ ]) = (U, T, 3).

The description of igg;s is easier. For any object of CRIS(Y/Z), say (U, T, 3), we
denote by (U, T, 8) the triple (U, T, 3) considered as an object of CRIS(X/Z), i.e., U is
considered as a scheme over X via the composition U —-Y — X. For a sheaf & on
(CRIS(X/XZ) we have

(2-1-3-2) z.Etzlaus(éf’)(o,'r,m = éoi!(U,T,S)'
(See [BBM, 1.1.10.3].) Thus, for any sheaf & on CRIS(Y/Z) we have
(2.1.3.3) tor1s lorss(6) = 6.
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2.1.4. Lemma. — In the situation of 2.1.3, the functor io s, tnduces an equivalence of
the following categories:

€1. The category of crystals of quasi-coherent (resp. finite locally free) Oy s-modules on CRIS(Y /).

€2. The category of crystals of quasi-coherent (resp. finite locally free) topys.(Oyx)-modules
on CGRIS(X/Z).

A similar statement holds for crystals of finite presentation.

Proof. — Suppose & is an object of €1. Take any object (U, T, ) of CRIS(X/Z).
The sheaf &y, is a quasi-coherent sheaf of 0y, ;,-modules on Dy(T),,,. By descent
theory, it arises from a quasi-coherent sheaf of @ ,-modules on Dy(T)g, . The mor-
phism py: Dy(T) — T is affine, hence covering T by affines we may assume there is
an exact sequence

(2.1.4.1) 03 _>03(|.)]2(T) — Epyry >0

on Dy(T)g... (If & is of finite presentation then the index sets I and J may be chosen
finite; if & is finite locally free then we may choose I = O and J finite. Adding such
remarks, the rest of the proof will go through in each of the three cases.) Since the
morphism py : Dy(T) — T is affine this gives an exact sequence

(2.1.4.2) e (e iortse(Oyix)f > iorise(€)z =0
on T, .. Therefore, we have proven that iug, (&) satisfies (2.1.2.1) with

A = topis.(Oy)s). Let (u,0): (U, T,¥) - (U, T, 8) be a morphism of CRIS(X/Z).
The crystal property of & implies that &, is the pullback of &, via the morphism
Dy (T') - Dy(T). Hence we also have a sequence (2.1.4.1) over Dy.(T’) and a sequence
(2.1.4.2) over T'. Thus, the sheaf iyp, (&) satisfies (2.1.2.2) with & = ¢, (Oyx)
since this is clearly true for ¢ggyg,(@yz). We conclude that iqg, (&) is an object of 2.
By (2.1.3.3) the functor igg, : €1 — €2 is fully faithful.

Suppose & € Ob%2. Take any object (U, T, 3) of CRIS(Y/Z). By assumption
we can find a covering family

(U;, T;, 8) - 4,(U, T, 3)

i

in CRIS(X/Z) such that on each T;

i fope LHETE 1S an exact sequence

: i) : @
Zcms.*(0&(/)::)'1*,- g ZCRISt(@YIE)T; - éb'r,- — 0.

Since U, = U x, T;, the given map U, - X factors through Y < X. The system
(U;, T,, 8,) = (U, T, 8) can thus be viewed as a covering of (U, T, 3) in CRIS(Y/Z).

(Rt}

By (2.1.3.2) we get exact sequences

(0Y/E)'(.I.‘I,') g (QYIZ)’(E-) - i::ms(@p’)m‘,- - 0.
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We conclude that ¢¢p.4(&) is in €1 (verification of (2.1.2.2) is trivial). To finish
the proof we need only to show that the natural homomorphism

€ — opise Loris(6)

is an isomorphism. This may be checked locally on CRIS(X/Z), hence on objects (U, T, 3)
of CRIS(X/Z) where we have an exact sequence

’.cmst(@wz)'(rn g icmst(@wz)(fn — &p — 0.

The description of ¢gg., implies that this is the exact sequence
((br). @DV(T))(D = ((pa). mDv(T))(J) - &y >0

on T, .. Hence & = (pr), F for some quasi-coherent sheaf of @ ,,-modules & on
Dy(T)gp- By the crystal property (2.1.2.2) for & we must have &# = &, (here
(V,Dy(T), [ 1) is considered as an object of CRIS(X/X)). Since it is also true that

torts+ Lorts (€)r & (Pr). Epyms

the proof is complete. O

The sheaf ¢, Oy)5 of Lemma 2.1.4 is not in general a crystal of Ox,z-modules.
For instance if ¢ is the closed immersion Spec(F,) — Spec(F,[T]) the sheaf ig.q, Oy/5
satisfies (2.1.2.1) but not (2.1.2.2). The following proposition shows that we may
replace icgis. Oyx by a crystal.

2.1.5. Proposition. — In the situation 2.1.3 there is a sheaf of Oxx-algebras f
on CRIS(X/Z) and a homomorphism (of Ox,s-algebras)

(2.1.5.1) A = iopise Oyys

such that:

a) The sheaf o is a crystal of quasi-coherent Oy z-modules.
b) For any object (U, T, 8) of CRIS(X/[Z) such that the morphism U — X is flat the
homomorphism (2.1.5.1) induces an isomorphism

MT - (iCRISt GYIE)T'

The category of crystals of quasi-coherent Oy s-modules is equivalent to the category of crystals of
quasi-coherent sf-modules. This equivalence induces an equivalence of the subcategories consisting
of crystals of finite presentation (resp. the subcategories consisting of crystals of finite locally free
modules).

Proof. — We remark that a) and 5) determine & up to unique isomorphism,
hence it suffices to construct & in the case that X is affine. Say X = Spec(R) and Y & X
given by the ideal JC R.
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Let us take a surjection P:=Z [x,] — R with kernel IC P and let us denote
by (D, I, 8) the divided power envelope of I in P, the divided powers taken compatible
with y on pP. Similarly for the exact sequence

0—>1(2) »P(2):=P8, PxZ,[x,5] >R >0

we get (D(2),1(2), 5(2)). Next, we write J := Ker(D —R/J) and put

D(J) = divided power envelope of J in D,
divided powers taken compatible with 8 on I and y on pD.

In the same way we get T(Q) C D(2) and its divided power envelope D(2, :T (2)).
Suppose (U’, T’, §') is an affine object of CRIS(X/X):
(U’, T", &) = (Spec(B’/I'), Spec(B’), 8, : I' = 1').
By construction of D we can find a homomorphism of PD-algebras
¢:(D, 1,8 - (B,I,¥)
lifting the given homomorphism R — B'/I’. We define &, as the sheaf on Ty  associated

to the B’-module B’ ® D(:T). To prove this does not depend on the choice of ¢ we remark
that the natural maps

D(J) ®, D(2) - D(2,3(2)) < D(2) ®, D(J)

are isomorphisms, see [B, I Proposition 2.8.2]. These isomorphisms satisfy an obvious
cocycle condition. By construction, the sheaf &/ so defined is a crystal of quasi-coherent
Ox,z-modules.

The value of iggy,(Oys) on Ty, is the sheaf associated to the B’ module
Dy (J’) = the divided power envelope of J':= Ker(B’ — (B'/I')[J(B’/I')) in B’, the
divided powers taken compatible with 8’ on I’ and y on pB’. The map (2.1.5.1) is defined
as the sheaf homomorphism which on Ty is determined by the homomorphism of
B’-algebras '
(2.1.5.2) B'®, D(J) - Dy (J).

Therefore [B, I Proposition 2.8.2] gives 4)": assertion 4) for (U, T, §), where U — X is
an open immersion. A slight generalization, Proposition 2.1.7 below, gives 4) in general.
However, for the proof of the last assertions of 2.1.5 we do not need 2.1.7. Indeed,
we use 2.1.4 to go from Oy y-modules to iggs, Oyz-modules. Since these crystals are
determined by their values on (U, T,38)’s with U - X an open immersion (for
example T = Spec(D/p" D) we derive the equivalence from 5)’). O

2.1.6. In this section the conventions and notation are those of [B, I Section 2.8.1],
excepting (2.8.1) of [B], which we replace by:
(2.1.6.1) The ring homomorphism B/I — B’/I’ is flat and J'/I' = J/I.B'[T".

3
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Thus, we are given a commutative diagram
(B, I,3) — (B, 1I,9)

(Aa 109 Y)
of algebras, § and & compatible with y, B — B’ is a PD-homomorphism and ideals
J C B (resp. J' C B’) containing I (resp. I'). The divided power envelope Dg(J) of J in B
(divided powers taken compatible with § and y) and similar Dy (J’) are given.
2.1.7. Proposition. — In the situation 2.1.6, the homomorphism
Dg(J) ®p B > Dy (J')

is an isomorphism.

Proof. — The proof of this is the same as the proof of [B, I Proposition 2.8.2]
except that one has to replace the sentence beginning on line 2 of page 55 by the following
arguments: “Suppose a section x of J, N Im(K® B’) is of the form

x=2 (M —x)ag®aq
i
with x; €J, 4, € B and «, € B’. Transferring the elements g; to the other side of the

®-sign we may assume g, = 1 for all i. The degree zero component of x lies in the
degree zero component of J,, which is I’. Hence we see that 2, x,« = 0 in B’/I".

L 2 } 1

Flatness of B’/I’ over B/I implies that there are elements b, € B and o, € B’ such that
¢ =0, — Zbgo el
and dy:=Xx b, €l.
(See [Mat, Theorem 1].) Thus we see that
x=2(x"—x)®q
=X (" —x)®¢ + X (4" — x) by oy
[ Wk
=2 —x)®¢ + X (dM — d) ® o
i k

Each of the terms lies in J, n Im(K® B').” O

2.2. Crystals and modules with connections

2.2.1. Suppose A is an F -algebra satisfying (1.3.1.1). Let A be a lift of A and
let JC A be an ideal of A such that " A C J for some n € N. We are going to describe
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crystals of Ogz-modules, with S = Spec(A/]) in terms of modules with connections.
We put

(2.2.1.1) (D,J, [ 1) = the p-adic completion of Dz .(J).

We denote by Q% the module of continuous differentials of A (cf. Remark 1.3.4). There
is a natural connection

(2.2.1.2) v:D D6z 0;= Doy O

compatible with d: A — ﬁ% and such that
(2.2.1.3) V(j™) =j""1"®dj Vje], neN.

(See Remark 2.2.4 d) for the construction of V.)

2.2.2. Proposition. — The category of crystals of quasi-coherent Oy z-modules is equivalent
to the category of (p-adically) complete D-modules M endowed with an integrable, topologically
quasi-nilpotent connection

A1
V:M-> Moy Qx

compatible with the connection (2.2.1.2) on D.

2.2.3. Corollary. — The category of crystals of quasi-coherent O, ,\z-modules is equi-
valent to the category of (p-adically) complete A-modules M endowed with an integrable, topolo-
gically quasi-nilpotent connection

Al
V:M > Moz O3

2.2.4. Remarks. — a) By our conventions a complete module is separated.

b) In the above equivalences crystals of finite locally free 0y y-modules correspond
to finite locally free D-modules and vice versa. Similarly, crystals of Ogy-modules of
finite presentation correspond to D-modules locally of finite presentation.

¢) The condition of topological quasi-nilpotence means the following: given any
derivation 6 € Hom;(ﬁ%, A) the induced endomorphism V,: M — M is topologically
quasi-nilpotent, i.e., for any m € M, there exists n € N such that V§(m) € pM.

d) We would like to add that, if & is such a crystal of quasi-coherent @y s-modules,
the corresponding module M is defined as:

M := lim I'((S, Spec(Djp" D), [ 1), ).

As usual the connection comes from the identification

e: M5 D) S D) Oz M
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which we get from the crystal property of &. Here D(2) is the p-adic completion of
Die,, 1+ (KerA @, & ~&[J))

and we remark that if K:= Ker(D(2) > D) then K is a sub PD-ideal and
K/K® =~ D@y Q%. If we apply this to & = Oz we get M = D and in this manner
we derive the connection (2.2.1.2). We leave it to the reader to prove (2.2.1.3).

¢) It follows from the preceding remark that if M (resp. M') corresponds to &
(resp. &) then M &5 M’ corresponds to &® &

~ iz "
f) Let J’CA be a second ideal and D’ the corresponding divided power
algebra (2.2.1.1). Assume that JC J'C A, so that we get a closed immersion

1:8 1= Spcc(X/j') - S.

Let & be the sheaf of @gy-algebras constructed in Proposition 2.1.5 for the closed
immersion i. There is a diagram (commutative up to isomorphism of functors)

crystalsofq.c. 215  crystalsofq.c. i) crystals of q.c.
0y, z-modules &/-modules 0Og,z-modules

(2.2.4.1) lm la,

complete D’-modules induced complete D-modules
with i.t.q.n. connection byD D with i.t.q.n. connection

The functor (1) is the forgetful functor induced by the homomorphism @5 — &7 giving
the structure of Ogs-algebra on o7 (Proposition 2.1.5).

g) Ifin f) we take J' = J + pA, then D =~ D’ and the map 05 — . is an iso-
morphism. (With the notation of the proof of 2.1.5, in this case D= D(J).) Thus, in this
situation, all horizontal arrows in (2.2.4.1) are equivalences. Hence to prove 2.2.2
we may assume px cJ.

k) The construction & — M is functiorial with respect to the pair (A, J). If A&, J)
is another pair as in 2.2.1 and ¢:A — A’ is a homomorphism with o(J)C J', then ¢
induces a homomorphism D — D’ and f: S’ —S. The module M &g D’ corresponds
to fou(&) if M corresponds to &.

Proof of 2.2.2 and 2.2.3. — Let us assume 2.2.3 and deduce 2.2.2 from it. By
Remark 2.2.4 part g) we may assume there is a closed immersion 7 : S < Spec(A). The
crystal of quasi-coherent Og,, ,,s-modules & of Proposition 2.1.5 is determined by
the A-module D with its connection V (2.2.1.1): the value of & on the triple

(Spec(A), Spec(A[p" &), ¥)

is D/p” Dby 2.1.55). Its algebra structure is determined by the horizontal homomorphism

D83 D .
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By Proposition 2.1.5, to prove 2.2.2 for S, we have to characterize crystals of
quasi-coherent &/-modules as D-modules with a connection. However, such a crystal &
can be seen as a crystal of quasi-coherent O ,,z-modules & together with a morphism
of Ogpeeia)z-modules

- &

®@
Spec(A)/Z

satisfying the usual conditions. Using 2.2.3 this translates into a complete A-module M,
with a topologically quasi-nilpotent and integrable connection V and a horizontal
homomorphism

f)@zM»M

(of A-modules) satisfying certain conditions; these conditions are exactly that M becomes
a D-module and the “horizontal” implies that V on M is compatible with V on D. In
this way we get 2.2.2 from 2.2.3.

To prove 2.2.3 we use Lemma 1.3.3. It produces B, B and A < B, A — B such
that B has a finite p-basis. The result for S = Spec(B) is [BM, Proposition 1.3.3].
Using the functoriality 2.2.4 k) for Spec(A) < Spec(B), Spec(A) — Spec(B) we
deduce 2.2.3 in general. O

2.3. Dieudonné crystals and Dieudonné modules

2.3.1. Let S — Spec(F,) be a scheme of characteristic p. If & is a crystal of
0g,x-modules we denote by &° its inverse image under the absolute Frobenius morphism

of S.

2.3.2. Definition. — A Dieudonné crystal over S is a triple (&, f, v) where:

(1) & is a crystal of finite locally free Ogy-modules;
(2) f: 6° > &andv: & — &° are homomorphisms of O s-modules such that fo v = p.id,
and vof = p.idye.

It is clear what homomorphisms of such Dieudonné crystals should be. We point
out that this definition is different from [BM, 2.4] where & is only supposed to be of
finite presentation. Since we are mainly interested in p-divisible groups, we prefer
Definition 2.3.2. (But see also Remark 2.4.10.)

2.3.3. In [BBM, 3.3.6 and 3.3.10] there is constructed a crystalline Dieudonné
module functor:

D: Category of p-divisible N Category of Dieudonné
" groups over S crystal over S

functorial with respect to the base scheme S.
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2.3.4. Definition. — In the situation 2.2.1, suppose given a lift of Frobenius
6:A — A such that ¢(J) CJ; in particular it induces & on the algebra D (2.2.1.1).
A Dieudonné module over D is a quadruple

(M, V, F, V)

where:
— M is finite locally free D-module;
—V:M e M ®3z ﬁ% is an integrable, topologically quasi-nilpotent connection;
— F:M® D >Mand V:M -M&, D are D-linear, horizontal and such
that FoV = p.idy and Vo F = p.idy 5, 5-

Clearly, the category of Dieudonné crystals over S = Spec(K/J) is equivalent to
the category of Dieudonné modules over D (use 2.2.2 and 2.2.4 £)). By Definition 2.3.2
this statement makes sense only for S with p0y = 0, but we can extend Definition 2.3.2
to general S by relating crystals on S to crystals on S X Spec(F,) (compare 2.2.4 g)).

2.4. Formal schemes, p-divisible groups and Dieudonné crystals

2.4.1. Our formal schemes will always be adic, locally Noetherian formal
schemes. Hence such a formal scheme X has a biggest ideal of definition £ C 0. We
can write

X =IlimZXx,

where X, is the scheme Spec(0x/#"). The reduction X,,; of X is the reduced scheme
X, = Spec(0¢/#).

In order to have a Dieudonné module functor over formal schemes, we simply
adapt our definitions.

2.4.2. Definition. — Let X be a formal scheme.

a) A p-divisible group G over X is a system (G,), 5, of p-divisible groups G, over X,
endowed with isomorphisms G, ,,|x, = G,.

b) Suppose X — Spec(F,) lies in characteristic p. A Dieudonné crystal & over X
is a system (&,),>, of Dieudonné crystals &, over X, endowed with isomorphisms

‘g’n+1]cmsa,,/2) x4,
2.4.3. It is clear that 2.3.3 extends to a functor

Category of p-divisible Category of Dieudonné
D: —_
groups over X crystals over X

(X — Spec(F,) in characteristic p). For a morphism of formal schemes ¥39 there
are pullback functors ¢* and there is an isomorphism Do ¢* = ¢* o D.
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2.4.4. Lemma. — If X = Spf(A) is an affine formal scheme then the functor

Category of p-divisible . Category of p-divisible
groups over Spec(A) groups over X = Spf(A)

s an equivalence.

Progf. — Suppose G is a p-divisible group of X; we construct a p-divisible group over
Spec(A). The group G is given by p-divisible groups G, over X, = Spec(A/I"). The
schemes G,[#*] := Ker(p*: G, - G,) are given as Spec(B, ;), where B, , is a finite
locally free A/I™-algebra of rank p**¢#®  The maps B, ,,, — B, , being surjective
(see Definition 2.4.2), we see that

B,:=1imB,

is a finite locally free A-algebra of rank pF2® The p-divisible group we are looking
for is U, Spec(B,). O

The corresponding assertion for crystals of quasi-coherent 0y -modules (defined as
in 2.4.2) is not true. A counterexample can be given with X = Spf(F,[[¢]]). The ring
A =F _[[f]] has {t} as a p-basis. The free rank 1 A-module M = A with operator V
given by a — ' 0a/0t ® dt does not define a crystal on Spec(A) since "' 9ot is not
quasi-nilpotent on A, see 2.2.4 ¢). However, for each n, the pair (M, V) defines a crystal
on Spec(F,[T]/(T")). We prove the corresponding assertion for Dieudonné crystals
only in the special case where A satisfies the condition of smoothness that was studied
in 1.3. Let us give the corresponding definition for formal schemes.

2.4.5. Definition. — We say that a formal scheme X — Spec(F,) of characteristic p
has property (f) if it satisfies one of the following two equivalent conditions:

(2.4.5.1) There is a covering X = U Spf(A,) by affines of X and each F, -algebra A,
satisfies (1.3.1.1).

(2.4.5.2) The morphism X — Spec(F,) is formally smooth and the scheme X, is
locally of the form Spec(x), where A is an algebra of finite type over a
field with a finite p-basis.

2.4.6. Remark. — We leave it to the reader to find the definition of a formally
smooth morphism of formal schemes (used in (2.4.5.2)) generalizing both [EGA,
IV 17.1.1] and [EGA, 0,y 19.3.1].

2.4.7. Examples. — Let k be a field with char(k) = p and [k : k*] < co.

(2.4.7.1) Any formal scheme which is the completion of a scheme smooth over Spec(k)
in a closed subscheme satisfies (f).

(2.4.7.2) Any scheme X which is locally of finite type over Spec(k) and regular
satisfies (f). (See (1.3.2.2); X is considered as a formal scheme with
X = X 4.) In particular, we can take X = Spec(k).
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2.4.8. Proposition. — If X = Spf(A) with (A,I) as in (1.3.1.1), then the functor

Category of Dieudonné Category of Dieudonné

(2.4.8.1) crystals over Spec(A) — crystals over Spf(A)

is an equivalence of categories.

Proof. — Suppose (A, o) is a lift of A (1.3.3 and 1.2.2). Let TC A denote the
inverse image of I in A. Let D, be the divided power algebra constructed in (2.2.1.1)
for the ideal J = I* C A; it is isomorphic to the divided power algebra D! constructed
for the ideal J' = T* ++ pA. Therefore, D, is the ring figuring in 2.2.2 in the description
of crystals on S, = Spec(A[J’) = Spec(A/I"). The homomorphism ¢ induces s : D, — D, .
Finally, we denote by ¢,:S, — S, ,; the closed immersion induced by A/I"*! — A/I"*;
there is also a corresponding homomorphism D, 1> D,.

A Dieudonné crystal on X is given by Dieudonné crystals (&,, f,, v,) on S,, plus
isomorphisms #;, ¢ps(&,4,) & &, of Dieudonné crystals. By 2.2.2 this translates into
Dieudonné modules (M,,, V,,, F,, V,) over D, plus isomorphisms of Dieudonné modules

(2.4.8.2) M,,.,8D, > M,.
Let us consider the surjection

(2.4.8.3) b, - A/

Tensoring with it we get from the D,-module M, a finite locally free A/T*-module
N,:= M, ® AT
On N, there is an integrable connection V,:N, — N”®Q§,f,. coming from V, on M,
since by (2.2.1.3) we have
V(Ker(2.4.8.3)) C Ker(D, ® Oz - Qi 7).
The maps F, and V, induce horizontal homomorphisms
F,:N,® A" >N, and V,:N,>N,®, Al
satisfying F, V, = p and V, F, = p. Finally, the isomorphisms (2.4.8.2) give homo-
morphisms N,,, >N, compatible with V, F and V, inducing isomorphisms
N,;, @A = N,.
Thus the module
N:=1limN,
<
is a finite locally free A-module (A is complete for the T-adic topology, Remark 1.3.4 a)).

