FINITE GROUP SCHEMES OVER BASES WITH LOW RAMIFICATION

BRIAN CONRAD

ABSTRACT. Let A’ be a complete characteristic (0, p) discrete valuation ring with absolute ramification de-
gree e and a perfect residue field. We are interested in studying the category FF 4, of finite flat commutative
group schemes over A’ with p-power order. When e = 1, Fontaine formulated the purely ‘linear algebra’
notion of a finite Honda system over A’ and constructed an anti-equivalence of categories between FF 4, and
the category of finite Honda systems over A’ when p > 2. We generalize this theory to the case e < p — 1.

INTRODUCTION

This paper lays the foundations for generalizing Ramakrishna’s work [16] on deformations of Galois
representations to settings in which a small amount of ramification is allowed. The motivation is the problem
of proving the Shimura-Taniyama Conjecture in non-semistable cases, and this requires extending the results
of [16] to cases in which there is ramification. The application of our group scheme results to the deformation
theory of Galois representations is given in [4] (below, we will formulate a simplified version of the main result
of [4]). In [5], these deformation-theoretic results are used to establish the Shimura-Taniyama Conjecture
for elliptic curves over Q which acquire semistable reduction over a tamely ramified extension of Q3 (and
in [3] the remaining ‘wild’ cases of the Shimura-Taniyama Conjecture are handled by [2], which generalizes
the results of this paper via much more sophisticated techniques). At the end of this Introduction we make
some remarks on these matters.

First, let’s describe the basic setting which we will consider. Let (A’, m) be a complete mixed characteristic
discrete valuation ring with perfect residue field k& having characteristic p, and let A = W (k). We are
interested in studying the category FF 4. of finite flat commutative A’-group schemes with p-power order.
When p > 2 and A’ = A, Fontaine constructs in [8] a fully faithful, essentially surjective functor from FF 4/
to the category SHY, of finite Honda systems over A’, whose objects consist of finite-length W (k)-modules
with various extra structures. Fontaine’s central tool is the theory he develops in his book [7]. He obtains a
similar result when p = 2 for unipotent group schemes. But what if one does not require e(A’) = 17

It follows from [17, Cor 3.3.6(1)] that the category FF 4/ is abelian whenever e = e(A’) < p — 1, using
scheme-theoretic kernel as the kernel, so it is natural to ask if Fontaine’s results can be extended to cover
this general case. We have developed such a generalization and following Fontaine, we call the corresponding
category SH fl, of module structures finite Honda systems over A’. When e < p—1, we define categories SH fl’,"

and SH f",c of unipotent and connected finite Honda systems over A’ and obtain similar results, extending
those of Raynaud and Fontaine for such ramification values.
When e < p — 1, we define a contravariant additive functor LMy : FF 4» — SH £, (Theorem 3.4) which

we prove is fully faithful and essentially surjective (Theorem 3.6). The abelian category structure on SH IJ;,
is made explicit too (Theorem 4.3). We have similar results for the full subcategories of unipotent and
connected objects when e < p — 1. For e = 1, we recover Fontaine’s original construction.

The full details of the proof of Fontaine’s result in the unramified case have never been published ([8] is a
brief announcement outlining the main steps of the proof). These details are essential for an understanding
of the more general arguments, so we begin by writing them out fully in §1. We use ideas introduced by
Fontaine in [7] in order to generalize everything to the case in which e < p—1. The calculations required for
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the case e > 1 are far more cumbersome than in the unramified case and some of our arguments will only
work when e > 1, so we first present the e = 1 proof. It should be emphasized that [7] is vital for everything
that we do.

We construct a ‘base change’ functor for finite Honda systems (Theorem 4.8) and we verify that this
construction is compatible with base change of finite flat group schemes (of course only allowing base changes
which preserve the e < p — 1 condition). The base change formalism has some interesting applications. For
example, it can be used to prove a theorem about good reduction of abelian varieties (Theorem 5.3). Also,
this formalism allows us to translate generic fiber Galois descent into the language of finite Honda systems,
thereby laying the groundwork for generalizing the work of Ramakrishna [16] to ramified situations.

This second application is briefly described in §5 and is more fully developed in [4]; it is concerned with a

deformation-theoretic study of certain continuous representations p : Gal(Q,/Q,) — GLa(F}). Fix a finite
extension K/Q, inside of Q,, with e = ¢(K/Q,) satisfying e < p — 1. We assume that E|Gal(§p/K) is the
generic fiber of a finite flat group scheme G over Ox which is connected and has a connected Cartier dual.
There is also the mild technical hypothesis that if M is the Dieudonné module of the closed fiber of G, then
the sequence of groups

0— M/VM L M/pM = M — M/FM — 0.

should be exact (this is automatically satisifed if G is the p-torsion of a p-divisible group). For the motivating
application to the study of modularity of certain elliptic curves over Q, these conditions are satisfied. As
long as p has trivial centralizer, there is a universal deformation ring Ry (p) classifying deformations p of p to
complete local noetherian Z,-algebras R with residue field F,, such that P|Ga1(6p /Ky mod mf, is the generic

fiber of a finite flat group scheme over Ok for all n > 1. In [4], we use the results in this paper to prove
Theorem. The representation p has trivial centralizer and Rk (p) ~ Z,[T1, T»].

We also obtain in [4] similar results in somewhat more general settings.

After the writing of this paper was completed, the author found that the general problem of extending
Fontaine’s results on finite flat group schemes to a setting with e > 1 has been considered before, in [18].
However, the methods and results in [18] are very different from ours. Let us explain this point more
carefully. We develop a theory which classifies group schemes in terms of ‘intrinsic’ finite-length module
data. This theory makes it possible to do explicit calculations, even if we are interested in studying maps
between group schemes (as opposed to studying a single group scheme). Such computability is essential in
the proof of the deformation theory result mentioned above. The theory in [18], which applies under less
restrictive conditions on the ramification, is motivated by the theorem of Oort which asserts that any object
in FF 4/ arises as the kernel of an isogeny of p-divisible groups. The classification of finite flat group schemes
in [18], which uses very different techniques of proof, is given in terms of pairs of finite free modules with
maps between them [18, pp. 13-15].

That is, in some sense [18] works with a presentation of a finite-length module rather than directly with
the finite-length module itself. This leads to serious difficulties once one tries to study maps between group
schemes. For example, if G and G’ are two objects in FF 4» and I'; — T'y, '] — T} are isogenies of p-divisible
groups over A’ with respective kernels G and G’, then it is not generally true that any map f: G — G’ in
FF 4/ is induced by a compatible pair of maps I'y — I'}, I's — I',. Thus, any attempt to study morphisms in
FF 4 by means of [18] requires frequently ‘changing the presentation’, and this makes explicit computations
difficult or impossible to carry out.

The approach in [18], on the other hand, is useful in the study of lifting questions for a single fixed
group scheme. For example, for any e > 1 and p > 5, the theory in [18] enables one to construct ‘lifts to
characteristic 0’ of any object in FF;. This is something our approach cannot establish for e > p — 1.

Due to absent-mindedness of the author, this paper is appearing in print somewhat later than it should
have. It therefore seems appropriate to discuss subsequent developments. In [2], Breuil constructs a ‘linear
algebra’ theory for finite flat group schemes (subject to some flatness conditions on p-power torsion levels,
and with p > 2) without any restrictions on the ramification. When e < p — 1, Breuil’s category of ‘linear
algebra’ objects is equivalent to (but not literally the same as) the category studied in this paper. However,
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whereas our theory is given in terms of filtered modules over a discrete valuation ring, Breuil’s more general
theory works with filtered modules over the p-adic completion of a certain divided power envelope and
depends upon a choice of uniformizer. In the case of p-torsion objects, Breuil’s category of ‘linear algebra’
objects can be identified with a simpler category of finite-length filtered modules over a small artin ring.
This theory provides the necessary local tools to complete the proof of the remaining ‘wild’ cases of the
Shimura-Taniyama Conjecture [3].

There are several reasons why the results in this paper seem to still be of interest (if one is in a situation
with low ramification). First of all, the methods are certainly much more elementary; e.g., there is no use
of the techniques of crystalline cohomology. Also, we make no flatness restriction on the p-power torsion
levels and the intrinsic description of base change (preserving the low ramification condition) is very simple,
whereas base change in the setting of [2] is somewhat complicated; this is mainly due to the fact that the
theory in [2] depends upon a choice of uniformizer of the base. However, the main distinction between the
two approaches is seen if one wants to do explicit calculations with group schemes which are not necessarily
killed by p (over bases with absolute ramification e < p — 1). Without a p-torsion hypothesis, the theory
in [2] is well-suited to theoretical considerations and analysis of p-divisible groups, but it does not yet seem
amenable to explicit calculations “at finite level”. At some future time, this problem will no doubt be
overcome. In the meantime, we should be grateful that the local calculations in [3] only require working
with objects killed by p.