It is endowed with an integrable connection V = lim V,, (lim Qi;,;,, = ﬁ%, Remark 1.3.4
¢)). There are horizontal homomorphisms

F=limF,:N°=N®A >N
and V=1mV,:N >N =N@®_ A
(—..
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which satisfy FV =p and VF = p. To conclude that (N,V,F,V) is a Dieudonné
module over A we still have to prove that V is topologically quasi-nilpotent. The maps F
an V give a complex

(2.4.8.4) ... = N°JpN° 5 N/pN > NoJpN° 5 NJpN — .

which is automatically exact: for example, if ¥ € N/p* N is such that V(x) = py for some
y eN°[p* N°, then x = F(y) mod pN. For any 6 eHomg(ﬁ%, A) the operator Vg is
nilpotent of order at most p on N°/pN°, as this module has generators of the form x® 1
and V4(x® 1) = 0. By exactness of the complex above V, is nilpotent of order at most
2p on N/pN.

Conclusion: we have constructed a functor which goes from right to leftin (2.4.8.1).
We claim that it is quasi-inverse to (2.4.8.1). We only show how to get a functorial
isomorphism of Dieudonné modules

(2.4.8.5) N&; D, ->M,, VEkeN

and leave it to the reader to deduce the claim from it. To construct (2.4.8.5) it is enough
to give a homomorphism N — M, compatible with V, F and V fitting in a commutative
diagram:

N — M

\
Nk

Let f;, ...,f, €A be generators of the ideal T*. Take x € N:
x=limx, eimN, = N.

(2.4.8.6) For any /[, if n> (r(p — 1) + pl) £ then the element
9, = image of ¥, in M,/p' M,

does not depend on the lift %, € M, of the element x, € N,. (The image is
taken via the maps

M,->M,_,—>... >M,;;
in particular y, also does not depend on 7z > 0.)
Clearly, N - M,, x = (x,) — () €lim M,/p' M, = M, is the desired map.

Proof of (2.4.8.6). — Since T* is generated by the r elements f;, ..., f,, 1" is
generated by elements of the form

f=i'fl“"--o'ﬂ“"(ﬂal'---'frﬁ')p
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with §eTr—tre-+a0k 0 o < p 0< B, and Zo, + p(EB) =r(p — 1) + pl. This
implies B, > L. The image of such an element j in D, is divisible by p*

J= (0P (IR () e Dy

Therefore, the image in D, of J, = Ker(D, —+K/T”) is contained in p'D,. (The
elements '™, with j as above generate J,.) This implies (2.4.8.6) since

Ker(M, - N,) =J,.M,. O

2.4.9. Corollary. — Over a formal scheme X of characteristic p which satisfies (1) (Defi-
nition 2.4.5) the crystalline Dieudonné module functor 2.4.3 is fully faithful.

Progf. — The question is local on X so we may assume that X = Spf(A) with A as
in (1.3.1.1). By 2.4.4 and 2.4.8 we may replace X by X = Spec(A) and the
functor 2.4.3 by 2.3.3. Next, we choose an F -algebra B as in Lemma 1.3.3. A formal
argument shows that it suffices to demonstrate fully faithfulness of D over Spec(B). In
this case we can apply [BM, Theorem 4.1.1]. O

2.4.10. Remark. — With the appropriate definitions, the functor D 2.4.3 is also
fully faithful on finite flat group schemes over X as in 2.4.5. That is, in the defi-
nition 2.3.2 of Dieudonné crystals we have to work with crystals of @y,s-modules of finite
presentation and in the definition 2.3.4 of Dieudonné modules we have to work with
D-modules of finite presentation. The proof of 2.4.4 works for finite flat group schemes
as well and the proof of 2.4.8 still works to show that the functor (2.4.8.1) on Dieudonné
crystals of finite presentation is fully faithful. Hence, the proof of 2.4.9 shows that D
is fully faithful on finite flat group schemes over X.

In the situation of Dieudonné crystals of finite presentation the proof of 2.4.8
no longer shows that (2.4.8.1) is an equivalence. Indeed, the argument to prove that V
on N is topologically nilpotent fails: it is no longer clear that (2.4.8.4) is exact if N is
just some A-module of finite presentation. To remedy this, we introduce truncated
Dieudonné crystals of level n: these are triples (&, f, v), where & is a crystal of finite
locally free Oyz/p" Oyx-modules and f and » are as usual. In the case n = 1 we have
to add the condition that the sequence

(2.4.10.1) ...>e&teSele ...

be exact. The reduction modulo p: (&/p&, f, v) of a truncated Dieudonné crystal of
level n is a truncated Dieudonné crystal of level 1. By Nakayama’s lemma exactness
of (2.4.10.1) need only be checked in the case that S is the spectrum of a field and here
we can use the same argument as was used to prove exactness of (2.4.8.4). Hence for
these truncated Dieudonné crystals Proposition 2.4.8 will be true.



CRYSTALLINE DIEUDONNE MODULE THEORY VIA FORMAL AND RIGID GEOMETRY 27
2.5. Filtration and the Kodaira-Spencer map

2.5.1. In this section X will be a formal scheme over Spec(F,) satisfying (1)
and & will be a Dieudonné crystal over X. In this situation we put

éax = H& é’xn:z- Li_r—_n éan,xn

if{(&,,f,> v,)}.>1 is the system defining &. The sheaf & is a finite locally free 0x-module.
There is an integrable (quasi-nilpotent) connection

(2.5.1.1) V: & > 6:®, 0.

Here we have put
QL =1limQL ..
y = UmQy

It is a finite locally free @x-module (compare 1.3.3). The connection (2.5.1.1) may be
constructed locally on X by 2.2.2 or by using the connections V,, on &, y coming from
the fact that &, is a crystal. Finally, there is an exact sequence (compare (2.4.8.4)):

(2.5.1.2) Y I AY 5 U UL OF SIS

with &¥ = Frob%(&%) and where f (resp. ) is deduced from (f,),>, (resp. (7,)n>0)-
In particular the homomorphisms f and v are horizontal, for example f(V?(s)) = V(f(s))
for a local section s of &Y.

2.5.2. Proposition. — There exists a locally free, locally direct summand o C &y such
that o' C &P is equal to Im(v) = Ker(f). It is uniquely determined by these conditions.

Proof. — For any closed point x € X the sequence (2.5.1.2) restricted to x is also
exact. Indeed, this sequence is just the sequence associated to the Dieudonné crystal
& lcmg(zm) over x. Thus Im(v) is a locally direct summand of &Y. As v is horizontal,
Im(o) is invariant under V' and hence is equipped with a connection whose p-curvature
[K] is zero (the p-curvature of V* is zero). Thus we are done if we prove that the functor
Frob} induces an equivalence of categories

finite locally finite locally free @y-modules with
— . .
free Ox-modules a connection whose p-curvature is zero.

This is [K, Theorem 5.1] in the case of schemes smooth over F,; exactly the same proof
works for schemes having locally a finite p-basis. But we can reduce our case to this case
by Lemma 1.3.3. O
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2.5.3. We always denote by « the subsheaf of & found in 2.5.2 and write «
for the quotient: « := &/w. It is a finite locally free @Ox-module. The connection induces
an Oy-linear homomorphism

(2.5.3.1) o > a®, QL.
We write Oy := .}fomax(ﬁ}e, 0y) for the sheaf of vector fields on X.

2.58.4. Definition. — The Kodaira-Spencer map of the Dieudonné crystal & is the
homomorphism of @x-modules

Kg: Of —)Wom@x(m, o)
deduced from (2.5.3.1). We say that & is versal if x, is a surjection.

2.5.5. If & = D(G), the Dieudonné crystal associated to the p-divisible group G,
then the filtration

0»>0—>&E >a—>0
is nothing but the Hodge-filtration of D(G); (see [BBM, 3.3.5 and 4.3.10]). We
will say that G is versal if D(G) is versal. It follows from [BM, Corollary 3.2.11] and

[M, V Theorem 1.6] that if G is versal then the restrictions of G to complete local rings
of X are versal deformations.

3. Deformations of Dieudonné crystals and p-divisible groups

In this chapter we construct versal deformations of Dieudonné crystals and p-divisible
groups, at least over formal schemes X satisfying (7).

3.1. Deformations of Dieudonné modules

3.1.1. Notations. — In this section (A,, I,) is a pair as in (1.3.1.1) and (&,, ) is

a lift of A,. We are going to look at A := Ay[[x,, ..., x,]] and A := A([[x,, ..., x,]].

We extend o to A by putting o(x;) = x?. Further we fix a natural number m € N. Put
B:=A/(x" ..., x™) = A/(p, x™, ..., x™)

and B, := A/(xm*1, ..., 4™t = K[(p, xP1, ..., amtY),

The divided power algebra (2.2.1.1) associated to the ideal J = (p, 7", ..., ¥7) of A
(resp. J, = (p, xPF%, ..., 20+ of A) is denoted by D (resp. D).
For a multi-index I = (¢, ..., 1,) we define

n
x[I/m] e Hl x’;“ — mlig/ml . ( x;n) [lia/mJ]-
o=
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(The symbol | | denotes the integer part function R — Z.) It is easily seen that D has
the following description:

D ={Za.2™ | g, €&, and l Illlm a; = 0 in the p-adic topology }
I —>

A similar description can be given for D_ . From this it follows that both D and D, are
p-torsion free.

We introduce a (large) number of ring homomorphisms.

1. The maps D - B and D + > B, . (Reduction modulo the divided power ideals.)

2. The maps B, —B and D, — D. (Induced by J, C J.)

3. Amap n:D > B +- It is the unique A linear map, such that w(x;) = class of x
and =w((#)") = 0 for /> 2. The universal property of divided power envelopes
implies that = is defined by the trivial divided power structure on the square zero
ideal J/J. .

4. The mapsinduced by ¢ on D and ﬁ+ , also denoted o, i.e.,6: D - Dando: ﬁ+ — f)+.

5. A homomorphism ©:D — D, . It is defined as the o-linear Ko-module morphism
such that <(x;) = x? and such that it is a divided power homomorphism. Thus
r((x{")”]) —_ x((p~1)m—1}1_(xzn+1)[ll.

6. The maps (cf. [BBM (4.3.4.1)]) ®:B D :=DjpDand®, : B, - D, :=D D, .
These are the o-linear Aj-module morphisms such that ®(x,) = class of x? and

D, (x;) = class of xP.

With these definitions and notation we have the following commutative diagrams:

(the bar ~ stands for reduction modulo p).

D, — | PN f)+ f)+ — D

(3.1.1.1) | | Nk
B, > D, D,

and

l_)+ — D D — B l_)+ — B,

[ N N

B, —> B D D,
(3.1.1.2) lm lo

D, — D

In diagram (3.1.1.1) the composition D, —D 5 B, is the reduction map 1. Finally,
we remark that the connection V on D satisfies

V()™ = () da = ma i a)
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and that a similar assertion holds for V.. From this it is easily seen that
(3.1.1.3) V(Ker(r)) C Ker(D — B) ® 05.

It does not seem possible to describe deformations of a Dieudonné module from D
to D, , or even to deform them at all in some cases. Therefore we introduce the notion of
a special Dieudonné module.

8.1.2. Definition. — A special Dieudonné module over D is a six-tuple (N, V, F, V, «, %)
where

— (N, V, F, V) is a Dieudonné module over D,
— o is a finite locally free B-module,
— x:N®3B — « is a surjection,

these data being subject to the condition that the sequence

3.1.2.1 0>NSNe D% 0,D -0
o (]

is exact.

Note that in (3.1.2.1) the map V is automatically injective (since D is p-torsion
free) and that y ® idg is automatically surjective. Of course, the same definition gives
the notion of a special Dieudonné module over D, .

We will say that a homomorphism of B -modules

Y :N® B, —a,

lifts the homomorphism yx of Definition 3.1.2 if the following conditions are satisfied:

(3.1.2.2) «, is a finite locally free B, -module,

(3.1.2.3) ' is surjective,

(3.1.2.4) there is a surjection «, — « inducing an isomorphism «, ® B~ « and
making the following diagram commutative:

N®,B, RN o,
(3.1.2.5) l l
N®B — > a.
We remark that (3.1.2.3) follows from (3.1.2.2) and (3.1.2.4). It is important to

note that given y we can always find such a lift ’. This is so since N®, B, is a locally
free B -module lifting N ® B, hence the filtration defined by x can be lifted.

3.1.3. Proposition. — a) Given any special Dieudonné module (N, V, F, V, «, %) over D
and a lift y' :N®_ B, — «, of x as above, there exists a special Dieudonné module (N, V.,
F,, V., a,, x.) over D, and an isomorphism of Dieudonné modules over b:

N+®f) - N
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such that y is equal to the composition
(3.1.3.1) N,®B,~N,®D® B, *N®,B, 5a,.
The special Dieudonné module (N, , V., F , V_, o, x,) is determined up to unique isomorphism
by this.

b) Any lift of (N, V,F,V, a, ) to a special Dieudonné module (N, ,V ,F ,V_ e, x,)
is determined by a lift y' of y as in part a).

Proof. — Given (N, V, F, V, «, x) and %’ as in a), we define N, as the kernel of
the homomorphism

N@Tf)+ —_— a+®®+ﬁ+

(3.1.3.2) sriN  feu

(N®,B,)®,, D,
It is a finite locally free D, -module by the following three facts: 1) «, is a finite locally
free B -module, 2) the map (3.1.3.2) is surjective, 3) D + is p-torsion free. The homo-
morphism t is compatible with the connections V and V, on D and D, , hence the
connection V on N induces a connection V/, on N®_ D, compatible with V_ . If we

define a connection on a, ®, D, by requiring that elements a® 1 are horizontal, then
it follows that (3.1.3.2) is compatible with these connections. In particular, we get a

connection V_ : N, - N_® ﬁ%. Tensoring the defining exact sequence
(3.1.3.3) 0N, >N& D, »a, ®, D, -0
with D we get a commutative diagram:

0 — N+®f) — N®Tf)+®f) — a+®¢+ﬁ+®l-) — 0
(3.1.3.4) T? T; E

0 N N, D ——— «a®,D — 0.

The upper line is exact since D is p-torsion free. The isomorphisms of the right square
and its commutativity are consequences of (3.1.1.1), (3.1.1.2) and (3.1.2.5). (The
lower line is of course (3.1.2.1).) Thus we derive the existence of the left vertical arrow:
N = N, ®D. Using this we can write (use (3.1.1.1))

~ a

N® D, 2N, D& D, 2N, 8, D,.
Fitting this into (3.1.3.3) we get

0 — N, — N®D, — 2,0, D, — 0
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The south-east arrow in this diagram is our definition of V. It is left to the reader to
check that the north-east arrow is y, ®idg, if we define x, by (3.1.3.1). Hence we
immediately get (3.1.2.1), for (N_,V,,?, V_,«,,x,). A consequence of this is that
we can define F as the map x — V[ !(px). It is easy to see that the various morphisms
written above are compatible with the corresponding connections. Hence, F, and V
are horizontal and (N, V_,F, ,V,) is a Dieudonné module. Finally, we have to check
that N — N, ® D is an isomorphism of Dieudonné modules. Since this involves writing
down a large number of commutative diagrams, we feel this must be left to the reader.

The statement of unicity is easily proved, noting that for any solution (N, V,,

F_,V,,a,, x,) of the problem, N, must be (canonically) isomorphic to the kernel
of (3.1.3.2). This proves a).

Part §) is proved in the same manner as the proof of unicity in part ¢). O
3.1.4. Remark. — In the situation of 3.1.3 a) let
o, :=Ker(y:N®, B, - «a,).
By (3.1.1.3) we get a Kodaira-Spencer map induced by V on N:
k:w, >N® B, >NOB®Q, »a, ®B® QL.
On the other hand, we get from V, a Kodaira-Spencer map
Kyt >, ©Qp .

It follows from the proof of 3.1.3 that x and x, agree as maps to o, ® B® QL.

3.2. Deformations of Dieudonné crystals and p-divisible groups

In this section we use 3.1.3 to deform a p-divisible group given a deformation of
its crystal. Further we deform any Dieudonné crystal to a versal one, at least locally on
formal schemes satisfying (1). If X < 9) is a closed immersion of formal schemes and &

is a (Dieudonné) crystal on ¥), we denote by & lx the restriction of & to X, i.e., the pull-
back of & via X — 9.

3.2.1. Proposition. — Suppose X < 9 is a closed immersion of formal schemes satisfying (1),
which induces an isomorphism X, = Dq. Given any p-divisible group G' on X, a Dieudonné

crystal € on ) and an isomorphism D(G') = & |ae, there exists a p-divisible group G on Y with
D(G) ~ é.

Proof. — Since D is fully faithful on 9 by 2.4.9, the problem is local. Hence we
may assume that X = Spf(A,), 9 = Spf(A), X — 9 is given by a surjection A — A,
and that A, satisfies (1.3.1.1). Exactly the same argument as used in the proof of
Lemma 1.3.3 shows that there exists an isomorphism A =~ A [[M]] (compatible with
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A — A,) where M is a finite projective Ay-module. Localizing a bit more we may assume

that A = Aj[[#;, ..., #,]]. Thus we are in the situation of 3.1.1. Let us use the notation
introduced there.

By Lemma 2.4.4, G’ comes from a p-divisible group (denoted G,) over Spec(A,)
and by 2.4.8, & comes from a Dieudonné crystal (also denoted &) over Spec(A).
By 2.5.2 the Dieudonné module (M, V,F, V) over X associated to & over 9 has a
unique structure of a special Dieudonné module (3.1.2) M = (M, V, F, V, «, ) over A.

Next, we remark that any p-divisible group G over Spec(B) (B asin 3.1.1, with m
arbitrary) gives rise to a special Dieudonné module over D; we write

for it. The Dieudonné module (M(G), V(G), F(G), V(G)) is just the Dieudonné module
associated to the Dieudonné crystal of G. The B-module «(G) is the module which gives
rise to the sheaf Zie(G*) on S. .= Spec(B),,, and x(G) is the map induced by

D(G)g — Zie(G*), the Hodge filtration, see [BBM, 3.3.5]. That M(G) satisfies (3.1.2.1)
is a consequence of [BBM, 4.3.10].

Suppose we have such a G and an isomorphism of special Dieudonné modules:
(3.2.1.1) M(G) = M®D.

(It is clear how M gives rise to a special Dieudonné module M® D over D :
MeD=M®&D, Vo1, F®1,V®1,«®B, y®idy).)

Claim. — There exists a lift G over Spec(B_ ) of the p-divisible group G over Spec(B),
with an isomorphism
MG, =MD,

lifting (3.2.1.1).

This is a consequence of [M, V Theorem 1.6], [1112] and [BM, Corollary 3.2.11].
Indeed, since the ideal of S« S, = Spec(B,) has a nilpotent divided power structure 8
(with §, = 0 for n > 2), we know that lifts of G are determined by lifts

o, CD(G)g s,
of wg C D(G)g (use references above). We remark that the lift G, determined by w,

will be such that o, = «g, in D(G)g g, 5 = D(G,)g, .
By Proposition 3.1.3 5) our lift M® D, determines a lift

x =y ®idg, : MeD)®,.B, »a, =«®B,
of y®idy. Next, we use the isomorphism (3.2.1.1) to translate this into a filtration
o, C M(G) ®,_ B, , which is the module associated to the sheaf D(G)y g, 5. It deter-

mines G, whose special Dieudonné module M(G,) must be isomorphic to M ® D, by
the remark above and Proposition 3.1.3. This concludes the proof of the claim above.

5
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Thus, if we show that for m = 1 we have
(3.2.1.2) M(G,) = M®D,

then by the claim above we can find, by induction, for all m, a p-divisible group G,, over
Spec(B,,) = Spec(Ag[%;, . .., ,]/(x7, . . ., x%)) with G,, ., ® B,, = G,, and such that D(G,,)
corresponds to M ® D,,. Taking the limit G = lim G,, over Spec(A) (see Lemma 2.4.4)
gives the desired p-divisible group.

To prove (3.2.1.2) we note that the isomorphism M(G,) - M ® D, which is
supposed to exist in the proposition, must automatically be an isomorphism of special
Dieudonné module. Indeed, in the case m = 1, the kernel of y : N®; Ay — a« (see Defi-
nition 3.1.2) is the set of elements x e N® Ajsuch that x®1 e N®A;®, Ay = N®_ A,
lies in the image of V:N® A, - N®_  A,. Comparing this with Proposition 2.5.2
gives the result. O

3.2.2. Proposition. — Let & be a Dieudonné crystal over an affine formal scheme
X = Spf(A,). If A, satisfies (1.3.1.1), then there exists a closed immersion X < Y = Spf(A)
and a Dieudonné crystal &' over V) such that

— X <Y induces an isomorphism X5 = Vyeas

— &= &'x.

— A satisfies (1.3.1.1),

— the Dieudonné crystal &' is versal (Definition 2.5.4).

Proof. — By abuse of notation we write « (resp. o) for the finite locally free A,-module
corresponding to the sheaf « (resp. @) of 2.5.3. Take generators %,, ..., &y of the finite
locally free A ~-module

K := Hom, (0, «)
and let
A = Ay[[xy, ..., %5]]-

We are in the situation of 3.1.1, the special Dieudonné module (N,V,F,V, «, x)
coming from & over X. It is a special Dieudonné module over D (with m = 1): indeed,
it is of the form

N == N,8; D

where (Ny, V,, Fy, V,) is the Dieudonné module over KO associated to & over X. By
Proposition 2.5.2 we have the exact sequence

(3.2.2.1) 0 >0 —>Ng®Ay S o 0

and y is defined as the composition
NO®A,2N,®D®A, =2 N,®A, 2 o,

It satisfies (3.1.2.1) by definition of o (see 2.5.2).
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In this way we also see that
(3.2.2.2) N®,.B, = N,®; D®, B, = N,®A[x]/(+2),
as B, = Ag[x]/(x?). Let us take a splitting of (3.2.2.1):
Ny®Ay 2 0D a.
As a lift o, CNy® B, of v C N,® A, we take

The submodule of Ny®B, ¥ «®B, ®a®B, generated by
elements of the form

O+ = E®L + X k(E)®Oxcw®B, @x®B,

where & runs through o.