ACKNOWLEDGEMENTS I would like to thank Wiles for suggesting the problem of generalizing Fontaine’s
theory to ramified settings. I am also grateful to Fred Diamond, Vinayak Vatsal, and (especially) J.-M.
Fontaine for comments and suggestions which led to the removal of some unneccessary hypotheses in earlier
versions of some of the results.

SUMMARY OF SOME RESULTS OF FONTAINE

Fontaine’s book [7] is absolutely essential in everything that we will do. It develops the foundations for
Dieudonné modules as we will use them and also supplies the results on formal group schemes which will
be the starting point for our study of finite flat group schemes. As a convenience to the reader we will now
give an overview of the basic results and notation that we take from [7]. We will only formulate the results
in the most common cases of application for our arguments, but the reader should keep in mind that much
greater generality is needed in order to carry out the proofs of the main results in [7], including ones we will
invoke later on (e.g., Fontaine’s classification of p-divisible groups).

Let k& be a perfect field with characteristic p > 0. For any finite k-algebra R, we define the R-valued
Witt covectors CWy(R) to be the set of sequences a = (...,a_y,...,a9) of elements a; € R indexed by
non-positive integers, with a; nilpotent for large ¢. This is to be thought of as analogous to Q,/Z,. Letting
Sm € Z[Xo,..., Xm,Y0o,...,Y,] denote the mth addition polynomial for p-Witt vectors [7, pp. 71-2], and
choosing a, b € CWj(R), the nilpotence condition ensures that the sequence

{Sm(a—n—ma ce Gy by b—n)}mzo
is stationary. Denoting the limit by c_,, it is true that ¢ = (c_,,) € CWy(R) and defining

a+b e
makes CWj(R) into a commutative group with identity (...,0,...,0) [7, Prop 1.4, Ch II]. For R = k' a
finite extension of k, CWj, (k') is exactly K'/W (k'), with K’ the fraction field of W (k').
We topologize CWj,(R) by viewing it as a subset of the product space [], ., R, where each factor is
discrete. This makes CWj(R) a topological group. Moreover, it admits a unique compatible structure of
topological W (k)-module such that for all = € k, with Teichmiiller lift [z] € W (k), we have

—n

[z] -a=(...,2" a,n,...,a:pfla,l,ao).
The operations F,V : CWj,(R) — CWy(R) given by
Fa)=(...,d",,....a}), V(a)=(...,a_p_1,...,a_1)

y Y—m



4 BRIAN CONRAD

are additive, continuous, satisfy F'V = VF = p, and with respect to the W (k)-module structure are o and
o~ 1l-semilinear respectively, where o : W (k) — W (k) is the Frobenius morphism.

In other words, CW}(R) is a module over the Dieudonné ring Dy = W (k)[F, V] generated by two com-
muting variables with the usual relations FV = VF = p, Fa = o(a)F, Va = o~ 1(a)V (for a € W(k)), and
there is a compatible structure of topological W (k)-module with respect to which F and V act continuously.
We abbreviate this by saying that CWy(R) is a topological Dy.-module (though note that we do not put a
topology on Dy). This is all functorial in R. For proofs, see [7, pp. 79-82]. When R = £’ is a finite extension
of k, the topology and Dj-module structure on CWy (k') ~ K'/W (k') are as usual.

If R is a complete local noetherian W (k)-algebra with residue field a finite extension of k, we define the

topological Dy-module
CW iy () (R) = lim CWi,(R/m,),

where mp is the maximal ideal of R. This is a Hausdorff topological Dg-module, functorial in R. In fact,
if R is any separated and complete topological W (k)-algebra with a base of open ideals, one can define
a topological Dg-module C/I/\Vw(k)(R) functorially in R [7, Ch II, Prop 2.3]. However, due to pathologies
which arise from the relation between product topologies and direct limit topologies [12, Exer 40A], one
needs to be extremely careful when dealing with such general R. The only such pathological R that will
really arise for us are rings such as the valuation ring of C,, with the p-adic topology (the problem is that the
quotients of this ring by powers of p do not have a nilpotent nilradical). This ring only arises in formulating
an ‘explicit’ dictionary between ‘linear algebra data’ and Galois representations; since this is not relevant to
our classification theorems, we won’t address this issue any further.

The functor CWj, on finite k-algebras is pro-represented by a formal affine commutative k-group scheme,
denoted CW g [7,84.2, Ch II]. If R is a complete local noetherian k-algebra with residue field a finite extension
of k, then C’/V\Vk(R) = W/W(k)(R). For any p-formal commutative group scheme G over k — i.e., one for
which G ~ h_n}lG[p”] (e.g., a finite flat commutative k-group scheme with p power order, or a p-divisible
group over k) — we define the Dieudonné module

M(G) = Hom(G, CWy),
the group of formal k-group scheme maps from G to W k- This is motivated by the functor
G ~» Hom(G,C*) ~ Hom(G, Q,/Z,)

for finite abelian p-groups. The action of Dy on the functor CWj, gives rise to an action of Dy on M(G).
One can also define a suitable topology on M(G) with respect to which it is a topological Dg-module [7,
§1.2, Ch III]. All of the standard properties of the classical Dieudonné module theory are proven in [7, Ch III]
based on this definition. The main result of this theory is that the functor M sets up an antiequivalence of
abelian categories between p-formal commutative group schemes over k and certain topological Dg-modules.
There are various specializations of this theorem to finite commutative k-group schemes with p-power order,
connected commutative p-formal k-group schemes, etc.

The main result in [7] is that one can ‘enhance’ this theory to classify p-divisible groups over suitable
bases (up to isogeny or isomorphism, depending on ramification) in terms of ‘linear algebra’ data.

NoTATION. Throughout this paper, we fix a perfect field k with characteristic p > 0 and let A denote
W (k) and K its fraction field. The Dieudonné ring A[F, V] of k as introduced above is denoted Dj. Note
that for k& # F), this is not commutative. We let (A’,m) be the valuation ring of a finite totally ramified
extension K’ of K, with e = e(A’) = [K’ : K| the absolute ramification index of A’. The category of finite
flat commutative group schemes over A with p power order is denoted FF 4, and FFG, FF are the full
subcategories consisting of connected and unipotent (i.e., connected Cartier dual) objects, respectively. We
define FFy, FF 4/, etc. in a similar manner.

A p-adic A'-ring is a flat A’-algebra which is p-adically separated and complete. The main examples to
keep in mind are power series rings A'[X1,..., X,], finite flat A’-algebras, and the valuation ring of the
completion of an algebraic closure of K’.
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1. FINITE FLAT GROUP SCHEMES: THE CASE e =1

We wish to develop a ‘linear algebra’ theory of finite flat group schemes. It will always be assumed that
the absolute ramification index e = e(A’) satsifies e < p — 1. Our aim is to construct an equivalence of
categories between FF 4 (resp. FF4,, FFY,) and a certain category of ‘linear algebra data’ when e < p —1
(resp. e <p—1).

In the case e = 1, a theorem in this direction has been proven by Fontaine. His brief announcement [8]
sketches the outline of the proof, but omits some technical details. This section is just a technical exposition
of Fontaine’s announcement and contains nothing new (note that we formulate the main result to include
connected group schemes when p = 2, but the argument is essentially the same as Fontaine’s in the unipotent
case). Some of these details are essential for understanding the motivation behind the generalization we will
prove. Therefore, in the interest of completeness (and since the arguments in the case e = 1 are far simpler
to explain), we will first review Fontaine’s proof in full detail for the case e = 1. Then this method will be
generalized in the sections which follow.

It may be instructive to first explain the general strategy. When e < p — 1, Fontaine constructs an
essentially surjective, fully faithful contravariant additive functor LM 4, from the category of p-divisible
groups over A’ to a certain category of ‘linear algebra data’ in which the objects are pairs (L, M) with L
a finite free A’-module and M a finite free A-module, together with various extra structures and properties
required [7, Ch IV, §5, Prop 5.1(4)]. The construction of such a functor depends heavily on the condition
e < p—1. When e < p—1, the method applies to connected and unipotent objects. For arbitrary e, Fontaine
can only describe the category of p-divisible groups over A’ up to isogeny [7, Ch IV, §5, Prop 5.2]. One can
think of the constraint on e as being related to forcing the convergence of the p-adic logarithm on m, which
is relevant because in some sense, the failure of Fontaine’s method to yield a fully faithful functor for large
e is related to the failure of the torsion points of a p-divisible group over A’ to inject into the torsion points
of the closed fiber for large e. A large radius of convergence for the logarithm can ensure such injectivity
(though the logarithm is not explicitly used in Fontaine’s arguments).