For «, we take (N,® B, )/w, . Next, we apply 3.1.3 to ¥’ : Ny® B, — a,, the lift of .
This gives a special Dieudonné module (N ,V_,F, ,V_,«,,x,) and an isomorphism
N, ® D = N. By applying 3.1.3 again to a certain lift 3, of y, (it exists, see remark
before Proposition 3.1.3) we get N, over D,, a special Dieudonné module over D,
(D, of 3.1.1 with m = 2). Repeating this ad infinitum we get a special Dieudonné module
(No, Vo, Fo, Vo, e, %) over Ag[[x]] (use 2.4.8), plus an isomorphism

(3.2.2.3) N,zN,®D,

of special Dieudonné modules.
We claim that the Kodaira-Spencer map

1 ~
Ke ¢ HomZo[[gn(QZo[[a_;n, Aol[x]]) — Hom;o[@,(mm s o)

is surjective. By (3.2.2.3) and Remark 3.1.4 we see that this map is congruent to the
map derived from:

0, >N®,B, SN®B®Q. »>a, ®B® QL.
The isomorphism (3.2.2.2) is horizontal, hence
VE®L1® Z“,ki(ﬁ) ®x) =Vo(5)®1 + %] k,(8) dx;.

It follows that x,(9/dx;) = &k, mod (x4, ..., xy). Here we used that

Homj 1,(0g, o) mod(xy, ..., xy) 2 K

and that 9/ox, : Aj[[x]] — Ao[[x]] is the derivation such that 9/dx,(a) = 0 for all
aehy and 9fox,(x;) =38,V 1, je{l,...,N}. As Aj[[x]] is complete with respect to
the ideal (x,, ..., xy) it follows that x, is surjective. O
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3.2.3. Remark. — We proved something that is slightly stronger than 3.2.2.
Namely, that one can take A = Ag[[#;, ..., #y]] such that the elements 9/dx; € Oy are
mapped to a generating set of Homgy (o', o). It is also clear that we can do this simul-

taneously for two crystals &,, &,, i.e., such that the elements 0/dx, generate the module
Jfom@m((o;, “1) (-B%om@sy(wé: “;)

3.2.4. Corollary. — The conclusion of 3.2.2 also holds for a p-divisible group G over X:
we can deform G to a versal p-divisible group G’ over 9.

Proof. — Combine 3.2.1 with 3.2.2. O

4. Proof of Main Theorem 1

This chapter is entirely devoted to the proof of the first Main Theorem. In short

it asserts that the crystalline Dieudonné module functor is an equivalence over certain
smooth formal schemes.

4.1. Statement of Main Theorem 1

4.1.1. Theorem. — If the formal scheme X over F, satisfies (1) then the functor 2.4.3
Category of p-divisible Category of Dieudonné
. —
groups over X crystals over X

is an anti-equivalence. O

We already know that D is fully faithful (Corollary 2.4.9). It therefore suffices
to construct G given a Dieudonné crystal & over X. The problem is local on X and thus
we may assume X = Spf(A), with A as in (1.3.1.1).

‘The construction of G is done in a number of steps. We begin with the most
difficult case, the case that A = &, a field with a finite p-basis.

4.2. Existence of G over fields

This means that we are in the situation X = X, = Spec(k), where % is a field
with a finite p-basis, i.e., [k : £”] < co. The result will be proven in three steps. First we
reduce to the case that % is separably closed. Next, we construct G in the case that &
corresponds to a formal group G or the dual of a formal group. Finally, we do the general
case over a separably closed field, using a result on extensions from 4.3.

Let (A, o) be a lift of k. The Dieudonné crystal & determines and is determined
by a Dieudonné module (M, V, F, V) over A. By 2.5.2 we also have a k-subvector
space @ C M = M/pM such that o® C M® is the image of V: M —M®.

4.2.1. Reduction to the case: k is separably closed. Let { xy, ..., %, }Ck be a p-basis
of k. We choose a separable closure £ of 2. Choose a set I indexing all field extensions of %
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contained in #*°. For each ¢ € I let %, C #** denote the corresponding subfield and say
that 7 = sep gives k,, = £*". Choose a lift A; of 4, and let %] |, ..., %] , € A; be elements
lifting x,, ..., x, € R C k;. The elements x,, ..., x, form a p-basis for k,, Vi € I. As a lift
of Frobenius on each A; we take the unique lift o such that 6(¥, ;) = (%)%, (=1, ...,n
(see [BM, 1.2.7]). If k,Ck;, 1,5 €I then the homomorphism

(4.2.1.1) o ;i A > A,

~ ~
XX, l=1,..,n

lifting %, <> &, (see [BM, 1.2.6]) commutes with 6. We note that
(4.2.1.2) B = kyp = lim E
ikl <
and, for any z € N,
(4.2.1.3) ALlp" Ay, = lim  Ayfp" A,.
[UA :7]—:00
This is a consequence of [BM, 1.1.5] and (4.2.1.2).
Let & be our given Dieudonné crystal over Spec(k) and let (M, V, F, V) be the

Dieudonné module over A associated to it. Suppose we have a p-divisible group G’
over Spec(k*?) with

DG)= ¢ lCRIS(Spec(k’ep)IE)‘

By (4.2.1.2) the finite group scheme G'[p"] is of the form H ® £*® where H is a finite
group scheme over Spec(k;) for some i € I such that [ : 2] < co. The isomorphism

D(H) ICRIS(Spec(kseP)/E) = D(G'[p"]) = €)p" & lCRIS(SpeC(ksep)/Z)

is defined by an isomorphism of truncated Dieudonné modules of level n (compare
Remark 2.4.10)

M<H) ®A,‘ Asep g (M/p" M) ®A Asep'

From (4.2.1.3) we see that this map is already defined over some A;, with j € I such
that k, C k; and [, : k] < co. The resulting isomorphism over A; will be automatically
an isomorphism of truncated Dieudonné modules over A, since the maps o, ; and « ..
(4.2.1.1) are compatible with ¢’s and Q}\j,p,, A — Q) _ma, 18 injective [BM, 1.3.1].

We conclude that for all n € N there exists a finite separable extension 2 C %', a
finite group scheme H over Spec(#’) and an isomorphism

(4.2.1.4) D(H) = (&/p" &) lCRIS(Spec(Ic’)/E)'
Since D is fully faithful over Spec(?’ ®,%") and Spec(k’ ®, %k ®,%") on finite group

schemes [BM, Theorem 4.1.1] we see that H descends to a group scheme G, over
Spec(k) with D(G,) = &[p" & (the isomorphism (4.2.1.4) descends too). By fully
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faithfulness over Spec(k) we conclude that the system (G,), >, gives a p-divisible group
over Spec(k).
4.2.2. The case that F (or V) is topologically nilpotent. This means that the composition
F* =FoF°o... oFGn_IZMGn—>M
lands in pM for some n big enough (M°:= M ®, A). By duality it suffices to treat the
case that F is topologically nilpotent (see [BBM, 5.3]). We remark that in this subsection

we do not need to assume that % is separably closed.
Let us define M; C M by

M,:={meM|mmodpewCM}
By our choice of & C M the map M? — M° gives an isomorphism of M?¢ with VM.
Inverting V gives us an isomorphism M$ — M. The association

(M, V, F, V) — (M,, the isomorphism M?¢ =~ M)
is functorial both in the Dieudonné module (M,V,F, V) and for homomorphisms

A — A’ commuting with ¢ and ¢’ (in particular o itself). Thus we get F,: M{ - M,
and V,: M; - M¢{ from F and V and an isomorphism

(M7, F, Vi) = (M, F, V).
We put S = Spec(A); it has a lift of Frobenius fy = Spec(s). If G is a p-divisible
group over k, then we put
M;(G) = Lim Mg(G[p"]),
where Mg is the contravariant functor on truncated Barsotti-Tate groups defined in

[d], Section 8]. By [d], Corollary of Theorem 9.3] we can find a p-divisible group G
over Spec(k) with an isomorphism

My(G) = (My, Fy, Vy).
By [d], 7.1 and 3.5.2] we get
lim D(G) (gpeeia/on a), spects, n = Ms(G?) 2 Mg(G)° = M7 = M.
All the isomorphisms occurring in this line are compatible with the actions of Frobenius
and Verschiebung of G. Hence we see that
(4.2.2.1) (Mg, Fg, Vo) = (M, F, V)

where (Mg, Vi, Fg, Vi) is the Dieudonné module over A associated to the Dieudonné
crystal D(G) of G. By transport of structure, (4.2.2.1) gives a second connection V' on M
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(coming from V;) such that F and V are horizontal. If we show that V' =V, then
& =~ D(G) and we are done.
We remark that

PV —=V)=F"V*(V - V') =F(V — V)"V~
Since (V — V')°" is divisible by p" (o: QL — Q} is divisible by p) we get
(V—=V)~"
pn
As F is topologically nilpotent, the right hand side tends to zero as z goes to infinity.

V-V =F" \'%8

4.2.3. Neither ¥ nor V is topologically nilpotent. We assume given a separably closed
field % of characteristic p, with a finite p-basis and a Dieudonné crystal & over Spec(k).
As before (A, o) is a lift of 2 and (M, V, F, V) is the Dieudonné module over A associated
to &. The proof of the existence of G will be completely analogous to the proof of
Theorem 10.3 in [d]].

First we claim there is a commutative diagram of Dieudonné modules over A:

0 0

o

Ml’-:

I

Diagram 1 0 — M — M —s

!
| j&‘
lm

— 0

0.__._>Mét'——>M2——-—> — 0

T

0

with exact rows and columns and such that
— F is topologically nilpotent on M,,, M;, M¥
— V is topologically nilpotent on M,,, M,, M%,
— F is an isomorphism on M¥%,
— V is an isomorphism on M*.

Here M, is the first member of (M,,V,, F;,V;), etc. The construction of the
diagram is left to the reader, we only point out that

M% = N F*(M°") C M,
n=1
the quotient M — M* is defined dually, M; = M/M%, M, = Ker(M — M*) and
M;, = Ker(M; - M*). See also [d], proof of Theorem 10.3].



40 A. J. DE JONG

By 4.2.2 we already have p-divisible groups G,,, G;, G,, G* and G* corres-
ponding to (My,, Vy3, ...), ... The p-divisible group G* is étale since F* is an iso-
morphism. As % is separably closed we can choose an isomorphism G* ~ (Q ,/Z,)* for
some s € N. Similarly, G* = (G,[p])! for some #eN.

Fully faithfulness of D gives us an incomplete diagram corresponding to diagram I:

0 0

Lo

G!J- J— GU-

b
Diagram II 0 «— G* «— ? «— G, «— 0

I

0 «— G* «— G, <— G
L
0

0

12 <— O.

(The lower line and right column are exact sequences of p-divisible groups.) For all
n € N we derive a diagram from diagram II by taking the kernel of multiplication by p":

0 0

l !

G'[p"] — G*[p7]

l !

Diagram n 0 «— GY[p"] ? G[p*] «— O

| l l

0 «— G¥[p"] «— Gy[p"] «— Gy[p"] < 0.

l !

0 0

The obstruction to find a sheaf of Z/p" Z-modules G, on Spec(k),, fitting into diagram =
(i.e., sitting in place of ? and making the middle line and middle column exact) lies in
the group

Ext} n2(G*[p"], G*[$"])
(extensions of sheaves of Z/p" Z-modules on Spec(k)g, ). It is easy to prove that

Exty/pn2(Z[p" Z, u,n) = HEe(Spec(k), Gy,) [p"] = 0.
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Therefore this obstruction is zero. The set of all choices of such sheaves G,, is homogeneous
under the group

Extz,nz2(G*[p"], G*[p"]) = Extyng(Z[p" Z, p,n)*" = (B[(R7)”)"".

Since the homomorphism &*/E**"** — Ek*/k**" is surjective, given any G, fitting into
diagram 7 we can find a G, , fitting into diagram »n + 1 such that G, = G, ,[#"] (an
isomorphism of sheaves fitting into diagram , this isomorphism is unique: p (k) ={1}).

Clearly, this proves that we can find at least a sheaf G’ = UG, fitting into the
diagram II. Since the sheaves G, are representable, as they are extensions of repre-
sentable sheaves, it follows that G’ is a p-divisible group. The set of isomorphism classes
of such G’ fitted into diagram II is homogeneous under the group

EXt;z-div. gr.(Gét’ Gu-) = Ethp-div. gr.(Qp/Zp) Gm[pw])s't
and the corresponding group for diagram I is

Extpg(D(GY), D(G¥)) = Extpo(D(G,[#7]), D(Q,/Z,))"".

To produce G it therefore suffices to prove Proposition 4.3.6 below.

4.3. Extensions of étale p-groups by multiplicative p-groups

In this section we prove the analogs of [dJ] 8.7, 8.8 and 8.9 in the crystalline
setting.

Let S be a scheme of characteristic p. We introduce the following categories: for
any n € N we put

BT (n)y = the category of truncated Barsotti-Tate groups of level n
over S

and DC(n)g = the category of truncated Dieudonné crystals of level »
over S (see Remark 2.4.10).

In both categories it is clear what a short exact sequence is and there are corresponding
extension groups. The crystalline Dieudonné module functor

D : BT(n), — DC(n),

(see [BBM, 3.3.6 and 3.3.10]) transforms short exact sequences into short exact
sequences; this follows from [BBM, 4.3.1].

4.3.1. Lemma. — There exists a natural injection
I'(S, O3)|T'(S, O5)"" — Extyyp,(Z/p" Zg, Hon,s)

which is an isomorphism if Hy (S, G,,) [p] = (0).
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Progf. — This is well known (cf. [dJ, Lemma 8.7]). Let us describe the
extension E,(g) associated to a section g € I'(S, @%). The sheaf E,(g) is defined as follows:

E.(g) (U) ={(fim) eT(U, Oy X Zg)|f*”" = g"}[<(& p")>

for U € Ob#k[S. The maps which define the structure of extension on E_(g) are
wn(U) 3 f = (f, 0) € E,(g) (U)

and E.(g)s (fim)»meZ[p®Z(U). O

In [BM, 2.1 and 2.2] the Dieudonné crystals of ., s and Z[p" Zg are determined.
The result is as follows:

D(Z/p" Zg) = (Oyz[t" Ogx, 1, p)
and D(ppns) = (Ogz/t” Oy, p, 1).

The identifications are given by (2.1.3.1) and (2.2.3.1) of [BM].

Suppose that S = Spec(A) and A is a ring with a p-basis. Let (K, c) be a lift of A,
put A, = K/p”x and Q, = Q) . For any n €N we define an abelian group W, as
follows:

W,i={(n,0) €Q, X A, | dn = 0, a(n) — da + pn }{(db, 5(b) — pb)| b < A, }.
4.3.2. Lemma. — There is natural isomorphism
W, = Exthoms(D (i, 5), D(Z[p" Zy)).

Proof. — For each pair (n,a) €Q, X A, with dy =0 and o(y) = da + pm we
define an extension of truncated Dieudonné modules of level x:

0 —(A,, dA,,/Z’ 1,p) - M(n, a) - (A,, dA,,/ZaPa 1) - 0.

It is defined by the following formulae:
M(y,a) = A,.10A,.T

V1=0 Vi=10y
(4.3.2.1) ~ o
FI° =1 FI° =a.1 +p.1
V1 =p.1° V= —a.l1°+To.

The reader can easily convince himself that this defines indeed an extension of Dieu-
donné modules and that any such extension can be written in this form. Also, it is clear
that all possible isomorphisms of such extensions are the isomorphisms (with & € A,)

M(n + db, a + o(b) — pb) — M(, a)
11

Teb.141.
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Finally, it is also easy to show that
[M(n, a)] + [M(’, a')] = [M(n + 7', a + a')].

(Addition of extension classes.)

Therefore our lemma follows from the description of crystals over S in terms of
A-modules with connections [BM, 1.3.3] and the description of D(u.,.) and D(Z/p" Z)
given above. O

4.3.3. Remark. — A similar result holds in the situation of Definition 2.3.4.
We define a homomorphism

(4.3.4) A*/(AMP" > W,

by the rule
class of g € A* i class of (dlog(g'), log(s(g) £7)).
Here e A} is an element mapping to g € A*. Since ¢(g) = §? mod pA,, the product

~

6(g) £ 7 can be written as 1 4 p3 and we can take its logarithm

1 1
log(1 + 43) = $8 — 5 (p3)° + 5 (43)° — ... €A,

It is easy to prove that the element of W, so defined does not depend on the lift § (use
that any other lift §’ can be written as g.(1 + p3)).

4.3.5. Lemma. — The following diagram is commutative:

4.83.4

A*/(A")" =2 w.

14.3.1 14.3.2

Exthuonn(Z[0" Zss tpn,8) —> Exthou,(D(iys, o), D(ZIp" Zs)).
Progf. — Suppose (U, T, 8) is an object of CRIS(S/Z) and g € A* is lifted to
£e (T, 03). To this we will associate an extension of sheaves on CRIS(U/T):
0 > Opyp > %E) > Eu(g)y >0

We recall that for a sheaf & on the big fppf-site of S, we write & for the sheaf on
CRIS(S/Z) defined by # (U, T, 3) := & (U); see [BBM, page 15] for this notation. The
extension %(g) is defined as the push-out by log: (1 + Sy 1)* = Oyp of an extension

0—>(1+ Fym)* >¥(F) > E,(g)y >0

Here the sheaf 77(¢') is defined as follows: for (U’, T’, §') e Ob CRIS(U/T) the sections
of ¥ (g) over (U’, T, ') are:

{(f,m) e T(T’, O3, X Zy) | the image f of fin Of, satisfies f*" = g™ }/<(g, p™) >,

It is clear how #7(§) becomes an extension as indicated above.
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~

The extension #(g) defines a section 1(g) of the sheaf
Extym(En(&)vs Opm) = D(E,(8)v)|crswm -
Under the map
D(E,(g)v)r = D(ipn)r = On/p" On

the element ~l'(E) maps to 1; this is a consequence of our definitions and the definition
of [BM, (2.2.3.1)].
In a similar way the sheaf %'(a), defined for a € I'(T, 0;) on CRIS(U/T) by

LU, T, %), Z(a)) :={(fim) e I(T’, Op X Zyp)}/{(a, p")>
is an extension

0—>0yp —>Z(a) >Z[p"Z; -0

and corresponds to the section a of
D(Z)p" L)y = Extym(Z[p" Zy, Oypr) = Opplp” Ogpr.

Suppose g; and g, € I'(T, @) are two sections lifting the image of g in I'(U, 0f).
We claim that the difference '1"(31) — T@;) is given by the class of the exten-
sion £ (log(g; & 1)) in

D(Z[p” Z); C D(E,(8))z-
To prove this we consider the pullback

0 — 0UIT®0U/T P E.(9)v - 0

| | s

0 — Oy ® Oy —> %8 P®UE) — E(9v®E(8)y — O

and we construct a homomorphism
«: P —>Z(log( 2 ")

which proves the equality (we leave it to the reader to check this). If
(U, T,8) eOb CRIS(U/T) and (f,,m) e(T,0) X Z

is such that f;*" = g™ for i = 1,2 and [ e Zis such that f;.¢' = f;7, m, + p* = — m,
then we associate to this the pair

(log(f1 f2 &), my + Ip") e (T, Op) X Z
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~ ~_1

(and hence a section of Z'(log(g; &, ')). We again leave it to the reader to check that this
induces a homomorphism o« as desired using the definitions of ¥7(g)), etc.; the crucial
point is that to the pairs (f;,m;) and (f,.8; !, my — p™) is associated the pair -

(log(fifa & &' F"), my + Ip" + p") = (log(31 &), p")
+ (log(f1 /e &), mu + ).

Finally, we are able to prove the commutativity of the square of the lemma.
Choose a lift ge A, of g as in the definition of 4.3.4. We have to check that
the element T(E) € D(E, (2))s, specia,,n satisfies formulae (4.3.2.1) with y = dlog(g)
and a = log(c(g) 7). This is checked using the above; for example the property

that VT(E) = dlog(g’).1 follows from the fact that

pry '(1(2)) — prz '(1(Z)) = log(pri(8).pri(3)™")-1;
here pr, and pr, are the projection morphisms
Spec(A, ®z A,[T*) 3 Spec(A,)

of the first infinitesimal neighbourhood of the diagonal embedding of Spec(A,). (See
also the proof of [d], Proposition 8.9].) O

We note that the obvious homomorphisms W, — W, _, are induced by taking the
kernel of p"~' on an extension of D(u,.) by D(Z/p" Z). Let us write

W,oW,:={xeW,|3yeW,,, whose image in W, is x },

pﬂ+‘

Since any element of A*/(A*)?" can be lifted to an element of A*/(A*) it follows that

the image of 4.3.4 lies in W,.

4.3.6. Proposition. — a) If A is a field of characteristic p the map 4.3.4
ATJ(A)” > W,

is an isomorphism for all n € N.
b) Over a field k of characteristic p the crystalline Dieudonné module functor D induces a
bijection of extension groups

EXt, .. (Q /25, Gu[#7]) = Extyg(D(G,[07]), D(Q,/Z,)).

Proof. — Part b) is a consequence of part a) since the map of Ext-groups is just
the map (k = A)

lim A*/(A*)*" - 1lim W, = im W,.
<« <= =

Injectivity of A*/(A*)”" — W, is a consequence of fully faithfulness of D on Spec(A),
but is also easy to prove directly: if (§~'dg, dlog(s(g') &~ 7)) = (db, o(b) — pb), then
b epA, (look at second factor), hence dgepA,, hence g= A?(1 + pf), hence

bepA,, etc.
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Surjectivity is proved as follows. Since the kernel of the map W, — W, can be
identified with W,_,, we only need to prove surjectivity for n = 1. Let us take
(n, @) €Qy X A, with dy = 0 and o(y) = da + pn. We can write @ = a? + pa, since
da = o(n) — pn € pQ,. Changing (n,a) by (da,, o(a,) — pa;) we may assume that
a €pA,:a = pa’. We can now divide the equation o(n) = da + pm by p to get

1
~a(n) =da’ + 7 €Q,.

b4
This equation can be viewed as a condition on the 1-form n € Q, = Q] without referring
to the lift (A,, ¢): the equation says that the relation

Zfr g7 dg = X fidg (mod dA)

holds in QL /dA for any presentation n = X f; dg; of . We have to prove that any 5 € Q}
satisfying this is a logarithmic differential: n = g~ ' dg for some g € A*.
A relation of the type above is realised by a relation

E@_:f;" g tdg = EE‘J: dg; + zj-"d“f + %Bl(d(Yl +3) —dy, —d3)

+ X¢,(dg, 6, — ¢, do, — 6, dL,)

in A[dA]. Clearly, there exists a subfield 2 C A finitely generated over F, containing all
the elements f;, g, «;, Bis Y15 815 €s Gm» 0,,- We have reduced the problem to the case of
a field % finitely generated over F,. The 1-form 7 comes from a l-form n e I'(X, Q%) of
some variety X smooth over F, with F (X) = £. By assumption dy = 0 and 7 lies in
the kernel of the map (see [IlI3, § 2])

W — C: ZQy > Q.