The functor LM 4, on p-divisible groups suggests that objects in FF 4 which occur inside p-divisible groups
over A’ ought to correspond to analogous ‘linear algebra data’ in which the A and A’-modules have finite
length. When e = 1, Fontaine carries out this idea while simulataneously showing that for odd p all objects
in FF 4 occur inside a p-divisible group over A, and similarly for FF and unipotent p-divisible groups for
all p. Tt is a (non-trivial) theorem that every object in FF 4+ occurs in a p-divisible group over A’ (with no
conditions on e or p). This suggests that we should try to use Fontaine’s classification of p-divisible groups
over A’ in conjunction with a generalization of his method for analyzing FF 4 using p-divisible groups in
order to describe FF 4/ via ‘linear algebra data’. We will not use the theorem about embedding objects in
FF 4 into p-divisible groups over A’, though our methods rederive this result in the cases we consider.

Briefly, the underlying principle is summed up as follows. Smooth finite-dimensional commutative formal
group schemes over A’ are extensions of etale ones by connected ones, with the connected ones having as
their affine ring a formal power series ring in finitely many variables. This is how Fontaine is able to get
decisive results on such formal group schemes [7, Ch IV, §4.8, Thm 2]. Since p-divisible groups are special
examples of such formal group schemes and they provide a convenient setting in which objects in FF 4, arise
‘in nature,’” a classification theory for p-divisible groups over A’ can be expected to lead to a classification
theory for finite flat closed subgroup schemes of p-divisible groups (and fortunately all objects in FF 4/ arise
in this way). Thus, the result of Serre and Tate [19, Prop 1] that connected p-divisible groups are necessarily
smooth (in the formal sense) is the main starting point for everything that follows.

Let’s now derive Fontaine’s results in the case e = 1. Choose an object G in FF4, with M = M(Gy)
the Dieudonne module of the closed fiber G of G. By viewing formal k-group scheme homomorphisms
G— CW k as just formal k-scheme homomorphisms, we get a natural embedding of the Dy-module M as a
finite-length A-submodule of the topological Dg-module CWy(Ry), where R is the finite flat A-algebra which
is the affine ring of G (the induced topology on M is exactly the p-adic topology). We denote by Ry and Rg
the closed and generic fibers respectively of R over A. Also, A will be our notation for a comultiplication
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map (Ag, Ag,, etc.). Let L = L4(G) C M denote kernel of the A-linear composite map
M — CWi(Rg) =5 R /pR,

where ws is the continuous A-linear map given by

wa((a_n)) = > p~"a, mod pR,
n>0

with a_,, € R any lift of a_,, € Ry. For a proof that wg is well-defined, A-linear, and continuous, see [7,
Ch II, §5.2].

The motivation for considering this particular L will become clear in the arguments below. At this point
it should be remarked that the topology issues involved are far too cumbersome to review here, but a careful
reading of [7] shows that all formal manipulations we will carry out with limits and infinite sums are valid;
for a ring like R which is a finite flat A-algebra, the topology we use on Ry is it’s natural topology as a
finite-dimensional K-vector space, the topology we use on R is the p-adic one, and the topology we use on
R} is the discrete one.

Observe that since M/FM is killed by p, there is a natural k-linear map L/pL — M/FM. We are now
ready to establish some essential properties of the pair (L, M). It should be pointed out that the first of the
properties we prove is quite natural to expect; cf. [7, Ch IV, Prop 1.6].

Theorem 1.1. The natural k-linear map L/pL — M/FM is an isomorphism and the restriction of V to
L C M 1is injective.

Proof. We first need to prove the following sufficient criteria for an element of CWy(Ry) to actually lie in
M: if a € CWy(Ry), we(a) =0, and Va € M, then a € M (in this proof, we reserve the boldface font
for covectors, and sometimes for elements of M when we wish to emphasize their nature as covectors). In
order to prove this, we write a = (a_,,) and because M is by definition the group of formal k-group scheme

homomorphisms from Gy to CWy, we need to verify that

(A, (a-n)) = (a-p @ 1)+ (1@ a_y).

Since V' is additive and Va € M by hypothesis, applying V does yield an equality. Hence, it remains to
compare the Oth-coordinates on both sides, which is to say that we must check

Ag (ao)

in R @k R, ~ (R®4 R)g. Here, Sy, is the usual mth-coordinate addition polynomial for p-Witt vectors (and
indeed this sequence in the discrete Ry ® Ry in we are taking a limit does eventually becomes constant).

Since wx(a) =0, in Rg we have
> opral, =py

n>0

?

lim Sy (aem®1,...,00 ;1@ a—pm,...,1®agp)

for some y € R. Replacing dag by dg — py, we may assume y = 0. That is,
Go=—Y p"a,.
n>1

Now G is a lift of Gy, as a group scheme, so Ag, (ag) € (R®4 R)i, is represented by the element Ag(ag) €
R®@4R. Since R®@4 R is a p-adic A-ring (i.e, a flat A-algebra which is separated and complete with respect

to the p-adic topology), the addition formulas for W A(R®4 R) permit us to define
L_n.(a)= Nlim SNO-_N-m ®1,.. ., 0, @11 QAN+, 1 @C_pp)
in R4 R, where a = (a_,) € C/W/A(R). We are given that for all m > 1,
Ag(@_pm) =L_,(2) mod p(R®4 R).

We need to prove this when m = 0.
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Combining our expression for dg in terms of the a_,, for n > 1 with the above congruences for m > 1, it
suffices to show that the element

D L@ € (ReaR)K
n>0

lies in p(R®4 R). In other words, we wish to prove

w g, % (£-n(8) mod p(R®4R))) = 0.
However, by definition
(L_p(@) mod p(R®AR)) =(a—p, ®1)+ (1@ a_p).

Since wg g, ® is additive, we conclude that

wr e,k (L-n(@) mod p(R®AR))) = wre,r(a-—n @ 1) + wrg, (1@ a_y).

This is equal to wg(a) ® 1+ 1 Q@ wx(a) in (RQAR)k/P(RRAR) =~ (R /pR) R4 (Ri /pR) and wx(a) = 0,
so we are done.

Now that we have established a criteria for membership in M, we can begin the proof of the theorem.
First, let’s prove that pL = (FM) N L, so the map L/pL — M/FM is at least injective. Since one inclusion
is obvious, choose a € (FM) N L, so a = Fb with b € M. Define

b= ( . .,b_n+1, .. .,bo,bl) S CWk(ka),

with by € R to be chosen later and b = (b_,,) = Vb. Observe that pb = FVb = Fb = a, so if wg(b) =0
then Vb = b € M implies (by our criteria) that b lies in M, thus in L, and so a € pL as desired.
It remains to choose b1 € Ry, so that wx(b) = 0. If b_,, € R is a lift of b_,, (so we define a_, = b",)) and
by € R is a lift of by, then wx(b) is represented by the element of R given by
- o ~ 1 o
by + Z:p_"b’iwr1 =b + - Zp_"agn.
n>1 p n>0
The sum
S e,
n>0
is a representative for wx(a), which vanishes in Rg /p R, so this sum lies in pR. Thus, we can choose
~ ]_ "
by = fpr*”afn eRr
p n>0
and this ensures wx(b) = 0, as desired.
The surjectivity of L/pL — M/FM will be proven by a length calculation. In order to compute the

relevant lengths, and in order to prove the injectivity of the restricted semilinear map V : L — M, we will
first show that the natural map

Llp] ® ker V. — M|p]

is a surjection. Choose x = (x_,) € M[p], so z¥, = 0 for all n > 1 (recall p = FV). We will prove that
there exists a decomposition (in CWy(Ry))

x=y+(..,0,...,0,2)

with y¥, = 0 for all n > 1 and wx(y) = 0. Note that if this holds, then y_,, = z_,, for all n > 1, so
Vy = Vx € M and so by our criteria above, y € M and so y € L. Furthermore, since py = VFy = 0,
y € L[p|. Since this also forces (...,0,...,0,z) = x —y € M as well, the existence of a decomposition as
indicated above is sufficient in order to establish the desired surjectivity.