Hence by [Ill3, 2.1.17] it is a logarithmic differential on an open part of X. O

4.4. Construction of G in the reduced case

In this section we assume that X = X_,,. Hence, we may assume that
X = S = Spec(A) is affine and of finite type over a field £ with a finite p-basis. Since S
is formally smooth over Spec(F,), it is a regular scheme. Also we may and do assume
that S is irreducible (i.e., connected). We argue by induction on dim S; the case
dimS =0 is 4.2.

Let there be given a Dieudonné crystal (&, f, v) over S. By 4.2 we have a p-divisible
group Gy over Spec(K), where K is the function field of S (it is finitely generated over %,
hence it also has a finite p-basis). This p-divisible group is such that

(4.4.1) D(Gg) = (&, £, 0) ICRIS(Spec(K)IZ)‘
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Fix n e N. There exists a nonempty Zariski open U C S and a finite locally free
group scheme G, over U with G, Xy Spec(K) = G¢[p"]. Suppose (A,, o) is a lift of A
modulo p". A lift of K modulo p" is:

. 1
im &[]
fEA,, fmodp*0
with the natural action of ¢ on it. Using the description of crystals in terms of modules

with connection 2.2.3 and arguing as in 4.2.1 we see that we may assume that the
isomorphism (4.4.1) modulo p" exists over U (after possibly shrinking U a bit):

(4.4.2) D(G,) = (€lp" &) |ontswsy

Using the fully faithfulness of D ([BBM, 4.2.6] or Remark 2.4.10) we may even suppose
that U is the biggest Zariski open subscheme of S such that a finite locally free group
scheme G, over U exists, endowed with an isomorphism (4.4.2).

Let T = S\U with the reduced closed subscheme structure. The regular locus
T¢C T is open dense in T. We are going to extend G, to U u T™ = S\Sing(T)
together with the isomorphism (4.4.2). This contradicts the maximality of U unless
T = @, which is what we wanted to prove. Indeed, then we have G, over S with (4.4.2)
for all z and hence by fully faithfulness ([BBM, 4.2.6] or Remark 2.4.10) a p-divisible
group G = (G,),>,-

Again using the fully faithfulness of D on finite locally free group schemes, the
problem of extending G, is a local one. Thus we may assume that T is a regular scheme
and that

T = Spec(A/I) - S = Spec(A)

is defined by an ideal I generated by a regular sequence fj, .. ., f, € A. We put9 = Spf(A)
where

A:=lim A" > AI[[ £, ... f]]-

(To find such an isomorphism compare with Lemma 1.3.3 and recall that A/I is regular.)

By our induction hypothesis (dim T < dim S), we can find a p-divisible group H"”
over T with D(H") & & |cgpysys,- By Proposition 3.2.1 we can find a p-divisible group H’
over 9 with D(H’) & &|y. By Lemma 2.4.4 this comes from a p-divisible group H over
Y := Spec(A) with

(4.4.3) D(H) = & |crisspeciirm -

4.4.4. Lemma. — The functor D is fully faithful on finite locally free group schemes on
each of the schemes

1= Spec(A[1/f]) and Y, := Spec(A[L[f.f;]).

Proof. — Since we have the isomorphism A = AJ/I[[f,, ...,f,]] we may use
Lemma 1.3.3 to replace A/I by a ring B with a finite p-basis. The ring B[[ f;, ..., f.]]
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has a finite p-basis by Lemma 1.1.3. Hence so does B[[f;, ...,f.]]1[1/f] and

B[[fi, ..., fJ] [1/f.f;]- It suffices to apply 4.1.1 of [BM]. O
The morphisms Y; — S and Y;; — S factor through U C S and by the lemma we
get isomorphisms

(4.4.5) o : H[p"]y,

IR

Gn, Y;
from the isomorphisms
D(H[p"]y,) = €p" & Icmsm-/z) = D(G,,y,)-

These isomorphisms agree on Y,; after pullback with Y;; -V, and Y,; - Y;. By
Proposition 4.6.2, we get a unique finite locally free group scheme G, over S with iso-
morphisms G, ;= G, and G, y = H[p"] and inducing (4.4.5).

Suppose T, < S, is a lift of T < S modulo p": S, = Spec(A,), A, is a lift of A
modulo p* and T, = Spec(A,/( Far s :)) where f: e A, lifts f, e A. We also get Y, ,
and Y;; , in a similar manner. Crystals killed by p" on T (resp. S, Y; or Y,;) are described
by Op-modules (resp. 0, 0Yi,n or 0Yij,"-modules) with connections, hence Propo-
sition 4.6.2 now gives us an isomorphism of crystals

D(G,) = &p* &

IR

agreeing with (4.4.2) and (4.4.3). It is an isomorphism of Dieudonné crystals since
this was true of (4.4.2). This concludes the case 4.4.

4.5. Existence of G in the general case

We proceed as in 4.4 by induction on the dimension of X_;. The case that
dim X, = 0 is a combination of 4.2 and Proposition 3.2.1.

As noted in 4.1 we may assume that X = Spf(A) is affine and that A is of
type (1.3.1.1). Using Lemma 1.3.3 we can replace A by a complete ring of type
(1.3.2.1), which has a finite p-basis (this does not change the dimension of X.,!).
Suppose I C A is the biggest ideal of definition of A. The scheme Spec(A/I) is a reduced
scheme of finite type over a field, hence its regular locus is a dense open subset. Thus we
can choose an element fe A, f¢1I such that Spec(A/I[1/f]) is regular and such that
dim Spec(A/I + fA) < dim Spec(A/I). We put

A{l/f} = Lm A/I"[1/f]
and A=limA/f*A, I=IA
Suppose we are given a Dieudonné crystal &’ on X = Spf(A). By 4.4 we get a

p-divisible group G,;" over Spec(A/I[1/f]) and by Proposition 3.2.1 it can be deformed
to a p-divisible group G; over Spf(A{1/f}) with

(4.5.1) D(G)) = & |gpaqusm-
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By our induction hypothesis we get a p-divisible group G, over Spf(A) with
(4.5.2) D(C) = o

However, using Lemma 2.4.4 and Proposition 2.4.8 we may assume &’ comes from
a Dieudonné crystal & over Spec(A), G; (resp. G;) comes from a p-divisible group G,
(resp. G,) over Spec(A { 1/f}) (resp. Spec(A)) and the isomorphism (4.5.1) (resp. (4.5.2))
is defined over Spec(A{ 1/f}) (resp. Spec(A)).

By Lemma 1.1.3 the ring A has a finite p-basis. Hence A[1/f] has a finite p-basis,
hence the ring

B:= lim(A/1") [1/f]

has a finite p-basis (Lemma 1.1.3 again). Clearly, we have homomorphisms A — B
and A{1/f} - B. By fully faithfulness over Spec(B) ([BBM, 4.1.1]) and (4.5.1)
and (4.5.2) we get an isomorphism

(4.5.3) Gy, speem = G, spec +
Reducing everything modulo a fixed power zn of I we get G, , over Spec(A/I"[1/f]),
G, , over Spec([\/i") and
(4.5.4) G, . X Spec(A/I"[1/f]) = G, . x Spec(A/I*[1/f]).
By Proposition 4.6.2 we get a p-divisible group H, over Spec(A/I") agreeing with G, ,
over Spec(A/I"[1/f]), agreeing with G, , over Spec(A/1*) and inducing the isomorphism
(4.5.4). Taking the limit for » — o (Lemma 2.4.4) gives a p-divisible group H over
Spec(A), isomorphic to G, over Spec(A{1/f}), isomorphic to G, over Spec(A) and
inducing (4.5.3).

To prove that D(H) =~ & we use the description of crystals in terms of modules

with connections ([BM, 1.3.3] and 2.2.2) over suitable lifts of A, A, ... modulo p".
The argument is similar to the last part of the proof of 4.4 and is left to the reader.

4.6. A remark on descent

Only included for quick reference.

Suppose A is a Noetherian ring and ICA is an ideal. Put X = Spec(A),
Z = Spec(AfI), U = X\Z, Y = Spec(A) where

A = lim A/I",
“—
and U’ = Y\Z = U X4 Y. We have the morphisms
p: U ->U and p,: U Y.
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We consider the following category:
(4.6.1) Objects are triples (&y, &y, a) where

— &y (resp. &y) is a coherent sheaf of Oy(resp. Oy)-modules,
— « is an isomorphism

«: pi(Ey) = p3(Ey)-

Morphisms ( fg,fy) : (€y, €y, a) - (Ey, €y, ') are module homomor-
phisms f; : & - &y and fy : &y — y compatible with « and «'.

4.6.2. Proposition. — The natural functor
F : coherent Og-modules — (4.6.1)

is an equivalence of categories.

Proof. — For any (&y, €y, «) € Ob (4.6.1) put
L((€y, €y, ) :={(sv, 5v) e T(U, &) X ['(Y, &) | «($i(s0)) = palsy)}-

It is easy to show that for a coherent Ox-module & we have I'(X, &) = I'(F(&)). Thus F
is fully faithful. Returning to our object (&, &y, «) of (4.6.1), it is easy to find a finitely
generated submodule M C I'((&y, €y, «)) such that My — &y is an isomorphism (M is
the sheaf on X associated to the A-module M). Then é”Y/MY will be a coherent sheaf of
Oy-modules with zero restriction on U’ C Y, hence killed by some power of T =I.A.
Thus (0, &y/My, 0) is in the essential image of F. To show that (&g, &y, «) is in the
essential image of F also we note that F identifies Ext-groups. If N is a finitely generated
A-module annihilated by some power of I, then the natural map

Extl (N, M) — Ext{(N, M ® A)

is an isomorphism. O

5. Proof of Main Theorem 2

In this chapter we prove the second main theorem. It implies that the crystalline
Dieudonné module functor is fully faithful up to isogeny over schemes of finite type
over a field with a finite p-basis.

The proof of the theorem relies on ideas of Berthelot on convergent isocrystals. Let
me try to indicate briefly two of the main ideas of the article [B2]. See also [B3].

Take a reduced scheme S of finite type over a field 2 of characteristic p > 0.
Choose a Cohen ring R for the field %2. Consider a formal scheme X, formally smooth
over Spf(R), whose underlying reduced scheme X, is equal to S. Note that we do not
assume that X is of finite type over Spf(R). For example we can construct X by taking
a closed immersion of S into a scheme X which is smooth over Spec(R) and taking X
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to be the completion of X along S. To the formal scheme X we associate a smooth rigid
analytic space X" (see Chapter 7 or [B2, 0.2.6]). If X is the completion of X as above,
this is just the admissible open subvariety of the rigid analytic variety X" consisting of
points x € X™ specializing to points of S. Such a rigid analytic variety U = X' is
called a tube of S. Any two tubes U,, U, of S are dominated by a third tube U and we
may assume that the morphisms U — U, are fibrations whose fibres are open unit balls.
Therefore we get a cohomology theory of varieties S in characteristic p by associating
to S the cohomology of one of its tubes.

Berthelot constructs a functor from the category of Dieudonné crystals over S
to the category of convergent F-isocrystals over U: these are finite, locally free sheaves
of Oy-modules endowed with an integrable connection and an action of F (suitably
defined). This last category is independent of the tube U chosen. Berthelot shows that
this functor is fully faithful up to isogeny.

5.1. Statement of Main Theorem 2

5.1.1. Theorem. — Let k be a field with a finite p-basis. Suppose that S is a reduced
scheme of finite type over Spec(k). For any two p-divisible groups Gy, G, over S we have
(5.1.1.1) Homys(D(G;), D(G,)) = torsion subgroup @ D(Homg(G,, G,)).

That is, for any o : D(G,) — D(G,) there is a unique § : G, — G, over S such that ¢ — D(J)
1s ltorsion. O

The proof of this theorem is long and complicated and will occupy most of the
rest of this chapter. But first let us deduce a corollary of it.

5.1.2. Corollary. — Let S be a scheme of characteristic p which has a finite open covering
S = U, U, suck that each U, is of finite type over a field k; which has a finite p-basis. The crys-
talline Dieudonné module functor D (2.3.3) is fully faithful up to isogeny over S.

Proof. — Suppose G,, G, are p-divisible groups over S. We have to show that D
induces a bijection
(5.1.2.1)  Homy(G,, Gy) ® Q = Homye,s(D(Gy), D(G) © Q.
Here DC/S stands for the category of Dieudonné crystals over S (2.3.2). Of course we

may replace S by any of the U,; thus the reduction S’ of S satisfies the assumptionsof 5.1.1.
On the other hand, it is well known that the maps

Homg(G,, G,) ® Q - Homg, (G, ¢, G, 5) ®Q
and Hompes(D(Gy), D(G,)) ® Q — Hompes (D(Gy, 5), D(G, 5)) ® Q

are isomorphisms. In both cases this can be seen using that some power of the Frobenius
morphism of S factors through S’. Consequently 5.1.2 follows from 5.1.1. O
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5.2. Formal setup

Take S, G; and G, as in the theorem. If we prove equality in (5.1.1.1) over the
members of a finite open cover of S then equality in (5.1.1.1) follows for S. Thus we
may and do assume that S is connected, affine and of finite type over a field 2 with a
finite p-basis. The proof of 5.1.1 is by induction on dim(S). The case dim(S) =0
follows from Theorem 4.1.1. Our induction hypothesis is now that we have proven 5.1.1
for all schemes T as in 5.1.1 with dim T < dim S.

Suppose we are given a homomorphism of Dieudonné crystals over S:
(5.2.1) ¢ : D(G,) - D(Gy).
We are looking for an element

¢ € Homg(G,, G,)
such that ¢ — D(¢) is torsion. If we solve this problem for
¢": D(G, Is G;) — D(G, 1(5 G,)
D(G,) ®D(G;) — D(G,) ®D(Gy)
given by the matrix
D(id,,) P
( 0 D(ida,))’
then we have also solved the problem for ¢ (just put ¢ equal to
Gy = G, Xg Gy 5 Gy x5 Gy - Gy).

Thus we may assume that ¢ is an isomorphism.

Let us choose a closed immersion S < A} for some » € N. We consider the formal
scheme X, which is the completion of A¥ along S. Thus X, = Spf(A) is an affine formal
scheme, Aisof type (1.3.2.1) and S = (X,),4. By [I112, Theorem 4.4] we can deform G,
(resp. Gy) to a p-divisible group Hj , (resp. H; ;) over X, (see 2.4.2). By Corollary 3.2.4
(see also Remark 3.2.3) we can find a natural number N, such that we can deform Hj ,
and H; , over the closed immersion

X, = Spf(A) > Do = Spf(A[[x, - .., 2]])

to p-divisible groups H, , and H, , over 9, which are simultaneously versal: the Kodaira-
Spencer maps (see 2.5.4) of D(H, ,) and D(H, ;) induce a surjection

i=1

N
0
(5.2.2) D 0y, .~ Moy, (1,05 @1,0) © Homgy (w05 %,0)-
(]

Here we have written o, , and «, , for the sheaves » and « constructed in Section 2.5.3
for the Dieudonné crystal D(H; ,) over 9,.
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Let us take a lift (0, 6) of £ and put K equal to the quotient field of 0. Next, we
take a lift (A, o) of A over (0, o), i.e., such that there is a homomorphism 0 — A compatible
with o. (This is easy to find by lifting A to A} and taking the completion of A} along
SCApCAZ) As a « lift ” of 9, we take the formal scheme

9 := Spf(A[[#y, - - -, 25]])-

We have a lift of Frobenius ¢:%) — 9 given by ¢ on A and o(x;) = x?. Finally, we
again use [I112, Theorem 4.4] to lift H, , (resp. H, ,) to a p-divisible group H, (resp. H,)
over 9. (This can be done as follows: H; , may be considered as a p-divisible group over

Spec(A[[]]) by Lemma 2.4.4, then lift H,, successively to Spec(A[[x]]/¢' A[[x]])
using the theorem of Illusie.)

The value D(H,)y of the Dieudonné crystal D(H,) over 9 (defined by a suitable
inverse limit as in section 2.5) is endowed with a canonical integrable, topologically
quasi-nilpotent connection (compare 2.2.3)

(5.2.3) V:D(H)y > D(H,)g ®, Q.
By [BBM, 3.3.5] there is a Hodge filtration

0—>w, >DH)y > —0

reducing to the filtration ; ,C D(H; ;)g, modulo p0. Hence, we see that (5.2.3)
still induces a surjection:

N
0
(5.2.4) ‘Gjl &Da—xi —>.9£’om%(ml, aﬂ@.)fomom(mz,az).

We also have canonical horizontal isomorphisms

o" D(H,)g = D(o" Hy)g = D(Froby,(H; o)) g,

)2

hence Frobenius and Verschiebung induce horizontal homomorphisms
F:6*D(H)y -D(H,)y and V:D(H)y — " D(H)y

satisfying the usual relations.

5.8. Rigid analytic setup

To the formal scheme 9) there is associated a rigid analytic space Y = 9™ over K.
See [B2, 0.2.6], see also chapter 7. It is a smooth rigid analytic variety over K, since
it is an open subspace of Azt ™ (see above). To the finite locally free sheaves w;, «;
and D(H,)y over 9 there are associated finite locally free sheaves of @y-modules %,
o® and D(H,)™ on Y. See 7.1.11. The lift ¢ on 9 induces a general morphism
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6:Y — Y over the continuous homomorphism ¢: K — K. See 7.2.6. Frobenius and
Verschiebung on D(H;)y induce

F:¢D(H)™ —~D(H)*® and V:D(H)™ — ¢ D(H,)™.
In addition, the connection V (5.2.3) induces an integrable connection (see 7.1.12)

Ve : D(H,)™ — D(H,)™ ®, Q.

Again we have that surjectivity of (5.2.4) implies surjectivity of the ¢ Kodaira-Spencer
maps of 0 — o — D(H,)" — of®* — 0 induced by V™, i.e., the following homomor-
phism is surjective:

N
0
(5.3.1) @D o, Fline Homg (0}, o) ® Hom, (whf, ag®).
i=1 x;

We claim that D(H,)™ is canonically isomorphic to the convergent isocrystal
D(G,)*™ over Y associated to the Dieudonné crystal D(G;) on CRIS(S/X). See [B2,2.4.1].
This is easy to prove and left to the reader. In fact we only need this to get the homo-
morphism of sheaves of @y-modules

(Pa.n . D(Hz)l’il — D(Gz)an > D(Gl)m —_ D(Hl)rig’

constructed in [B2, 2.4]; it is deduced from ¢ by functoriality of the construction of an
associated convergent isocrystal. Let us recall its construction.

The Dieudonné crystal D(H, ,) is given by a Dieudonné module (M;, V,, F;, V))
over K[Lﬁg]] (see 2.2.3). The closed immersion S < 9,9 is given by an ideal
IC A[[x]]. We remark that I is the biggest ideal of definition of A[[x]] and that
PA[[x]] + %, A[[x]] + ... + % A[[x]] C L. Consider the divided power algebra (D, I,[ 1)
constructed for the pair I C K[[g]] in (2.2.1.1). The Dieudonné module defined by G;
is the Dieudonné module (M, ®D,V,®1 + 1®V, F,®1, V,®1) over D. Thus our ¢
comes from an isomorphism

(5.3.2) e:M,®D > M, 8D

of Dieudonné modules.

Let us consider the ring B, of 7.1.1 constructed starting out with I C K[I'_Jp_]] It
is the p-adic completion of A[[x]] [I"/¢]. As in 7.1.3 the space Y = 9 is the increasing
union Y = U V, of the affinoid subvarieties V, = Sp(C,) = Sp(B, ®, K). Berthelot
[B2, (2.4.1.2)] constructs a homomorphism of A[[x]]-albegras

(5.3.3) o:D =B,
mapping "™ to i*/n! for all 7 eI. To prove that it exists take generators fi, ..., f, of
IC K[[ic]] and recall that any element x of D can be written as

x = 2 ay S flmad [ flm)
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with ay € A[[x]] and ay — 0 p-adically if | M| - 0. Thus the sum

p(x) 1= Zay :

v o omylimg! ... m!

S S

converges in B, since f™/m! e B, for f € I. We also remark that since o(I) C I? + pA[[x]]
it induces homomorphisms

(5.3.4) ¢:B,>B,,, n=123,...

We conclude that ¢(Sp(C, . ,)) C Sp(G,), i.e., o(V,,,)CV,.
The construction of ¢* is as follows. Using (5.3.2) and p we get an isomorphism

(5.8.5) M, ®%y By M, D& B, > M, 8D &, B, = M, &3, B,.
Hence, we get an isomorphism M, ®yy,, C, > M, &%y, C, or, equivalently, an
isomorphism

P, - D(Hz)ﬂg‘vl — D(H,)™

v

This isomorphism is horizontal for V" and compatible with Fi® and Vi* since ¢ is so.
Next we define

9, : D(H,)™|y, —~ D(H,)™|,

by induction on r as follows:

1
(5.3.6) Putri= (Ff* on D(Hy)™)|y,, o 6"(9,) o (V¥ on D(Hy)™)|y, ..

Thus it is 1/p times the composition

c*(Pp) Frig

D(H,)™|, 5 o' D(H,)*|, %% o' D(H,)*|, i> D(H,)™

Vaer®

We have used ¢(V, . ,) CV, to get ¢*(¢p,) over V, ;. Remark that since ¢, is compatible
with F and V we get ¢, |y, = @, It follows easily that ¢, , is horizontal for V" and
compatible with F{® and V}® since ¢, is so. The compatible system of maps (9,),>;
defines our isomorphism

(5.3.7) M 1= li_>m<p,, : D(Hz)ﬂg - D(HI)'ig.

It is horizontal and compatible with F and V. We remark that ¢*" is the unique (hori-
zontal) map D(H,)"™ — D(H,)" extending ¢,. (If y where a second such map then
(Pa.n
rigid analytic space Y (see 7.4) zero on a nonempty open subset V, of Y, hence zero.)
In particular, ¢** does not depend on the choice of ¢ on ¥).

— y, would be a morphism of finite locally free sheaves over the connected smooth
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5.4. Relation between rigid points and ¢

5.4.1. Situation. — Here 0 C @' is a finite extension of complete discrete valuation
rings, K' = 0’ ® K is the quotient field of @'. Further, x: Spf(0') — ) is a morphism
of formal schemes over Spf(®). To this there is associated a morphism of rigid analytic
spaces over K (see § 7):

(5.4.1.1) %% : Sp(K’) - Y.
Its image consists of one point, denoted x™ € Y by abuse of notation. Any point of Y

occurs as x"® for some x as above (see 7.1.10). Let x, = Spec(k’) = Spf(¢’),., be the
unique point of Spf(¢’). The morphism x induces

(5.4.1.2) Xroq %o = Spec(R’) > Ppq = S.