Hence, we want to find y, z € Ry such that

X=(., % pny...,2-1,y)+ (-..,0,...,0,2)
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with wg(y) = 0, where y denotes the first covector on the right side. Clearly if y € Ry exists so that
wx(y) = 0, then equating Oth-coordinates shows the existence of z. In other words, it suffices to check that
if7_, € Ris alift of x_,, for n > 1, then

S, e,

n>1
where the sum a priori lies in Rx. We can then set y to be the reduction modulo p R of the negative of this
sum.
But z”,, = 0 for all n > 1, so we have for such n that

pE, = p (@)Y ept TR

Combining this with p"~! —n > 0 for all n > 1 then completes the proof that L[p] @ kerV — M[p] is

surjective. This surjection yields the length relation ¢4 (L/pL) > £o(M/pM) — £4(M/V M), so in order to
prove that L/pL < M/FM is an isomorphism, it is sufficient to check that the sequence

0— M/VM L M/pM — M/FM — 0,

which is at least right exact, is in fact exact. Since p = F'V, this is clearly equivalent to the assertion that
the kernel of F lies in the image of V. This is a very special property of M (e.g., it implies that «,, /5 cannot

arise as the closed fiber of an object in FF 4, though this is also clear by [15, §2, Rem 3]).

To verify this exactness, suppose for some x € M C CWy(Ry,) that Fx =0, so 2, =0 for all n > 0. We
want to find some y € Ry, so that y = (..., Z_pn41,...,T0,y) lies in M (so then x = Vy is in the image of
V). Thanks to the criteria for membership in M, it is enough to find y so that wx(y) =0. If z_, € Ris a
lift of z_,,, then as above we see that for n > 1,

~p" n—1__
p "zt e’ "RCR.

Thus, simply define

y:pr*”g’fan mod pR.

n>1
We may now also conclude that
Ca(L/pL) = La(M/pM) — LA(M/V M),
so the surjection
Lip| ®ker V. — M|p]

is an isomorphism. This clearly implies the injectivity of V.

Thanks to this theorem, we are motivated to make the definition (following Fontaine):

Definition 1.2. A finite Honda system over A is a pair (L, M) where M is a Di-module with finite A-length
and L C M is an A-submodule such that V|, is injective and the natural k-linear map

L/pL — M/FM

is an isomorphism. These objects form a category SH f; in an obvious manner. The full subcategory SH £,u
of unipotent finite Honda systems over A consists of those objects (L, M) for which the action of V on M
is nilpotent. The full subcategory SHI{;’c of connected finite Honda systems consists of those objects (L, M)
for which the action of F on M is nilpotent.

It is because the group schemes us and Z/2 over Zs have isomorphic generic fibers that we need a
restriction for p = 2.
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Lemma 1.3. The category SH{X is abelian. For a morphism ¢ : (L1, My) — (L2, M), kerp = (L', M’),
where M' = ker(My — M) and L' = Ly N M'. Also, coker p = (L, M"), where M" = coker(M; — Ms)
and L" is the image of the composite map of A-modules

L2 — M2 — M”.

This category is also artinian.
The same statements are true for SH;Q’“ and SHﬁ’C. The forgetful functors SH;Q’C,SHﬁ’“ — SH£ are
ezxact.

Proof. One way to prove this is to observe that by [9, Prop 8.10], we have an equivalence of categories between
SH £ and the category denoted M F' Q’?U’p’tor (in [9]), with explicit functors in both directions. Now simply
examine the proof in [9, Prop 1.8] that this latter category is abelian (and artinian). Similar arguments
apply in the unipotent and connected settings.
A direct proof could also be given by translating the arguments in [9, §1] through the above equivalence
of categories, but this is unnecessary and so we won’t bother with it.
|

The above lemma can also be deduced from the main results below. This will be explained after Corollary
1.6 and will be useful in the proof of our generalization to cases with e > 1.
Theorem 1.1 allows us to define the functor

LM = LMy : $F 4 — SH,

via LM(G) = (La(G),M(G})). This is an additive contravariant functor. Since unipotence and connected-
ness can be detected on the closed fiber, we can ‘restrict’ LM to get an additive contravariant functor

LMY = LMY : 5% — SH}",
and LM¢ = LM§ is defined similarly. The main theorem in the present setting (e = 1) is

Theorem 1.4. Ifp > 2, then LM is fully faithful and essentially surjective. The same is true for LM"™ and
LM¢ for all p.