This induces a morphism of crystalline topoi (%o/Z)cgis = (S/Z)cris- Hence we get,

putting G, , := #},4(G;), an isomorphism of Dieudonné crystals over CRIS(x,/Z):
Xrea, cris (P) :D(Gz,zo) _>D(G1,xo)-

By Theorem 4.1.1 (%’ is a finite extension of %, hence has a finite p-basis also) we get a
corresponding isomorphism of p-divisible groups

“pxo : GI,ZQ g G2.mo'

Let us take a uniformizer = € ¢'. If¢ e N is large enough then = 0’ has a divided
power structure 8. Put U = Spec(0’/ ¢') and T = Spf(¢’). The triple (U, T, 3) can
be considered as an ind-object of CRIS(U/Z). By obstruction theory and since xy < U
is a thickening of x,, the map p° {§,, lifts (uniquely) to a homomorphism

7\/
j4 q»‘z., :H, vy > H, p.
It induces a homomorphism of @’-modules

(5.4.1.8)  x:=DF V)wns DHe ooz > DH,oors
Note that we have the identification of @'-modules
(5.4.1.4) D(H; v)w,z,8 = M;®3 0.
On the other hand we have a canonical isomorphism of K’-vector spaces
(5.4.1.5) (x"€)* D(H,)™ = M, ®5,, K'.
If ¥ eV then it is given by &% : A[[x]] - B, — @' and thus
(x"¢)* D(H,)™ = M, ®51,y, C, ®¢, K’ = M;®3,y, K.
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We claim that we have the following equality
(5.4.1.6) Y ®idg, = p*(x™)* (*)
as homomorphisms M, ® K’ — M, ® K’, where we used the identifications (5.4.1.4)
and (5.4.1.5).
We only need to prove (5.4.1.6) for the ¢ € N such that =’ @' = p0’. Indeed, if

£ >¢ then y' = p“ ! y. We remark that, as #¥(I) C =@ and o(I) C I? —I—px[[g]], we
get x% /(I) C p0’ and hence a commutative diagram

A=) =5 A[[]]
| =
D —" Lo

where = : (D, 1, [ 1) = (0, p0, ) is a PD-homomorphism. We also have x#(I°) C p@’,
hence x* factorises as A[[x]] — B, — @’. We remark finally that the maps r and B, - ¢’
fit into a commutative diagram:

D -2 B,
(5.4.1.7) l lo:
0 «— B,

The /*-iterate Frob/, of the Frobenius morphism of U factors through x, as

3 i 7\’ . o0
U —x,— U. Thus we see that p° ¢, is the composition:
(Fa)! (V) (Vapt
H, g — (Frobg)" H g —> (Frob{)" Hy g —— Hyp.
Since D({,,) = ¢|cxrswym W see that y is equal to the composition

/ {

v ) ’ F
M ~ ’ 2 [} ~ ’ G} ~ ’ 1 - ’
2®%en @ —> M3 Oy 0 MY ®xen O —> M, ®%yy 0

| |

M,eDe. 0 22%% M,eDe. 0.

Working through the inductive procedure used to define ¢,, we see that p’ ¢, on
M, ® B, is defined as the composition

£ {
Vs ! ¢ i
M, ®~ > M ®~ M ®~ > M, ®~
2~ Allz]) Bl 2~ All2l) Bl 1 Allz]) Bl 1 < Al Bl

M,eD®, B,o.B 225 MeD®,B,0,B,.

The equality (5.4.1.6) is now a consequence of the description of ¢, = @‘“[vl and
given above and the commutativity of (5.4.1.7).
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5.4.2. Lemma. — In Situation 5.4.1.
a) The following two statements are equivalent:

(i) There exists a morphism ¢, :H, o = x*(H;) - 2*(Hy) = H, o of p-divisible groups
over O lifting {, .
(ii) There exists a morphism o : H, o — H, o of p-divisible groups over O' such that
(x™)" (™) = D(«)¢ ® idy. -

If these conditions are fulfilled then we have |, = a.
b) The following two statements are equivalent:
(i) For some n € N there exists a homomorphism o : H, o — H, o of p-divisible groups over O’
lifting " .
(i) The homomorphism (x")* (¢**) maps (x™%)* (w5¥) into (x"®)* (w3).

Proof. — We choose an ¢ € N so big that =/ 0’ has a nilpotent divided power
structure.
Let us prove 5). “(ii) = (i)”: By (5.4.1.6) we know that the homomorphism
AN
x = D(p’ $ep) (v, 7, 5 MAPS Oy, ,, into wgy .. By [BM, 3.2.11], and [M, V Theorem 1.6]
N
this implies that p’ §,, lifts to a homomorphism over @'. “(i) = (ii)”: If « lifts p" ¢,

then p’~" « lifts $* §,,, hence also lifts ﬁ; (we may take ¢ large enough so that / —
is positive). By (5.4.1.6) and the references above, we now see that (x"®)* (¢*)
maps (x™)* (w3¥) into (x™)* (wl¥).

Let us prove a). “(i) = (ii)”: If ¢, lifts ¢, then P, lifts pf ¢,, and m
Hence, by (5.4.1.6), we get p'(x™)* (¢*) = D(p' §,)p ® idg. = p' D(§,)p ® idg..
Dividing by #’ on both sides and putting « = {, gives (ii). “(ii) = (i)”’: If we have « as
in (ii) then the conditions of ) (ii) are satisfied. Hence, there is an «': H, ,, - H, o
lifting p" ¢,, with D(a'), ® idg, = p"(x™)* (¢**) (see proof of part 4)). Thus we see that
D(«" — p" @)y = 0, hence o' = p" a. Since o lifts p" ¢, it follows that « lifts ¢, . O

5.4.3. Claim. — There exists a closed formal subscheme 3 C 9, which is formally

smooth over Spf(0) (2.4.6), with 3,4 = D,e.a = S and there exists an isomorphism of
p-divisible groups over 3

(.p . Hl | 3 —> H2 | 3
such that the homomorphism of @grig-modules

D(¢)" : D(H,)"™| 3rig = D(HZIS)‘“‘ > D(H1|3)“‘ = D(Hl)“g|3rig

is equal to ¢
property:

(5.4.3.1) Suppose x: Spf(@’) — 9 is as in 5.4.1. It factorizes through 3 if and only
if the equivalent conditions of 5.4.2 a) hold.

grig. The closed formal subscheme 3 C 9) is characterized by the following
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In 5.5 we show that this implies the theorem. We will prove the claim in two steps.
First, in 5.6, we prove it in the case that we already know 5.1.1 is true. This produces a
closed formal subscheme 3, in the formal open subscheme of ¥ whose underlying reduced
scheme is the regular locus of S and a closed formal subscheme 3, in the formal scheme
which is the completion of ¥ along the singular locus of S, by Theorem 4.1.1 resp.

induction. Using Proposition 7.5.2 and some analytic geometry we get 3 C 9 by gluing 3,
and 3,.

5.5. The claim implies the theorem
Let us prove that our theorem follows from 5.4.3. The isomorphism ¢ induces an
isomorphism over 3., = S:
¢ |s G, =G,
The difference 8 := ¢ — D(¢ Is) € Homy,s(D(G,), D(G,)) has
8| grie = 9% |gris — D(¢[3,,,)|3rie = ¢™[gre — D(¢)™* = 0.

It is now a consequence of [B2, Theorem 2.4.2] that 3 is torsion. This is seen as follows.
Since 8™ is the unique horizontal extension of 3" |4rig we also have 8" = 0. We let
7 : B, - D/p-torsion be the homomorphism which is o-linear with respect to Al[x]]
such that (i/p) = (p — 1)!4", for all e I. This is well-defined as B, has no p-torsion.
The homomorphism ¢: D —D (D as in 5.3) can be factored modulo p-torsion as

D/p-torsion > B, = D/p-torsion.

The element
de Homxugn(Mz, M,) ®Zien b

satisfies p8 = F, 0 6,(3) o V, (it is a homomorphism of Dieudonné modules). Hence
8 =F107,0,(8) o Vo, = 0 e Homy,;, (M, M) ®%an D /p-torsion

since 8|y, = 0 implies p,(5) = 0. Thus 8 is torsion.

5.6. Proof of 5.4.3 in case 5.1.1 is known

The assumption that 5.1.1 holds is true for example if S is a regular scheme
(Theorem 4.1.1) or if S is replaced by a scheme T with smaller dimension (this is our
induction hypothesis). In this case we have a homomorphism of p-divisible groups over S

$g: Gy = G,

such that D(yg) — ¢ is torsion. It follows that D(¢g)™ = ¢,
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We define a closed formal subscheme 3 C 9 as follows. Let 9, denote the n'
infinitesimal neighbourhood of S in 9). By obstruction theory, the homomorphism p* {g
lifts to a homomorphism

N
P s Hl,&],, - Hz,‘;),,'
We put

3, = closed subscheme of 9), defined by
the vanishing of the morphism H,[p"]y R H, g, -

It is easy to see that any morphism of schemes f: T — ), factors through 3, if and only
if f*(¢g) over T Xgq S lifts to a homomorphism over T. Thus we have 3, = 9, N 3,.,
(scheme theoretic intersection) and therefore we get

3:=lim3,C limy, = 9.
By the very definition of 3 the homomorphism {g lifts to
$: H,|g — Hyls.

In addition, (5.4.3.1) is clear from the definition of 3. Also if x: Spf(0’) — 3 is such a
morphism then x*(¢) is a lift of ¢, . Hence, we get (x™)* D()™ = (x™)* (¢**) for all
points ¥ of 3" (see 5.4.2). Thus, we see that we will have D($)™ = ¢ |4rig if we
can prove that 3 is formally smooth over Spf(0®), for in that case 3™ will be a smooth
rigid analytic space (see 7.1.12) and hence homomorphisms of locally free Ozrig-modules
are determined by their values at points of 3",

Let J3 C Oy denote the ideal sheaf of 3 in 9. The obstruction to lift ¢ to the first
infinitesimal neighbourhood of 3 in 9 lies in

'%om@m(wm o"l) ®051] J3/.I23

by [I112, Theorem 4.4]; here we can also use [M, V Theorem 1.6]. By a standard
argument, it follows that 3 C 9 is locally given by (at most) dd* equations, i.e., Jg is
locally generated by (at most) dd* sections. Here d = dim(G,) = dim(G,;) = rk(w,) and
d* = dim(G!) = dim(G{) = rk(«y).

Let us show that in any closed point s € S these equations define a linear subspace J
of m,/(m} + p0Oy ,) of dimension at least dd*. Here 0Oy , is the local ring of 9) at the point
5€S =19, and m,C Oy, is its maximal ideal. Put R = Oy ,/(m? + p0Oy , + J);
thus Spec(R) — 9 is a closed immersion factoring through 3 C 9. Our ¢ over 3 gives
a homomorphism H, y — H, 5 and hence a horizontal homomorphism of Dieudonné
modules over R compatible with filtrations. Thus we get a commutative diagram

0 — w,®R — M,®R — ¢, ® R — 0
(5.6.1) lm(lli)@R lmdn@n la(d:)@n
0 — ;,®R —> M;®R — ¢, ®R — 0
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and D(¢) ® R is horizontal for V, : M; ® R —~ M, ® QL. By our choice of 9 = Spf (K[[gg]])
there is a homomorphism

Q — Q%x/x
and it is clear that k(s) ® Qp 3 is generated by the elements 1 ® dx;. All the relations
between these elements are determined as follows: write any element f ej as
f=2Zax+g a¢ek(s) with gem,n A, then the element Xg ®dx is zero in
k(s) ® Q% 3. Recall that we have the Kodaira-Spencer map:

k;(0/0x;) : 0, ® k(s) — o, @ k(s)
forj=1,...,N and ¢ = 1, 2. The composition

0, ®R >MORE M,0Q, >0, QL —a,®k(s) ® Qg

is a map o, ®k(s) - «; ® k(s) ® Qy 3. Using the definition of k; it is easy to see that
under this map we have:

n > class of 2 k;(9/0x;) () ® dx;.
J

At this point the commutativity of 5.6.1 implies that the homomorphism
0y ® k(s) = o; ® k(s) @ QL 3 given by

n 2 (o(4) (k(8/0x;) (n)) — x1(8/0x;) (w(¢) (n))) ® dx;

must be zero. Taking a basis for w, and a basis for o, we see that this gives dd* elements
in  k(s) dx; which should be zero in Q} 3 ® k(s). Our assumption that (5.2.4) is sur-
jective implies that these dd* elements are k(s)-linearly independent. Hence, dim,,, J > dd"*.

However, we have proved something which is even slightly stronger, namely:
there exist dd* elements f;, ..., fi. € 0/9\ .= AM[#,, ..., %]] generating the ideal J"
of 3 in K"[[xl, ..., %y]] such that modulo (m})? the linear terms in the x; of the f;
are linearly independent. The superscript " refers to m,-adic completion. We leave
it to the reader to show that this implies that

AM[xgy o oos 2510 =AMy -+ s I —aa]]-

Thus this algebra is formally smooth over @ (since AN is s0). We conclude that the algebra
I'(3, 03) = A[[x]]/] is formally smooth over @ since all its complete local rings at
maximal ideals are so.

5.7. Construction of the analytic closed subvariety Z

To start with, we define ZC Y as a set as follows:

x" €Y such that the morphism x: Spf(¢') — 9
(5.7.1) Z = { corresponding to it (see 7.1.10 and 5.4.1) satisfies
the equivalent conditions of Lemma 5.4.2 part a).
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On the other hand we have an analytic closed subvariety W C 'Y whose points x™ are those

such that x satisfies the equivalent conditions of Lemma 5.4.2 part ). It is defined
as follows:

The analytic closed subvariety of Y defined
(5.7.2) W = { by the vanishing of the homomorphism
oy — D(H,)"/w® ~ «* induced by o¢*.

Thus it is clear from Lemma 5.4.2 that ZC W as a set.

5.7.3. Lemma. — The rigid analytic closed subvariety W C Y is smooth and all components
of it have codimension dd* in Y.

Proof. — Tt is immediately clear from (5.7.2) that W is locally defined by (at
most) dd* equations in Y. The argument to prove that it is locally smooth of codimension
dd* is exactly the same as the proof of the corresponding fact for 3 in 5.6. (Use that ¢*
is horizontal and that (5.3.1) is surjective.) O

Let us take a point z, € Z C W. Recall that Y was defined as the countable union
Y = U, V, of affinoid varieties V, over K. Let us decompose the affinoid variety W NV,
into its connected (hence irreducible) components:

(5.7.4) WnV, =W, ,UW,,Uu...UW,_ ..

Each W, ; is a connected smooth affinoid variety and the cover (5.7.4) is admissible.
We define

(5.7.5) 7' = U W,
(,4) with 20 € Wy, ;
(we only take those W, ; which contain z,). It is a connected rigid analytic variety

since it is the increasing union of connected affinoids. Its complement W’ in W can be
written as

(5.7.6) W=UWw,,

(n,1)
where the union runs over those pairs (r, ) such that W, , ¢ Z’. (We remark that this
is not equivalent to z, ¢ W, , in general.) Since the covering
(5.7.7) W=UWnV,=UW,;

n (n, 1)
is an admissible affinoid cover of W, it follows that both Z’ and W’ are admissible open
subvarieties of W and that (5.7.5) and (5.7.6) define admissible affinoid coverings
of Z’' and W'. It also follows that W = Z’ U W’ is an admissible open cover of W (it can
be refined to (5.7.7)). Thus, we finally conclude that Z’ is an analytic closed subvariety
of W. Since W is analytically closed in Y, we also get that Z’' C Y is analytically closed.

By our definition of Z’, any point z € Z' can be connected by curves in Z’ to z,
(see Chapter 6).
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5.7.8. Proposition. — a) For any morphism f: G — Z' of a reduced normal connected
1-dimensional affinoid variety G to Z' we have:

3ceC, fle) eZ < Im(f:C—>W)CZ

b) Any two poinis z,, 25 of Z can be connected by curves in Z, i.c., there exist morphisms
fi: G, =Y of connected affinoid curves G, to Y such that Im(f,: G, —Y)C Z (set theore-
tically) and connecting z, to 2, as in chapter 6.

5.7.9. Corollary. — As subsets of Y we have Z = Z'. Thus Z has the natural structure
of a smooth closed subvariety of codimension dd* of Y.

Proof of the corollary. — By the remark above the proposition we see that 5.7.8
part a) implies Z' C Z. Part b) implies that any point z € Z may be connected by curves
in Z to 2y € Z' C Z. Of course these curves then map into W and hence they must lie
in the connected component of W containing z,. This is Z’, hence z € Z’. O

Proof of 5.7.8 a). — The morphism of rigid analytic spaces C -~ Z’ — Y is given
by a morphism

(5.7.10) f:€—>9

of FS, where € is a model for C (see 7.1.6 and 7.1.7). Thus € is an affine formal
scheme, flat and of finite type over Spf(0), say € = Spf(R). Since C is normal, we may
normalize € and hence assume that R is normal. Since dim(C) = 1, we see that
T = Spec(R) is an excellent normal two-dimensional scheme. Its singular points lie in
T, = Spec(R/pR) C T. By resolution of singularities of two-dimensional schemes [L],
we see there exists a blow up T of T such that T’ is a regular scheme. This blow up is
done in a subscheme of codimension two of T contained in Ty C T (Remark C on page 155
of [L]). We can blow up T’ some more in closed points to reach the situation where all
(reduced) irreducible components T, ; of Ty = V(p) C T’ are regular (l-dimensional)
schemes and the intersections of T, ; with T, ; are transversal for all i < j, i.e., such
that T, ; N T, ; (scheme theoretic intersection) is a reduced zero-dimensional scheme.

Let us consider the completion € of the scheme T’ along its special fibre T.
It is a formal scheme of finite type over Spf(0) and it is well-known that the morphism
¢’ — ¢ induces an isomorphism E™ — @™ of rigid analytic varieties over K.
(See [R] or [BL, Theorem 4.1].) Hence, we may replace € by € and assume that:
€ = U, €y ; where each € ; is a regular l-dimensional scheme of finite type
over Spec (k) and the intersections of these are transversal. (Of course € is no longer an
affine formal scheme.)

These assumptions imply that the restriction

‘Plcmsu:,cd’i/z) :D(Gy) lcms@,ed,;/z» —D(Gy) Icms«i,cd,.-/z)

((5.7.10) induces €4 ; > V.q =S) comes from a homomorphism of p-divisible
groups (by Theorem 4.1.1) Gllfired; —>G2|¢redi. Since the intersections are reduced,
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D is fully faithful over €, ; N € ; (Theorem 4.1) and hence these homomorphisms
glue to give

chred : Gllcred - G2|¢red'

As the closed immersion €, — Spec(0g/p® O¢) =: €, is nilpotent, there exists an £ e N
such that p’ g, lifts to a homomorphism

T\/
P q"(t,ed : Hl](iz g H1|¢2-

Let us consider the triple A := (&,, €, y) as an ind-object of CRIS(G,/Z). Thus p%
induces a homomorphism

(5.7.11)  D(# g )a: D(H,y)s = D(H, ¢)¢ —D(H, )¢ = D(H,),.

For any x: Spf(0') — € — 9 the pullback x*(p"fp“{u o) is the unique lift of 7 ¢,, over
Spec(0’[p* @'). Hence, by (5.4.1.6), we see that

()" ((5.7.11)%) = ((f o 2)™)" (4*).

Recall that the morphism f: €% — Y factors through Z'C W. Hence by the
equation just proved we see that (5.7.11) preserves the Hodge filtrations defined by H; ¢.
Thus by [BM, Corollary 2.3.11] and [M, V Theorem 1.6] we get a morphism of
p-divisible groups (the divided power structure on p* 0 is nilpotent)

o Hl_c —H, ¢

which lifts p* ¢,

The scheme H,[p‘]¢ is a finite flat group scheme over €. Thus the associated
rigid analytic variety N, = H;[p’]% is a group variety over C = G"¢, which is finite
flat over C. Since C lives in characteristic 0, the structure morphism N; — C must
be étale. Of course « induces o™ : N; — N,. Now note that for all ¢ € C we have

f(c) € Z < Ker(a™), = N, ,.

Also Ker(«") is a closed analytic subvariety of N;, hence is finite étale over C. To prove
the assertion a) of Proposition 5.7.8 it suffices to note that for a finite étale morphism of
rigid analytic spaces the cardinality of the fibres is locally constant on the base. O

Proof of 5.7.8 part b). — We first prove that any two points 2z,, 2, of Z with
sp(z,) = sp(z,) may be connected by curves in Z. Here sp is the specialization morphism
Y > 9.a =S (see 7.1.10). To see this, we use that by 7.2.5 we have

sp™(s) = (PM)™, seS closed point.
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Since s = Spec(k(s)) is a regular scheme of finite type over £ we get by 5.6 a solution
3,C 92 of the problem posed in 5.4.3; by (5.4.3.1) we have

s#7(s) N Z = 3.

(We remark that all the proporties of the data S, G;, G,, H;, H,, ¢, 9, x;, etc., used
in 5.6 still hold over the completion 92 of 9. For example 97 = Spf (X"[[xl, )
and A" is a formally smooth @-algebra, (5.2.4)" is surjective over 97 as it is the comple-
tion of (5.2.4), and so on.)

Thus 3, = Spf(R) where R is a formally smooth, local complete @-algebra. By
Proposition 7.3.6 37 is connected. Since it is a countable increasing union of affinoids, it
is also the countable increasing union of connected affinoids. Applying Proposition 6.1.1
gives that any two points in sp~'(s) N Z can be connected by curves in Z.

To finish the proof of 5.7.8 b) let us take two closed points s,, s, of S. We have to
show that we may connect sp~'(s;) NZ to sp~'(s,) N Z by curves in Z. Since S is
connected (see assumption in 5.2), we can connect s, to s, by curves in S: we can find a

sequence of connected regular affine 1-dimensional schemes G, of finite type over Spec(k)
and morphisms

£:C =S, i=1,...,n

which connect s, to sy

1) s, eIm(C; > 8S), s, e Im(C, —8S),
2) Im(G;, >8) nIm(C,,, >S)*+G,i=1,...,n— L.

(We leave it to the reader to construct C; and f;; the hypothesis of regularity is
trivial to establish: just take normalizations.) Therefore it suffices to connect the
sets sp~1( f(¢)) N Z by curves in Z if we are given a single such curve f: G — S as above.

To do this write C = Spec(R). The morphism f is given by a k-algebra homo-
morphism A — R. Choose a lift R of R (see 1.2.2,1.3.3 and (1.3.2.2)) and lift A -~ R
of A — R (this is possible since A is formally smooth over Z,). We remark that A - R
defines an (@-algebra structure on R, compatible with the %-algebra structure on R. We
extend this map to a homomorphism

(5.7.12) Allxey - - -5 2511 = R[[#0, - - -, #x]]
in the obvious manner. This gives a morphism
e:9 = Spf(R[[x,, - - -, %]]) = SPfA[[x, - - ., 5]]) = 9.

At this point we have to check that all the assumptions on the data ¢ H,,
e H,, € Gy, €y Ga,y €ha(0), 9’ which are needed in 5.6 for the proof of 5.4.3
hold: By construction )’ — Spf(0) is formally smooth and 9., is regular. Sur-
jectivity of (5.2.4) over 9’ follows from our choice of (5.7.12). We also remark

9
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that we have (%)* (¢™) = e}y cris(9)™; this is just the functoriality of the cons-
truction (.)*. Applying 5.6 to the situation over 9’ we get a closed formal subscheme
3'CY, with 3.4 =9. = C, which is formally smooth over Spf(@). Thus
3" = Spf (ﬁ[[xl, ..-»%y]]/]) and ﬁ[[xl, ..., %¢]]/J is a regular, hence normal, ring
without nontrivial idempotents (since R has none). By 7.4.1 we see that I'((3')™, 0°)
has no nontrivial idempotents, hence (3’)™ is connected. Thus any two points in (3’)"®
may be connected by curves in (3’)™. (Arguments as before using Proposition 6.1.1.)
It follows from the characterisation of 3'C 9’ in 5.4.3 that the composition
(38 C (Y')"e — P& = Y maps into Z (set theoretically). Since we have the diagram

3 — @) — P

and since sp3'(c) + @ for all ¢ € G, we get the desired result. O

5.8. End of the proof of 5.4.3

Let us take an element fe I'(S, 0g) such that:
1) dim V(f) < dim §,
2) S\V(f) is a regular scheme.
This is possible as S is an affine reduced scheme of finite type over a field. We put
T = V(). €qual to the reduced closed subscheme of S underlying V(). Further

we take U = S\T the complement of T in S and regular by our choice of f. Take f € A
lifting fe I'(S, Og). As in 7.5.1 we put

¥ = 9p = completion of 9 along T,

U = open formal subscheme of ) with U, = U.

It is clear from our choice of f € A that

~

T =SpfA"[[%, ..., x]]),  AM=limAK[f"A
and U = SpfA{ 1[f} [[#1, - - -, %x]]).

As was argued above (in the proof of 5.7.8 5)), the essential properties of G;, H,,
@, 9 used in 5.6 hold for G,.IT, H‘|Z, ... and GilU, H‘.lu, ... By our induction hypo-
thesis 5.1.1 holds for T and 5.1.1 holds of U since it is regular (Theorem 4.1.1). Thus

we get pairs:

(3:C T, Yy H1|3T - H2|31-) and (g C U, dy: H1|3u - H2|3u)
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as in 5.4.3. Hence by our definition of Z C Y above, we see that
3 =7 N IT® (resp. 3y = Z N Ue)

as rigid analytic closed subvarieties of T (resp. U™). Hence we may now apply 7.5.2
to get a closed formal subscheme 3C 9 with3 N T = 3; and 3 N U = Jy. It follows
that 3 is formally smooth over Spf(®) since this was true of both 3; and 3.

Therefore, if we write 3 = Spf(R) and argue as in the proof of Lemma 1.3.3,
we see that we can choose an isomorphism

A[[x]] = R[[ 1, - - > Jarl]-

By Lemma 1.3.3 we can choose a lift of Frobenius oz on R and use it to get a new lift
of Frobenius ¢’ on A[x]] compatible with A[[£]] — R. Since the new choice of the lift
of Frobenius ¢’ on Y does not change ¢*", we may suppose that ¢ fixes 3C 9. Thus
M, ®%,,; R has the natural structure of a Dieudonné module over R (since

M;®R = (M, ® R)%®).
We claim that the homomorphism of @iz = @,-modules

<Pm|z : D(Hz)m"z - D(Hz)rig,z

has matrix coefficients lying in I'(Z, 09); these matrix coefficients have to be computed
with respect to bases of M; and M,. (Recall that D(H,)" = M;® 0y.) To see that our
3ris = D({Jy)™, so that the absolute

values of these matrix coefficients is < 1 in points lying in 3% U 3% = 3", Therefore,
we can use that

L(Z, 03) = T'(3™, Orie) = I'(3, O5)

claim is true we use that cp‘“‘[S;;g = D({p)™ and ¢*®

by Theorem 7.4.1 to see that cp”‘“!z comes from a homomorphism
¢’ : D(H,)3 - D(H,)3.

Since ™ is horizontal, we get that ¢*|guig is horizontal, which implies that ¢’ must be
horizontal (see 7.1.12). Since ¢** commutes with F and V, we get that ¢*|4rig commutes
with F and V (here we use that ¢(3) C 3) which gives that ¢’ must commute with F
and V. In this way we see that ¢’ comes from a homomorphism of Dieudonné modules
¢ : Mg®R - M, ® R. By Theorem 4.1.1 therefore, we get a homomorphism of
p-divisible groups g : Hy |gooom/pr) = Halspeorm/pm - Note that o’ is also compatible with
the Hodge filtrations defined by H,.I 3 (by definition of Z), hence ), lifts to a homomorphism

¢ Hy|g - Hylg

of p-divisible groups over 3 such that D(¢); = ¢’ and hence D($)® = ¢*|;rig. (If
p = 2 one has to argue as in the proof of 5.7.8 a).) This concludes the proof of 5.4.3.
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6. Connected rigid analytic varieties

Let @ be a complete discrete valuation ring, K its quotient field, = € @ a unifor-
mizer and % the residue field: £ = O[=0. In this section we will prove that connected
rigid analytic varieties are also path-connected in a certain sense. For the general defi-
nitions and notation concerning rigid analytic varieties we refer to [BGR].

6.1. Formulation of the result

For any rigid analytic variety X over K we will call a curve in X a nonconstant
morphism C — X of a connected 1-dimensional affinoid variety C over K into X. We

will say that two points x,, x, € X can be connected by curves in X, if there exists a sequence
of curves in X

C—->X, i=1,...,n
such that:

1) xy e Im(C; - X), x, e Im(C, — X),
2) Im(C, > X) nIm(C,,; >X)*+0,i=1,...,n— L

6.1.1. Proposition. — Let X be a quasi-compact rigid analytic variety. If X is connected
then any two points in X can be connected by curves in X. O

The proof of this will occupy the rest of this chapter.

There is an obvious reduction to the case that X is a reduced, irreducible, normal
affinoid variety. Say X = Sp(A) has dimension d. We argue by induction on 4. The case
d =1 is clear, thus we may assume that d> 2.

Let us take a finite surjective morphism

f:X - B? = Sp(T,)

of X onto the unit ball of dimension d (see [BGR, Corollary 6.1.2/2]).

6.2. Reduction to the case that f is generically étale

We claim that we may assume that f is generically étale, i.e., that there exists a
Zariski open U C B? such that f: f~*(U) — U is flat and unramified. (Unramified is
equivalent to Q}_, .,y = (0).) Since f is generically flat by [Mat, Theorem 53], we see
that this is equivalent to the assertion that the extension of quotient fields Q (T,) C Q (A)
is separable. Hence, if char(K) = 0 then f is automatically generically étale. If
char(K) = p then there exists a field L,

Q(T,) C LCQ(A),
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such that Q(T,) C L is separable and L C Q (A) is purely inseparable. Let A’ be the
normal closure of T, in L; it is equal to A N L and it is an affinoid algebra over K, see
[BGR, 6.1.2/4 and 6.1.1/6]. The morphism f factorizes as

X 5 X' =Sp(A") L B

The map ¢ has the property that Oy C ¢, Ox is purely inseparable in the sense that for
any s €1, Oy there exists an n € N such that s*" € Oy,. This implies that i induces a
bijection on points and that for any fibre product

C=0C xpgX — X

! l

CI SN XI

the same holds for C — C’. Thus, if G’ — X'is a curve in X', then C — X is a curve in X.
Hence we may replace X by X’ and f by f” and in this way get the situation that f is
generically étale.

6.3. Reduction to the case f~ generically étale

Let us write 0{x} or O{ x,, ..., x;} for the n-adic completion of O[x,, ..., x,].
The homomorphism T; — A induces a finite homomorphism

Of{xy, ..., %} =T5>A°

(see [BGR, Corollary 6.4.1/6]). To this situation we associate some numerical invariants:
n(A°[Tg) = n(A[T,)

= the multiplicity of (x) C 0{x} in the discriminant of A°
over T}

and deg(A°/T)) = deg(A/T,;) = the degree of T, —~ A = [Q (A) : Q(T,)]-

The discriminant of A® over T is defined: TS — A° is finite and generically étale,
TS is a regular ring and A° is normal as X is normal. Further, let »n denote
the generic point of Spec(k[x;, ...,%;]) and let v, ...,n, denote the generic
points of Spec(A). (Recall that A:i=A"A” = A°/ V/nA®.) The inverse image of the point
7 € Spec(k[xy, ..., x;]) C Spec(T) in Spec(A°) is {7y, ..., ,}. The residue fields
k(ny), ..., k(x,) are finite extensions of the field 2(n) = k(xy, ..., x;). We want to reduce
to the case that all the field extensions k(n) C k(n;) are separable. Of course if char(k) = 0
there is nothing to prove, so let us assume for the moment that char(k) = p.

Note that if K’ is a finite extension of K and Y is a rigid analytic variety over K’
then Y can be viewed as a rigid analytic variety over K also. If Y is connected then Y
seen as a rigid analytic variety over K is connected also. Thus if we can find a surjective
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morphism of K-varieties Y — X and the assertion of the proposition is true for Y over K,
then the assertion is true for X (over K) also.

Suppose that the field extensions k(n) C k(n;), ¢<s are separable for some
s €{1, ..., r}. There exists a purely inseparable finite field extension %’ of # and a number
¢ € N such that the field extension

k(n) = k(%1 - %) CE (91 - -5 30)

4
D
X = Ji

makes £(n) C &(»,) separable; this is meant to signify that the residue field of the local
ring

E'( 915 -+ 0a) - k(x,)

is a finite separable extension of %'( ¥, ...,7,).

6.3.1. Lemma. — There exists an extension of complete discrete valuation rings O C 0’
with ramification index 1, such that the extensions of quotient fields K C K’ is separable and such
that O'|n0 ~ F'.

Proof. — It suffices to do the case that &’ = k[a]/(«” — a). Take 0" = O[«]/(«? — @)
if char(K) =0 and 0" = O[a]/(«” — wa — @) if char(K) =p. O
We consider the ring extension (¢ as in 6.3.1)

Of{xys .. s %3 >0 {1, .., 04}
(6.3.2) %, - g if char(K) = 0,
% - " +my,  if char(K) = p.

It defines a finite flat morphism Spec(0’ { y}) — Spec(0{x}) which is generically étale.
Let us put

.....

B :=K’ {D1s +- 50 >®K<zl Z4) A.

It is an affinoid algebra over K’, reduced as K (x> CK’'{y) is generically étale.
Any component of Spec(B’) dominates Spec (A) as A— B’ is flat. The map K’ (y ) - B’
is generically étale since it is a base change of K { # > — A.Let B be the normalization of B,

If Sp(B) is not connected, say Sp(B) = X, U X, with X, connected then we have a
diagram of rigid analytic spaces over K:

X, — X, uX, — B
N !

X — > Bi.

Since X, — X is finite and dominant, it is surjective. Hence we may replace X by X,,
seen as a rigid analytic variety over K’ (see remark above). In this case the degree of
X, — Bg, is smaller than the degree of X — B
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Suppose that Sp(B) is connected. We note that we have an inclusion

(6.3.3) O {915 -+ 324} ®0ay,...,ey A° C B
This gives
(6.3.4) n(B°/0"{y}) < n(A°]O{ x}).

(Use the fact that formation of discriminant commutes with base extension.) If equality
holds in (6.3.4) then (6.3.3) must be an isomorphism generically along V(x). More
precisely, let " be the generic point of Spec(®’[ 5;, ...,7;]) and let G, be the local
ring of v’ in the ring 0’ {y}; if equality holds in (6.3.4), then (6.3.3) ® G, is an iso-
morphism. In particular, in that case, the generic points of Spec(B) can be numbered
N - - -» N, and have residue fields:

k’'(n;) = residue field of the local ring
E' (M) Oy k() =& (915 -+ -50) Opiayy ..., ) k(n;).

Thus we see by our choice of 2’ and ¢ that the fields £'(v,), ..., #'(n,) are separable
over k'(n'). In other words, we have increased s by 1.

Continuing in this manner, we see that either deg(A/T,) decreases to 1, or n(A[T,)
decreases to zero, or s becomes equal to 7. In all cases we will have s = 7, i.e., all the
field extensions k(v) C k(v,) are separable.

6.4. Rest of the proof

Before we proceed, let us prove the proposition for X = B?. We have a projection
onto the d* factor pr,: B* — B, which has a section s : B — B% For any point x € B¢
the fibre F := pr; *(pr;(x)) C B® is a connected (d — 1)-dimensional variety. Hence,
by our induction hypothesis, ¥ may be connected by curves in F to s(pr,(x)). Since
s:B — B?%is a curve in B% we get the desired result. The proof for general X follows the
same pattern.

First we construct the morphism X — B replacing pr;. To this end we consider
the morphism of schemes

f: )~( = SPCC(K) - Spec(k[xh ) xd]) = AZ

induced by f. We remark that X is equidimensional of dimension d. Let us decompose X
into its irreducible components:

X=27Z,UZ,u...UZ,.

Let U C A¢ be the Zariski open subset over which f'is étale. By our result that the exten-
sions £(n) C &(n,) are separable we know that U is not empty. The schemes f “}U) nZ,
are connected étale coverings of U, hence determined by =;(U)-sets with transitive
w,(U)-actions.



72 A. J. DE JONG
For any partitioning {1, ...,7}=1IU]J, I+ 0, I+ @ and I nJ = we put

Zys = (U 2)n (U 7).

Note that the admissible open subvariety V of X defined by

X DOV:={xeXsuch that sp(x) ¢ Z; ; }

is disconnected (sp is the specialization mapping, see [BGR, 7.1.5] or our 7.1.10).
This is so since V is the rigid analytic variety associated to a disconnected formal scheme
over Spf(®), namely the open formal subscheme % of Spf(A’) whose reduction is equal
to }A(/\Z,, 5> which is disconnected by construction of Z; ;. This implies that

(6.4.1) codimg Z; ; = L.

Indeed, if this codimension were bigger, then any function g € I'(V, 0y) would extend
uniquely to an analytic function on the whole of X, by [Bart, Satz 3.5] or [Lii2, Satz 2].
In particular a nontrivial idempotent on V would extend to a nontrivial idempotent
on X, in contradiction with the assumption that X is connected.

Let S C Spec(A®) be the Zariski closed subset of primes p C A° such that the local
ring A} is not Cohen-Macaulay. To see that S is closed, we remark that by [Mat,
Theorem 46] A} is Cohen-Macaulay if and only if A is flat over O{ x},,a =p N O{ x }.
Hence, the complement of S is the set of primes p for which AjJ is flat over O { x },, which
is an open set by [Mat, Theorem 53]. Since A’ is normal, we conclude that the
codimension of S in Spec(A®) is a least 3 (by Serre’s criterium: normal < (S,)
and (R,) [Mat, Theorem 39]). This implies that the codimension of S:=$ n X is
at least 2.

In the same manner the singular locus T of Spec(A°) is closed of codimension at
least 2. Thus T := T N X has codimension at least 1 in X.

Let us consider a general hyperplane

AIDH ={(%y, ..., %) €Al | Za,x, = a}
for a;, a e k. We claim that if we choose g, a € £ sufficiently general then

(6.4.2) f~'(H) N Z, is irreducible, generically reduced and not contained in T,

(6.4.3) for any partitioning {1, ...,7}=1U]J, I+ 0, I+ J and INnJ =0 the
intersection f ~'(H) N Z; ; has a component of dimension d — 2 not contained
in S,

Of course this might not be possible if % is finite; in that case it will be possible after a
finite extension & C &', which is harmless for our purposes (replace @ by ¢, K by K’, etc.).
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Condition (6.4.3) is easy to satisfy since the codimension of S in X is 2 and the codi-
mension of Z; ; in X is 1. The schemes f ~1(H) NZ, are generically reduced as soon
as HNU is nonempty. The irreducibility of f ~1(H) nZ, in condition (6.4.2) follows
from [J]. Avoiding T is no problem since its codimension is 1 and hence so is the
codimension of its image in A§.

Next, we take any lifts 2,3 @ of the elements g;, a €k Write

h=23x—ae€0{x, ...,x}CA"

I claim that the affinoid space

Sp(AJRA) = {x e X | h(x) = 0}

is connected. If not then the scheme Spec(A°/kA°) is reducible, say

Spec(A%fA®) = T, UT,,  dim(T,) = dim(T,) = d

(recall that dim(Spec(A%) =d + 1!) and (T; N T,) C V(w) (otherwise Sp(A[iA)
would still be connected). By the construction of 2 we know that we must have

(T, N V() = U FTUH) nZ

i€l
for a certain subset IC {1, ..., r} and similarly for some JC{1, ..., 7}

(Te A V(@) = U f7H(E) 0 Z;.

Clearly, IUJ ={1,...,7}. Let & be the generic point of /~'(H) N Z,. The local
ring Aj, of Spec(A’) at & is regular (6.4.2) and has dimension 2. Let ¢e A,
be the irreducible element of A}! defining Z; N Spec(Af,); it is also the generator of
the kernel of A2, _’Ki." Since /~}(H) N Z, is generically reduced for all i (6.4.2),
we get that

A%l k) = R(E).

Thus {¢,h} is a regular system of parameters for A, ([Mat, 12.J]) and hence
(A°[RA%)g, = AY,[RAZ, is a regular ring. This implies that only one component of
Spec(A°/RA®) passes through &, hence I N J = @.

_ Let qC A° be the prime ideal corresponding to a generic point of a component of
S7YH) NnZ; ;. Remark that q € T, and q € T,. By our assumption (6.4.3) above, we
can choose this q such that Aj is Cohen-Macaulay of dimension 3. Since % e gAY
is not a zero divisor, the local ring R := Aj/kA} is Cohen-Macaulay too. Thus

10
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dim(R) = depth(R) = 2. By [Hart, Proposition 2.1], we see that Spec(R)\{m} is
connected (M is the maximal ideal of R). Thus the decomposition of Spec(R) as

Spec(R) = (T; N Spec(R)) U (T, N Spec(R)) =T, v T,

cannot have T, NT, ={m}. However, T; NnT,C Spec(R) N V(x) = Spec(R/nR)
consists of m and a number of prime ideals corresponding to the generic points of

JTUH)NZ. Since In] =0 we get T; N T, ={m} a contradiction.
Conclusion: the morphism

h: X —>B

has a connected fibre £~ '(0) of dimension smaller than d. By our induction hypothesis,
we can connect any two points in 27 '(0) by curves in k~'(0). Therefore, it suffices to

connect any point ¥ € X to a point of £~ !(0) via curves in X. To do this, remark that
the morphism £ factorizes as

XL X8

by the very definition of 4. It is also clear from the definition of our % that we
may assume that ' = pr; by changing coordinates on B?. Given our point x € X with
Sf(x) = (%1, ..., %;) we put

C:i={( --->J) eBdl.)’l =Xy, o005 dae1 = X1 e

It is an irreducible curve in B? the map pr;: C — B is surjective. The inverse image
f~}C)C X is a finite union of irreducible curves in X : f~(C) = UG;. For each of
these curves the morphism f: C, — C is finite hence surjective, hence k:C; —B is
surjective. Since one of these curves contains the point x we are done.

7. Formal schemes and rigid analytic geometry; Berthelot’s construction

Let 0 be a complete discrete valuation ring, K its quotient field, = € 0 a unifor-
mizer and % the residue field: 2 = 0/x0. In [B2], Berthelot has constructed a functor
which associates to a formal scheme over Spf(®) a rigid analytic space over K. This
construction is more general than that of Raynaud [R] since the formal schemes are

not necessarily of finite type over Spf(¢). Indeed, the source category for this functor
is defined as follows.

7.0.1. Definition. — We write FS, for the category of locally Noetherian adic
formal schemes ¥ over Spf(0) whose reduction X, is a scheme locally of finite type
over Spec(k). Morphisms are morphisms of formal schemes over Spf(0).
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The target category for the functor is simply the category of rigid analytic varie-
ties over K (see [BGR, 9.3]); this category will be denoted Rigy, the subcategory
of affinoids over K is written Affg. Berthelot’s functor [B2, 0.2.6] will be denoted
(-)"8: FS, — Rigg, X > X"

T.1. Berthelot’s construction for affine formal schemes

Let X = Spf(A) be an affine formal scheme over Spf(0). Let I C A be the biggest
ideal of definition of A. (Recall that by our conventions on formal schemes the topological
ring A is Noetherian and adic.) Thus X is an object of FS, if and only if A/I is a finitely
generated k-algebra. We remark that this is also equivalent to the fact that A is the

quotient of the ring A, , := 0{x;, ..., %, }[[ )1, - .-, In]] for some n, m e N. Let us
assume that A satisfies these conditions.

It is clear that the rigid space associated to the formal scheme Spf(A, ,,) should
be B® x D™, where B is the closed unit disc and D is the open unit disc over K. If we
take as coordinates #,, ..., ¥, on B" and as coordinates j,, ..., , on D™ then we can
view any element fof A, , as a (bounded) analytic function on B" X D™, also denoted f
by abuse of notation. Suppose that gy, ..., g, €A, , generate the kernel of the sur-
jection A, . — A. Again it is clear that X" C B* X D™ should be defined as the closed
analytic subvariety given by the vanishing of the analytic functions g,, ..., g,. Although
this gives a definition of X" which works, we proceed in a somewhat more functorial

manner below. It can be shown using 7.1.7 below that both descriptions give isomorphic
rigid analytic spaces.

7.1.1. Let A be as above. Take n € N. Let us write A[I"/rx] for the subring of
A®, K generated by the image of A - A®, K and the elements i/x, i € I". We define
the ring B, = B,(A) as the I-adic completion of A[I"/x], i.e., the completion
of A[I"/=] with respect to the ideal IA[I"/x]. Further, we introduce the notation
C, =C,(A) :=B,®, K. There are continuous homomorphisms B, , — B, induced
by the inclusions A[I"*'/x] < A[I"/x]. This gives A ®, K-algebra homomorphisms
C, .1 — C,. Furthermore the construction that associates to A the direct system { B, },>,
(resp. { G, },>,) is a functor on the category of O-algebras as above.

7.1.2. Lemma. — With notation as above.

a) The ring homomorphism A®,K — G, is flat.
b) The K-algebra C, is an affinoid algebra over K.

¢) The morphism Sp(C,) — Sp(C,, ) identifies Sp(C;) with an affinoid subdomain
#Sp(cn+l)'

Proof. — Since A[I"[x] is a Noetherian ring, the homomorphism A[I"/x] — B, is
flat, hence (by base extension) A®, K = A[I"/x] ®, K - C, is flat.
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It is clear that I" A[I*/x] C =A[I"/x] C IA[I"/x], thus B, is also the n-adic comple-
tion of A[I"/x]. Suppose f;, ..., fy € I* are generators of I"; then there is a surjection
A/I[xy, ..., xg] - A[1*/x]/IA[1"/x] =~ B,/IB,.

x; > class of fi[x.

We conclude that B,/IB, is a k-algebra of finite type as A/I was assumed to be so. It
follows that B, is an @-algebra topologically of finite type and that C, = B, ®, K is an
affinoid algebra over K.

The obvious inclusion A[I**!/x] C A[I*/n] induces a continuous homomorphism

B,,, —> B,. We get a surjection
B, i{%,...,2x}—>B,
x; > image of f;/x in B,

and this induces a surjection G, , (%, ..., *x > = G,. In its kernel are certainly the
elements mx; — f;. It induces an isomorphism

Coi1 <%, oouy 2y /(mx, — f) = C,.
This follows from the fact that the map

AT w] %, - . ., 24x) /(2 — f;) > A[L"[x]
is an isomorphism modulo n-torsion. O

7.1.3. Definition. — The rigid analytic space X" associated to the affine formal
scheme X = Spf(A) is defined as the (increasing) admissible union of the affinoid
spaces Sp(C,). In a formula: ¥ := U, Sp(C,).

Thus X" is a separated K-analytic space (see [BGR, 9.6.1/7]). If

¢:%Y = Spf(A’) - X

is a morphism of affine objects of FS, then we get a morphism of rigid analytic spaces
o8 : Pre — X" This is clear from 7.1.1. The next lemma shows that our functor
agrees with Raynaud’s functor (see [R] or [BL, Theorem 4.1]) in the case that X is

of finite type over Spf(0).

7.1.4. Lemma. — Let X = Spf(A) as above.

a) The rigid analytic variety X" depends only on A’ = A[r-torsion; more precisely, the
morphism o : Q) 1= Spf(A’) — X induces an isomorphism @™ : P — X7,

b) If the ideal mA is an ideal of definition of A or equivalently, if X — Spf(0) is of finite
type [EGA, I 10.13.3], then X" = Sp(A ®, K).

Proof. — Trivial. O
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We would like to show that the rigid analytic space X™® represents a functor, at
least on the category of affinoid spaces. Before we do so let us show that any rigid analytic
space is determined by the functor it represents on Affy.

7.1.5. Lemma. — The functor
Rigy — Funct(Aff, Sets)
which maps X to hg(-) := Morgy, (-, X) is fully faithful.

Progf. — Suppose that X, Y are rigid analytic varieties and « : £y — kg is a mor-
phism of functors. By substituting Sp(K’) in /x(-), where K’ runs through all finite
extensions of K we find a map of sets B: X —> Y. Let i : U — X define an affinoid sub-
domain of X and consider the morphism «(¢) : U -~ Y. As « is a transformation of
functors the map «(z) agrees with g on U C X. A similar compatibility holds in case we
have a composition V — U — X of open immersions of affinoids. Therefore 8 comes from
a unique morphism X — Y, which agrees with «(z) on U, for any ¢ : U — X as above. O

7.1.6. Suppose that Y is an affinoid rigid analytic over K. A model for Y is an
affine formal scheme ¥), flat and of finite type over Spf(®) endowed with an isomorphism
P =~ Y. Such a model always exists. A morphism of models ); and 9), is a morphism
¢:9; >, of formal schemes over Spf(@#) compatible with the given isomorphisms
9, = Y. For any two models 9,, 9, of Y there is a third 9) lying over both of them, i.e.,
such that there are maps of models 9 -9, and 9 — 9),. In addition, if ¢ : Y’ - Y is
a morphism of affinoids and 9) is a model of Y then there exists a model 9’ of Y’ and
a morphism ¢ : 9’ — 9 such that ¢ = {.

7.1.7. Proposition. — By the functoriality of (-)™ we a get a map
(7.1.7.1) lim  Morgg (9, X) — Morg,, (Y, X™).

models Y of Y

Both sides are in a natural way contravariant functors on Affy ; the above is an isomorphism of functors.
This property determines X" up to unique isomorphism in view of Lemma 7.1.5.

Proof. — The remarks made in 7.1.6 show that the left hand side of (7.1.7.1)
defines a functor and that (7.1.7.1) is a transformation of functors. We will construct the
inverse to (7.1.7.1). Suppose that Y = Sp(B) and that Y — X" is given by Y — Sp(C,)
for some n e N. Take a surjection O{ x,, ..., xx} — B, and extend the composition
O{x, ..., %¢}—>B, >Btoasurjection K {x;, ..., ¥y, ¥y, 1, - .., ¥y » = B. The image
of O{ %y, ..., %y }in B is a subring R C B which is flat and of topologically finite type
over 0 and is such that R ® K = B. Hence 9 := Spf(R) is a model of ¥). The composition

9 = Spf(R) — Spf(B,) — Spf(A) = ¥

gives an element of the left hand side of (7.1.7.1). We leave it to the reader to prove
that this defines an inverse to (7.1.7.1). O
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7.1.8. It is clear from our construction of X" (X as above) that there is a canonical
homomorphism

(7.1.8.1) A®,K = T'(%, 03) ® K — D(X, Oprig).

The image of A under this homomorphism lies in fact in the sheaf 0% of functions
whose absolute value is bounded by 1:

(U, O%ig) ={f e (U, Oig)| | f(x)|<1V2xeU}.
This is clear from the fact that the homomorphism A — G, factors as

A-B,->B,®Kx~C(C,

and that B, C C} = power bounded elements of C,. (See [BGR, 6.2.3/1].) Thus we
get a homomorphism

(7.1.8.2) T'(X, 05) — (X%, 0ie).

7.1.9. Lemma. — Let X = Spf(A) as above. There is a bijection functorial in A between
the following two sets:

1. Maximals ideals mC A ®, K.
2. Points x of X"®.

If the point x(m) € X" corresponds to mC A®, K then there exists a canonical homomorphism
of local rings

(A ®a) K)m g axrig' x(m)
compatible with (7.1.8.1). This homomorphism induces an isomorphism on completions.

Proof. — To establish the bijection one might use the bijection (7.1.7.1) and argue
as in [BL, 3.4]. (See also 7.1.10 below.) However, we also give another argument.

We may assume that A is 0-flat. Take a point x € X™. It corresponds to a maximal
ideal p C G, for some z big enough. Consider the homomorphism

9:A®,K - C,Jp.

The field on the right is a finite extension of K; hence it is finite algebraic over Im(¢).
We also have that the image of ¢ is dense, since A ® K is dense in C,. Thus we get that ¢
is surjective, in other words that m := Ker(¢) C A ® K is a maximal ideal with the same
residue field as p in C,.

On the other hand, suppose mC A® K is a maximal ideal. The prime ideal
g = A nm of A is maximal among the prime ideals of A not containing =. This implies
that vV q + mA is a maximal ideal of A. We see from this that A/q is a local ring of
dimension 1 and that its residue field is a finite extension of # (by our assumption on A).
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Thus 0 — A/q is a finite flat ring homomorphism. The normalization ¢’ of the ring A/q
is a complete discrete valuation ring finite over @. Let us denote the valuation
by| |: @ — R, . The image of I C A in ¢’ lands in the maximal ideal of @, hence there
exists an #n € N such that |i|< |[w|""V el (use that I is finitely generated). This
implies that |7|< | = |V eI” This divisibility property allows us to define a ring
homomorphism

(7.1.9.1) A[I*/x] - O’

i/m > (image of 7 in 0')/[r.

Again by the inequality above, this extends to a homomorphism B, — @' and finally
to a homomorphism

C,=B,0, K - 0'®,K = A/g® K = (A8, K)/m.

This homomorphism is surjective since it extends the homomorphism A K - A/q® K.
Hence, its kernel is a maximal ideal p C C,. »

We leave it to the reader to show that these constructions define mutually inverse
bijections as indicated in the lemma.

Suppose mCA®K, qgCA and pCC, correspond to each other in the
sense explained above. Take generators g;,...,g,€A of q. We claim that
p=g0C,+ ... +¢g,C,. If we prove this then we have shown: the homomorphism

Aq = (A ®@ K)m g (Cn)p
is local, identifies residue fields (see above), is flat (Lemma 7.1.2) and unramified.
Thus it induces an isomorphism on completions. By [BGR, 7.3.2/3] this gives the last
assertion of the lemma.

Let us take generators f;, ..., fy € A of the ideal I". Since @’ is the normalization
of A/q, any element of ¢’ satisfies a monic equation with coefficients in A/q. In particular
we can find such an equation for the image of f;/= in ¢’. This implies that we can find
equations

(11.9.2)  (f)f =g, n(f)' " + g ()" + ... + a7 + Iig,

with g, , € A, N € A.

Thering C,/g, G, + ... 4+ g, C, is an affinoid algebra over A/q® K = (A®K)/m.
The elements f;/= give an affinoid generating system of C,/(g;, ..., g,) over A/q® K (they
generate A[I"/x] over A). The equations (7.1.9.2) give that these elements are integral
over A/g®K, hence by [BGR, 6.3.2/2] C,/(g, --.,g,) 1s finite over A/g® K. As
A®K is dense in C,, we must have that A/q® K is dense in C,/(g;, - .., &,). Thus we
must have equality. O
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7.1.10. Let us look at morphisms of FS, of the form Spf(¢’') — X, where 0 C @' is
a finite extension of discrete valuation rings. A second such morphism Spf(@”’) - %
is said to be equivalent to Spf(0’) — X if there exists a commutative diagram

Spf(0""") —> Spf(¢")

! l

Spf(0") — X

where O0C @ is also a finite extension of discrete valuation rings. It follows
from the above that points of X" correspond bijectively with equivalence classes of
such Spf(0') — X.

There is a specialization mapping

sp: X" > X,

It maps the point x € X™ corresponding to mC A®K and q=m NACA to the
unique maximal ideal of A containing m an q. If the point x corresponds to the equi-
valence class of ¢ : Spf(0’) — X as above then sp(x) = ¢(unique point of Spf(@’)). The
map sp can be viewed as a morphism of ringed sites, see [B2, 0.2.6]. We remark that
if ZC X, is locally closed then sp~*(Z) is an admissible open subvariety of X™. For
example, if Z is closed, defined by the ideal (g, g, - .., g,) of A then

sp7HZ) ={xeX®||gx)|<1Vi=1,...,s}h

(Use (7.1.8.1) to view g; as a function on X"8.) This is an admissible open subset by
[BGR, 9.1.4/5].

7.1.11. Suppose X = Spf(A) as above. There is a functor from coherent Or-modules
to coherent Oyrig-modules; let us denote this functor by & +— . If § is defined by
the finite A-module M [EGA, I 10.10.5] then the sheaf "¢ is defined by the sequence
of modules M®, C, ~ M®, C,. It is clear that if § if finite locally free then F is
finite locally free. There is an obvious map I'(X, §) — I'(X™, §™) extending (7.1.8.1).

7.1.12. In this subsection we assume that [k :%?] < co. On any X as above we
have the sheaf of continuous differentials defined as follows

OL .— [ 1
Qg 1= lim Q; .

It is a coherent sheaf of @x-modules. This can be seen by writing &/ as a quotient of
O{xy, ....,%,}[[ D1, - - -»9n]] for some n, m and using the assumption that [k : £?] < oo.

Let us define the sheaf of differentials on an affinoid space Y = Sp(B) over K. Take
any model 9 = Spf(R) of Y. We put Q, := (Q})™. We leave it to the reader to prove
that this is the sheaf associated to the module of continuous differentials Q% , of B (see
[EGA, 0,y 20.4]). Thus the result is independent of the choice of the model and for-
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mation of it commutes with taking affinoid open subdomains of Y. By gluing we define
the sheaf of differentials Qy for any rigid analytic variety Y over K. We remark that the
sheaf of differentials on Sp(K) is nontrivial in general: it has rank [% : £*] if char(K) = 0
and rank [%:%”] + 1 if char(K) = p.

At this point we can state in more generality that for any formal scheme X as
above there is a canonical isomorphism

(QL)™ = Qqrie.

This follows from the fact that the module Qan is equal to the completion of Q} .., and
that this is equal to Q) up to w-torsion.

Finally, suppose the formal scheme X is formally smooth over Spf(0) (see 2.4.3).
In this case QL is finite locally free. Let the coherent sheaf of @x-modules & be endowed
with an integrable connection V : § — F ® QL. It is now clear from the above that the
resulting rigid analytic sheaf & comes equipped with an integrable connection

rig . cyri Ti| .
V g- 8‘ & -—)g g®mxrngxﬂg-

7.1.13. Let us give a more precise description of the rings A[I"/=] and B, . To give
it, we choose generators f;, ..., f, € A of the ideal I. Consider the polynomial ring
R := A/wA[x,, ..., #,] and the homogeneous ideal J C R generated by homogeneous
polynomials P(x,, ..., x,) € R with

P(f,, ..., ) =0 in A/rA.

It is generated by finitely many homogeneous polynomials P, ..., P, with degrees
dy,...,d,. For any i =1, ..., s we choose a homogeneous lift P, e A[x,, ..., x,] of
P, e R. By our definition of J we can write P,(f;, ..., f,) = ng;, for some ¢, € A. Put
c:=max{dy, ...,d,}. For any n> ¢ we consider the subring

A[TM; I M I = ﬂ] C A[xh LIRS xr]a

generated by monomials of degree n: for any multi-index M = (m,, ..., m,) of total
degree | M| =m; + ... 4+ m, = n it has one variable Ty and these are subject to the
relations Ty Ty, = Ty, Ty, if M; + M, = M; + M,. We define a homomorphism

¢ : A[Ty; | M| = n] — A[I"/x]

by putting ¢(Ty) = f¥/x = (1/x) I, ;™. It is surjective. If x’ is a monomial of degree
n — d, then x? P,(x,, ..., x,) is homogeneous of degree n and hence corresponds to an
element

Ly =" Py(xy, ..., x,) e A[Ty; | M| = n].

We remark that it is linear in the variables Ty . The elements L; ; — 7g, f7 of the ring
A[Ty; | M| = n] are clearly in the kernel of ¢.
1
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7.1.13.1. Lemma. — If A has no w-torsion then the elements Ly ; — wq; f* generate the
kernel of ¢ as an ideal.

Proof. — If F(Ty) € Ker(g), write F(Ty) = Fy + F;(Ty) + ... + F;(Ty) with F;
homogeneous of degree i in Ty, then it is seen that F,(x™) is in J. Thus it follows that we
can reduce F to a polynomial of lower degree modulo the elements L; ; — =g, f7. Details
are left to the reader. O

We conclude that in this case

A[I"x] = A[Ty; | M| = n]/(Ly,; — =g, f7).
In particular we derive from this the existence of a surjective ring homomorphism
(7.1.13.2) B, A[I"[x] — A/I* <.
It is defined as the A-algebra homomorphism with B,(Ty) = 0V M. It exists:
Ba(Ly,s — ¢ f7) = — =g, f7 eI" 75,

since |J| =n — d; > n — ¢. These homomorphisms induce homomorphisms

B,:B, > A/l
and are compatible for varying n: we have commutative diagrams

B, — > A/I*~°
(7.1.13.3) | |
B, , —> AfI*—¢L,

7.2. Berthelot’s functor for gemeral formal schemes

In this section we construct X™ for general X in FS,. This is done by gluing "
for affine open formal subschemes U C X. It is possible by the proposition below.

7.2.1. Proposition. — Let ¢ : Y — X be a morphism of affine formal schemes of FS,.

a) Suppose WC X is an affine open formal subscheme of X with underlying reduced scheme
U:= U, C Xea- The morphism U™ — X" induces an isomorphism of U™ onto the open
analytic subvariety [BGR, p. 354] sp~*(U) C X"&.

b) Suppose X = UL, is an affine covering of X. The covering X = U W:* is admissible.

¢) If ¢ is of finite type [EGA, I 10.13.3] then ¢™® is quasi-compact.

d) If ¢ is finite (resp. a closed immersion) then so is ™.

Progf.— Suppose U is the affine open formal subscheme Spf(A {1/f}) of X = Spf(A).
In this case sp!(U) is clearly equal to {x € X"¢; | f(x)| > 1} and by Lemma 7.2.2
below we have U™ =~ U, Sp(C, ¢ 1/f>). Hence a) follows in this case. Next, suppose
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the covering ¥ = UL, is given by affine open 1, of the form U, = Spf(A{1/f;}).
Finitely many f; generate the unit ideal of A, say f;, ..., fy suffice. Thus for any affinoid
subdomain V C X", the intersections VN U™ for i =1,...,N are affinoid and
cover V. It follows that the covering ¥™ = U™ is admissible. The general case
of a) and &) follow from a formal argument using that a basis for the topology of X is
given by the subschemes Spf(A{1/f}).

Assertions ¢) and d) are a direct consequence of Lemma 7.2.2 below. O

7.2.2. Lemma. — If A is as above and A — A’ is topologically of finite type (i.e., satisfies
the conditions of [EGA, O; 7.5.5]) then

Spf(A")* =~ U, sp(C, &, A") = U, Sp(K®,B, &, A").
More precisely, the inverse image of Sp(C.,,) in Spf(A”)™ is equal to the affinoid space Sp(C, &, A").

Proof. — First note that C, ®, A’ is an affinoid K-algebra, since it is of topologically
finite type over C,. Second, Sp(C,®, A’) - Sp(C, ,,®, A’) defines an affinoid sub-
domain:

C,0, A"~ Coi1 (s ooy 2 (2, — ) O, A

= (Cn+1®A A') Cxyy ey 2y [ (mx; — fi)-

(Notation as in the proof of Lemma 7.1.2.) Let us define Y’ := U Sp(C, &, A"). It
is a separated rigid analytic space over K. There is a morphism of rigid analytic spaces
Y’ — Spf(A’)™": for each n there is a morphism

Spf(B,®, A’) — Spf(A)
hence a morphism
Sp(C,®, A") = Spf(B, ®, A")™ — Spf(A’)"e,

Finally, we have to show that any morphism ¢ : W — Spf(A’')", W an affinoid
K-variety, factors as W — Y’ — Spf(A’)™ (see 7.1.5). We use (7.1.7) that ¢ comes
from a morphism of formal schemes: It = Spf(R) — Spf(A’), where M is a model
of W. This morphism is given by a continuous ring homomorphism A’ — R. On the
other hand, the composition W — Spf(A’)"® — Spf(A)™ comes from a continuous
ring homomorphism G, —- R ® K for some n. Of course these have to agree on A, hence
we get C,®, A’ > R®K as desired. O

7.2.3. Let us construct X" for a separated [EGA, I 10.15.1] formal scheme
X € Ob FS,. Choose a covering ¥ = U, by affine formal schemes ;. The intersections
U,; = U, N U, are affine also. Thus by Proposition 7.2.1 we see that U¥ is an open
analytic subvariety of both U[® and Y%, Therefore, by [BGR, 9.3.2], we can define
X" as the pasting of the U along U,
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For a general X we use the same procedure, using that we already have the defi-
nition of ¥ for the rigid analytic space associated to the separated but not necessarily
affine formal schemes U;;. We leave the verifications to the reader.

7.2.4. Proposition. — Suppose ¢ : X — Y is a morphism of FS,.

a) X™ is a quasi-separated rigid analytic space; if X is separated then X™ is separated.

b) If X is flat over Spf(0) and nonempty then X™® is nonempty.

¢) If X is a formally reduced (resp. normal) formal scheme (see the proof for definitions)
then X™ is reduced (resp. normal).

d) If ¢ is an open immersion then @™ is an open immersion [BGR, p. 354].

¢) If ¢ is a closed immersion (resp. a finite morphism) then so is ™.

F) If @ is a morphism of finite type then @™ is a quasi-compact.

g) If 3 =9 is a second morphism in FS, with target Y then

(7.2.4.1) (X Xy 3)™ = X X grig 3.

(Here the fibre products are taken in the category of rigid analytic spaces [BGR, 9.3.5/2] and in
the category of formal schemes [EGA, 1 10.7.3]. We remark that ¥ X 3 is in FS,.)
k) If ¢ is a separated morphism of formal schemes [EGA, I 10.15.1] then @™ is separated.

Proof. — We say that X is formally reduced (resp. normal) if it can be covered
by affines Spf(A) with A reduced (resp. normal). This is equivalent to the condition that
all complete local rings of X are reduced (resp. normal), since our rings A are excellent.
Thus ¢) follows from Lemma 7.1.9.

Part b) is left to the reader. Part d) follows from the definition. Parts ¢) and f)
follow from 7.2.1.

The diagonal morphism A:X — X X, X is of finite type. Indeed, it is clearly
adic and A : X 4 = (X X X)eq & Xpeq Xy Xpeq is Of finite type (use that A, is an
immersion and that (¥ X, X),, is locally Noetherian, next apply [EGA, I 6.3.5]).
Thus it follows from f) and g) that X™ is quasi-separated.

We claim that a morphism ¢ : X — 9 in FS, is separated if and only if the diagonal
morphism A: X — X Xq X is a closed immersion. To see that A is a closed immersion
if ¢ is separated we use Lemma 10.14.4 of [EGA, T]. First, X X X is locally Noetherian
and second A(X) C X Xy X is a closed subset (by definition). For the U, occurring in
the Lemma we take Spf(A ®5 A) C X Xgq X, where Spf(A) is an affine open formal sub-
scheme of X mapping into the open affine Spf(B) of 9). The reverse implication is trivial.
We conclude that %) follows from g) and ¢).

Finally, we have to prove g). By functoriality of Berthelot’s construction, there are
morphisms:

(X X9 3™ —~X* and (X x93)" >3
agreeing as maps to 9". Thus we get the morphism

(% X 9 3)ﬂg —> %rlg X sDrig 3rig.
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To check that it is an isomorphism we may assume that our formal schemes are affine.
In this case the fact that (7.2.4.1) is an isomorphism follows easily from 7.1.5and 7.1.7.
Indeed, by 7.1.7, a morphism of an affinoid variety W into X™ Xgug 3™ is given by
morphisms

M—-X and M —>3

agreeing as morphisms to ), of a suitable model M of W. Hence we get M — X X9 3
which induces W = IR — (X Xg 3)". Thus we have

Morg,, (W, (¥ Xg 3)™) = Mormgx(w, (X X grig 3™)).

The result now follows from 7.1.5. O

7.2.5. Lemma. — Let X be an object of FS, and suppose Z C X, is a closed subscheme.
The completion Xy of X along Z is an object of S, also and the morphism (¥5)" — X" induced
by X; — X is an open immersion inducing an isomorphism of (Xp)™ with the open subvariety

sp=(Z) of X<,

Proof. — See [B2, 0.2.7]. In the case that X is affine this can also be seen using 7.1.7.
Suppose that W is an affinoid variety over K and that a morphism f: W — sp~(Z)
is given. This comes from a morphism ¢ : N — X of a model M of W. We must have
o(M.q) C Z, since the specialization mapping sp : W — M, is surjective [BGR, 7.1.5/4].
Hence ¢ factors as M — X5 — X. Thus fis a composition W — (X3)"¢ — ¥¢, Using that
sp~Y(Z) is admissible open (7.1.10) it follows from 7.1.5 that (X))™ = sp~1(Z). O

7.2.6. Suppose that 6 : @ — @’ is a homomorphism of complete discrete valuation
rings, coming from an extension of quotient fields K C K’ such that the topology on K is
induced by that of K’. In this case there is a base field extension functor X - X ® K’
defined for quasi-separated analytic varieties X over K. See [BGR, 9.3.6]. Of course
there is also a base change functor FS, — FS,,, given simply by X — X X g, Spf(0’).
It results easily from the definitions that there is a canonical isomorphism

(X X gpni0 SPE(O"))™ = X7 &K',

Given an analytic variety Y over K’ and a quasi-separated analytic variety X
over K we define a general morphism f: Y — X over ¢ to be a morphism Y - X & K’
of analytic varieties over K. For motivation, see [JP]. We remark that such a general
morphism gives rise to pullback functors f* on sheaves and coherent sheaves. Further-
more, if the sheaves of differentials on X and Y are defined (see 7.1.12), then there is
a canonical homomorphism f* Qg — Qy.

Finally, suppose we are given formal schemes 9 of FS, and X of FS, and a mor-
phism of formal schemes ¢ : 9) — X lying over the morphism Spf(s) : Spf(0) — Spf(0’).
It follows from the above that ¢ induces a general morphism ¢ : Y& — X8,
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7.3. Complete local rings and Berthelot’s construction

7.3.1. Situation. — Here A and B are complete local Noetherian flat @-algebras
such that A/m, and B/my are finite extensions of 2 = 0[n0. We assume that A has no
zero divisors. In addition, we are given a finite injective homomorphism ¢ : A — B.
We define the degree of ¢ as deg(p) = dimgy,,Q (A) ®, B. Here Q (A) is the quotient
field of the ring A.

The formal schemes Spf(A) and Spf(B) are objects of FS,,. Let us put X := Spf(A)"®
and Y := Spf(B)™. The map Spf(¢) : Spf(B) — Spf(A) induces a morphism of rigid
analytic spaces ¢"®: Y — X. It is a finite morphism by Proposition 7.2.1.

7.3.2. Lemma. — a) There is an analytically closed, nowhere dense subset Z C X such
that the morphism

9" Y\(¢™)7H(Z) -~ X\Z

is finite flat of degree equal to deg(op).
b) If A and B are normal local rings then one can choose Z such that codimy Z > 2.

Proof. — Consider a presentation of B as an A-module:
Am S Am B 0.

The ideal J C A generated by the (m, — deg(¢p))-minors of T is nonzero by assumption.
We claim that Z := Spf(A/J)"* C X works. By Proposition 7.2.1 it is a closed subvariety
of X and using Lemma 7.1.9 it is easy to see that Z is nowhere dense in X (since J #+ 0).
This proves a).

Let us prove the claim. Lemma 7.2.2 implies the equality Y = U, Sp(C, ®, B).
It is clear that if ge]J then B[l/g] = (A[1/g])*** as an A[l/g]-module. Hence,
(C,®, B) [1/g] = (C,[1/g])*#*. Since Z N Sp(C,) is given by Sp(C,/JC,) (again 7.2.2)
the claim is proven.

If A and B are normal and pC A has height 1 then A, (and B, for any
qC B lying over p) is regular. Hence by [Mat, Theorem 46] the homomorphism
A, >B®A, =IIB, is finite flat. Thus p ¢ V(J) C Spec(A). Conclusion: if A and B
are normal then codimg,,,, V(J) = 2 hence codimy Z > 2. (Use Lemma 7.1.9.) This

proves b). O

7.3.3. Lemma. — Suppose A and B are normal. Any element f € T'(Y, Oy) satisfies an
equation

Tdee@ + bl Tdes®) —1 + ...+ bdegw) =0

with b, e T'(X, Ox). If fe (Y, 0%) then we may take b, € I'(X, 0%).
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Progf. — Take Z C X as in part ) of 7.3.2. The sheaf & := ¢™¢(0y) IX\Z is a finite
locally free sheaf of 0, z-modules of rank deg(¢). Hence the endomorphism T of & given
by multiplication by f satisfies an equation

Tdes@ b, Tdes@—1 4 | 4 bdeg(:p) =0

with b, € I'(X\Z, 0x\ ;). The functions b, extend to analytic functions §; € I'(X, O)
on X by [Lii, Theorem 1.6 part II] (X is normal by Proposition 7.2.4). This proves
the first statement.

Now let feI'(Y, 0%). We have to prove b, e I'(X, 0%). To do this take any
affinoid subvariety W C X and put W' = (¢") (W) C Y. It is an affinoid subvariety
of Y. We consider the ring extension

R:=T'(W, 05) C R' := (W', 05,.).

The extension R C R’ is finite by [BGR, 6.4.1/6]. Since X and Y are normal, R and R’
are normal (-algebra’s topologically of finite type. By the result of the lemma above
we have

deg(9) = dimgg Q (R) ®; R

Thus an argument similar to the proof of the lemma gives us an ideal JCR
with codim V(J) > 2 and such that Spec(R’) — Spec(R) is finite flat of degree
deg(p) outside V(J)C Spec(R). Thus the element f (seen as an element of R’ via
(Y, 05) —T'(W', 0%) = R’) satisfies an equation

Tdes(@ + b; Tdes(@) —1 + ...+ bt’leg(w) =0

with b, € I'(Spec(R)\V(]), Ogpeeiry) = I'(Spec(R), Ogpeom)) = R. Comparing these b&;
with the b, above, we see that they must be equal as elements of I'(W, @). This concludes
the proof of the lemma. O

7.8.4. Lemma. — If A = O[[x,, ..., x,]] then the homomorphism (7.1.8.2)
0[["61’ RS xn]] g F(X’ @g()

is an wsomorphism. In this case there is an isomorphism X = D" of X with the n-dimensional open
unit ball D" with coordinates x,, . .., x,.

Proof. — A power-series 2a; x' is bounded by 1 on the open unit ball if and only if
all | a;| < 1, i.e., a; € @. Thus we need only to find an isomorphism X — D", Remark
that A = O[[x,, ..., x,]] is the completion of R := @{ x,, ..., x, } in the maximal ideal
(%35 ..., x,). Since clearly Spf(R)"¢ = B", it follows from Lemma 7.2.5 that X = D*
(see also 7.1.10). O
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7.3.5. Lemma. — If B is as in 7.3.1 and B is normal, then Y = Spf(B)™ is a connected
rigid analytic variety.

Progf. — Choose a finite injective homomorphism

¢:A=0[[%,...,5]] - B

(to find it argue as in [Mat, p. 212]). Consider the maximal separable extension Q (A) C L
contained in Q (B). Let B’ = B n L. = normal closure of A in L. It is a local ring which
is a finite extension of A. The morphism Y — X = Spf(A)"¢ factors as Y - Y’ - X
with Y’ = Spf(B’)". In case char(K) =0, we have Y = Y’. In case char(K) = p,
the morphism 7 : Y — Y’ is finite and purely inseparable: for any local section s of ,(0y)
there exists a number n such that s*" lies in Oy.. Thus the morphism Y — Y’ is an
isomorphism on underlying Zariski-topological spaces. (It is even an isomorphism on
underlying G-topological spaces.) Hence it suffices to prove that Y’ is connected. We
may therefore assume that Q (A) C Q (B) is finite separable.

Let us choose a finite Galois extension Q (A) C L containing Q (B). The normal
closure B’ of A in L is a local ring, finite over A (since A is Nagata [Mat, 31.C]) and
contains B. Clearly, we may replace B by B’ (since Spf(B’')"® — Spf(B)™¢ is surjective).
Hence, we may assume Q (A) C Q (B) finite Galois, say with group G = Gal(Q (B)/Q (A)).

The groups G acts by automorphisms on B over A. Hence on Y over X. We remark
that there exists a Zariski open U C Spec(A) such that the inverse image V C Spec(B)
is a principal homogeneous G-space over U. In fact we can take U = Spec(A)\the dis-
criminant locus of Spec(B) — Spec(A). Hence, the same argument as in the proof of
Lemma 7.3.2 shows that there is a Zariski open U C X such that (¢"¢)~*(U) is a prin-
cipal homogeneous G-space over U.

For any connected component Z C Y the morphism

(pﬂglz :Z - X
is finite (as the composition Z —Y — X). As it is also generically flat (by 7.3.2) its
image must be a connected component of X. Since X is connected (7.3.4) we see that

Z — X is surjective. Consequently, Y has only finitely many (connected) components,
say Y=Z,U ... UZ,. Let Z=Z, and put

GDOH:={geG|g(Z) =1}
Claim. — We have $H = deg(¢™|,: Z — X) and the natural homomorphism
(X, ¢%) — [(Z, 05)"

is an isomorphism.
If we have this, then we are through. Indeed, the homomorphism

B - I'(Y, 0%) — I'(Z, 09)
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is H-invariant. By the claim we would get a homomorphism
BE - T(Z, 05" =T'(X,0%) = A

of A-algebras. This contradicts Galois theory unless H = G, ie., Z =Y.

To prove the claim consider a point ¥ € UC X in the Zariski open subset of X
constructed above. The group G acts transitively on the finite set (™)~ *({ x}), hence
it acts transitively on the components Z,, ..., Z,, hence $H = $G/r. We must also
have deg(¢™|,) = deg(¢™|;) (transitivity again) and hence

4G = deg(g) = 2 deg(¢™|;) = r.deg(¢",).

Any H-invariant function on Z can be uniquely extended to a G-invariant function
on Y. Therefore, it suffices to show the map

I'(X, 0%) - I(Y, 03)°

is a bijection. Take an f € I'(Y, 05) which is G-invariant. The morphism (¢")"*' U — U
is a quotient morphism, hence f|rig-1y comes from a unique g e I'(U, 0F). Since
it is bounded, it comes from a unique g € I'(X, 0%) by [Lii, Theorem 1.6 part I] (by
Lemma 7.3.4 X = D? is absolutely normal). This proves the claim. O

Finally, we come to the main result of this subsection.

7.3.6. Proposition. — If Bisasin 7.3.1 and B is normal, then the homomorphism (7.1.8.2)
B — I'(Spf(B)™, 0°) = I'(Y, %)
15 bijective.

Progf. — Choose a finite injective homomorphism
o: A =0[[x, ..., %]] =B

Choose f e I'(Y, 0%). From Lemma 7.3.3 and Lemma 7.3.4 we see that f satisfies an
equation

™ +a¢,T" "'+ ... +4a,=0

with ¢, € A = 0[[x]]. We will show that the assumption f ¢ B leads to a contradiction
with Lemma 7.3.5.

The ring B[ f]C I'(Y, 0%) is reduced (Y is reduced). Since Y is irreducible (for
the Zariski topology) as it is connected and normal, we see that B[ f] has no zero divisors.
By the equation above we see that B[ f] is a finite B-algebra. The normal closure

BLfI" C Q(BLf])

is a finite B-algebra, since B is Nagata. Any element g € B[ f]°” can be seen as a mero-
morphic function on Y which is integral over B[ f]C I'(Y, 0%), hence g e I'(Y, 0%).

12
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Therefore we have B[ f]* C I'(Y, 0%). Arguing as before, we see that B[ f]** has no
zero divisors, thus (being a finite B-algebra) it is a local B-algebra. We consider the
morphism

$:Y := Spf(B[f]™)™ - Y
induced by BC B[ f]*”". We claim that ¢ has a section s:Y — Y’. This is seen as
follows. Take any affinoid subdomain U C Y. Put R := I'(U, 0%). The homomorphism
BLf1 - T(Y, 03) > T(U, ) =R
induces a morphism Spf(R) — Spf(B[ f]**) and hence
U = Spf(R)" — Spf(B[ f]*")"& = Y'.
This defines s|y. It is a section of ¢ since the composition B — B[ fJ** — I'(Y, 0%) is
the map (7.1.8.2). Since Y and Y’ are reduced, normal and connected and since ¢ is
finite surjective, we see that s(Y) must be a connected component of Y'. Lemma 7.3.5

thus implies that Y’ = s(Y). By Lemma 7.3.2 the degree of { is dimg g Q (B) ®g B[ f]*".
Thus we get a contradiction unless this degree is 1, i.e., feB. O

7.4. Analytic functions and formal functions

In this section we prove that bounded rigid analytic functions on X" come from
functions on X.

7.4.1. Theorem. — Let X be a formal scheme in ¥S,. If X is O-flat and (formally) normal
then the homomorphism (7.1.8.2)

['(X, Of) — I(X™, Ogri)
is an tsomorphism.

Progf. — We may assume X = Spf(A) is affine. Let us write X = X", It is
constructed (7.1.3) as the union:

X= U» Sp(Cn) = U'n Sp(Bn ®(D K)’

Take f e I'(X, 0%). Its restriction to Sp(C,) is an element f, € C, which is integral over B,,,
i.e., it lies in the integral closure B, of B, in C, =B,®,K : f, €B,.

Take a maximal ideal mC B,. Putm’ = m N A; it is a maximal ideal of A (B, /m is
a finite extension of ). Consider the commutative diagram of @-algebras:

A B B,

(7.4.1.1) l | !

Ap —> B)m — (B))mg,

m
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Here ()Q denotes completion with respect to p. This diagram gives rise to a commutative
diagram of rigid analytic spaces by applying the functor (-)™. We remark that A}
is normal, so that we can apply 7.3.6 to f restricted to Spf(AX)™ C X. This gives
S € Al. The image of f, and f,, in the ring (B;),"‘,B;‘ coincide (they give the same rigid
analytic functions). Thus we conclude that f, lies in B, n (B,)s. Write f, as a/b,
with @, €B,, then we see that a € b(B,)~, hence a € bB, .. (by faithful flatness of
B, nC (B,)n). Thus f, €B, . VmeQ(B,). This gives that f, € B,.

At this point we use the homomorphisms 8, : B, — A/I"~° (7.1.13.3). The element

f=1mg,(f,) eimA/I""° = A

lies in A and in this way we get an inverse to the homomorphism A — I'(X, 0%). Finally,
we have to show that if f = 0 then 0 = fe I'(X, ¢%). This is so since

Ker(g,).B,, CI""™ B,
if n, ny > ¢. This follows easily from the explicit description of the rings B, in 7.1.13. O

7.4.2. Remark. — The most general hypothesis on X under which 7.4.1 is true
are the following: X should be O-flat and for any open affine formal subscheme Spf(A)
of X the ring A should be integrally closed in the ring A ®, K. This fact will not be used
in this paper.

7.5. Rigid descent of closed formal subschemes

7.5.1. Suppose X is an object of FS,. Let T C X, be a closed subscheme and let
U = X,,\T. We define
¥ = ¥; = completion of X along T,
U = open formal subscheme of X with U, = U,
X = X",

We remark that I =~ sp~(T) is an open subvariety of X by Lemma 7.2.5. Similarly,
U™ ~ sp~!(U) is an open subvariety of X by 7.2.1. In fact X is the disjoint union of
sp~*(T) and sp~'(U) but the covering X = sp~(T) U sp~*(U) is not admissible in
general.

Let us consider triples (3;, 3y, Z) of the following kind

(7.5.1.1) 3, (resp. 3y) is an O-flat closed formal subscheme of T (resp. W) and ZC X
is a closed analytic subvariety of X

satisfying the following condition

(7.5.1.2) We have the equality (3;)™ = Z nsp™(T) (resp. (3p)™ = Z nsp~*(U))
as closed analytic subvarieties of T =~ sp~(T) (resp. U™ = sp~(U)).
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For each O-flat closed formal subscheme 3C X we get a triple (3 N I, 3 N U, 3*)

as in (7.5.1.1) satisfying (7.5.1.2). The proposition below shows that the converse
is true also. The idea is that in some sense the “covering” of X given by

spTI (T usp ' (U)X UUUT X

is sufficiently good to allow descent for closed subvarieties.

7.5.2. Proposition. — Any triple (7.5.1.1) (3¢, 3u, Z) satisfying (7.5.1.2) comes
Jrom an O-flat closed formal subscheme 3 C X as described above.

Proof. — We may assume that X = Spf(A) is affine. We may assume that A has no
n-torsion. Let I C A be the biggest ideal of definition of A and suppose that T C Spec(A/I)

is given by the ideal I 4+ g, A 4+ ... + g, A of A. (We assume that g; ¢ I for all i.)
We put

A":=LiEA/(g1A-|- oo+ g A= lim AT+ g6 A+ ... g A"
and for it =1, ...,

A{l/g }:= lim A/I"[1/g].

These are flat A-algebras. We note that we may assume T is reduced so that
I+ g, A" 4+ ... 4 g, A" is the biggest ideal of definition of A*. We have T = Spf(A*)
and U = U Spf(A{1/g,}), so that 3, and 3, are given by ideals

J*CAM and  J,C A{l]g}.

These ideals are such that A*/J* and A{1/g;}/]; are m-torsion free (and of course
JiA{Ygg;}=J,A{ g g})-

In 7.1.3 we defined X as the increasing union X = U, V, of affinoid
varieties V,:

V,:=Sp(C,) = Sp(B, ®, K) = Spf(B,)".

The closed subvariety Z NV, is defined by an ideal I, C B, ; we define I, as the kernel
of the homomorphism

B, >T(ZNV,,0).

Thus it is clear that B,/I, is n-torsion free.
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Recall thatin 7.1.13 we defined surjective ring homomorphisms 8, : B, — A/I* ¢,
We will prove that the ideals B,(I,) C A/I"~° satisfy the following two statements (at
least after replacing ¢ by a sufficiently large constant):

1) B,(L,) A"/(IA™)"~* = J* mod(IA")"°,
2) Ba(Ls) A{1/g}/(IA{1]g;})""° = Ji mod(IA{ 1/g; })"~".

If we have this then we are done: 1) and 2) imply that 8, , ,(I, , ;) mod I"~° = 8,(I,), i.e.,
the maps 8, ,(I,.,) — B,(,) are surjective. Thus the limit

J:=1limB,(I,) C im A/I"™° = A

is an ideal of A such that JA" = J" and JA{ 1/g;} = J;. Hence we can take 3 = Spf(A/]).
To prove 1) and 2) we put

B"l\ = Li{l_an/(gl Bn + b +gan)[ = Bn®AAA
and B,{1/g;}:=limB,/~'[1/g] = B, &, A{1/g}.
¢

It is clear that B, induces homomorphisms

B By — AY/(IAY)"~
and Ba{ /g }: B {1/g} > A{1/g TA{1]g })" "
Furthermore it is easily seen that

B.(L,) . AM(IAM)=* = BM(I, BY)
and that

Ba(L,) - A{1/g}/AA{1g. )" = Ba{ Vg } (I, B, { 1/g:})-
By our choice of I, we get the equality

Spf(B,/L,)™* =V, nZ
thus we also have (use 7.2.4 part g) and 7.2.5)

Spf(BMI, BN =V, nsp~(T) " Z =V, nSpf(AN)™* N Z
and (use 7.2.1)

Spf(B,{1/g;}/1, B, { 1/g; )™ =V, n{lg|>1}nZ

=V, N Spf(A{ /g })* 0 Z.
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At this point we are able to prove the inclusions D of 1) and 2). For 1), take & € J".
The image of # in B} lies in I, B): it is zero as a function on V, N sp~*(T) N Z and
B,/1,Bh =~ (B,/I,)" is n-torsion free. Thus B,(k) = k lies in BM(I, BY). For 2), take
ke]J;. The image of % in B, {1/g;} lies in I, B, {1/g; }: it is zero as a function on
V, nSpf(A{1l/g; )™ NZ and B,{1/g }/1, B, {1/g;} = (B,/1,) {1/g } is n-torsion free.
Thus B,(k) = & lies in B,{1/g;} (I, B, {1/ }).

To prove the other inclusion, we need that the construction of 7.1.13, which
associates to an O-algebra A the system (B,, B,),>,, is a functor. That is, if A - A’
is a homomorphism of such algebras then there exists a ¢ € N and commutative diagrams:

B, = B,(A) —— B,(A)

Jo Js

AJI"=c —s A’J(I)~e.

This is easy to see using the explicit constructions in 7.1.1 and 7.1.13. Thus we have
a commutative diagram (for some ¢ € N independent of r):

B, {1/} === B,(A{l/g}) B, (A{1/g}J))

lan {Vg;} lﬁn lan

(A=) {1g} == A{1gaHAA{1/g "™ — A{1/g}/(Ji+ (TA{1[&})" ).

Also it is clear that I, B, { 1/g; } lies in the kernel of the upper horizontal arrow of this
diagram; an element of I, gives the zero function of Spf(B,(A{1/g;}/J.))"™CZ NV,.
Thus we see that the inclusion C holds in 2) for some constant ¢ independent of .

It is more tricky to prove the inclusion C in 1). To do it we note that we have the
following equalities of open subvarieties of V,:

Spf(By)™ ={xeV,| |&(x)| <1}
=V, N Spf(A")"s
= Uy (V, 0 Spf(By(A")™)
= Uy (Spf(B,)™ N Spf(Bx(A"))™) C Uy Spf(By)™
Thus we see that Spf(B.)™ may be written as the union of the rigid spaces associated
to the 0-algebras

B, ®5, By(AM).

The inclusions are given by the homomorphisms

B} ~ B,®, A* B, &, By(A").
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These fit into the following commutative diagram (for some ¢ independent of n, N):

B/ o AN (TN

l= =

B,®, A" Pn @1 (A=) ®, AN

l l

B, ®g, By(AY) ——> A" 00, p AM(IAN 4 g AN 4 ... 4 g AN

l !

B,®5 By(AMNJY) — AMNJM 4 TIrme 4 (IAN + g AN+ L+ g, ANY N

In the same way as before we see that I, B) maps to zero under the left vertical arrows.
Hence we see that

By(I,By)CJ" + I (IA" + g, A" + ... g, AN

for all N> ¢. This proves the inclusion C in 1). The proof of 7.5.2 is complete. O
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