In other words, LM (resp. LM™, LM¢) is an equivalence of categories for odd p (resp. for all p) in
the usual weak sense. That is, we don’t yet claim to construct an explicit quasi-inverse functor, but for all
practical purposes we can regard LM (resp. LM™) as an equivalence of categories (this is also the sense
in which Fontaine uses this notion in [7, Ch IV] and [8]). With further work, one can construct explicit
quasi-inverses. We’'ll say more about this later.

Before proving Theorem 1.4, we record two corollaries as noted in [7]. These are special cases of Raynaud’s
result [17, Cor 3.3.6] (together with an analogous argument when e = 1 = p — 1), and Raynaud’s proof of
the first corollary below is by somewhat different methods.

Corollary 1.5. If p > 2, then FF 4 is stable under the formation of scheme-theoretic kernels and is an
abelian category. A morphism is a kernel if and only if it is a closed immersion and is a cokernel if and only
if it is faithfully flat. The formation of the cokernel of a closed immersion is as usual.

For all p, the same statements are true for FFy and FFG (the full subcategory of connected objects).
Moreover, the forgetful functors from FF'y and FFS to FF 4 are exact for odd p.

Proof. We give the argument for odd p and FF 4. The arguments for FFYy and FF} are done similarly.

By Theorem 1.1 and Lemma 1.3, FF 4 is an abelian category. If f : G — G’ is a morphism and X denotes
the (abstract) kernel object in the abelian category FF 4, then a consideration of Dieudonne modules on the
closed fiber and the definition of LM shows that the natural map X — ker(fx) is an isomorphism, with
ker(fr) denoting the scheme-theoretic kernel of fi. Thus, the map X — G is a closed immersion on the
closed fiber and so is a closed immersion. This factors through the scheme-theoretic kernel ker f — G, so we
get a closed immersion KX < ker f of finite A-group schemes which is an isomorphism on the closed fibers.
Since X is also flat over A, a standard argument shows this map is an isomorphism. The rest is now easy.

|
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Corollary 1.6. If p > 2, then the functor which associates to each G in FF 4 its generic fiber K-group
scheme G is a fully faithful functor. For arbitrary p, the same statement is true for the categories FF'y
and FF¢.

Proof. Faithfulness is clear by flatness. Now suppose p > 2 and we're given a morphism f : Gx — Hg of
K-group schemes. We want it to arise from a morphism f : G — H in FF4. Let Kx = ker fx and let K
denote the scheme-theoretic closure of this in G. Thus, X is a finite flat closed subgroupscheme of G and
fi factors through (G/X)x ~ Gk /K. We see now that we may replace G by G/X and so without loss
of generality fx is a closed immersion. By Cartier duality, we may assume that the dual of fx is a closed
immersion, so a consideration of orders shows that fx is an isomorphism.

By Corollary 1.5, a morphism in FJF 4 is an isomorphism if and only if the induced map on generic fibers
is an isomorphism. Now use Raynaud’s result on the existence of a ‘maximal’ prolongation of Gk over A to
obtain the desired f [17, Prop 2.2.2].

The same arguments apply to FFY and FF, for any p.

|

As we noted above, Raynaud independently deduces Corollary 1.5 and from this one can readily obtain
both Corollary 1.6 and (more importantly) Lemma 1.3 by formal arguments based on Theorem 1.4 (see the
proof of Theorem 4.3 for how this is carried out in a more general setting). In order for this not to be circular,
note that the proof of Theorem 1.4 below does not use Lemma 1.3. This clarifies the comment following
Lemma 1.3 and will also be the means by which we deduce the analogue of Lemma 1.3 in the general case
e < p — 1, as the analogue of Corollary 1.5 for e < p — 1 is proven independently by Raynaud. One could
perhaps avoid using Raynaud’s results in the proof of the analogue of Lemma 1.3 for e < p — 1, instead
using just linear algebra manipulations, but we’ll need Raynaud’s explicit formulas anyway in the proof of
Theorem 1.4 and its generalization for e < p — 1.

We now are ready to prove Theorem 1.4.

Proof. (of Theorem 1.4) The proof consists of five steps. The formulation of these steps is due to Fontaine
[8]; here, we supply some extra technical details. For now, if p = 2 we shall require G to be unipotent. We
will come back to the connected case at the end.

Step 1. Let 8§ be a finite flat A-algebra. Then we claim that the reduction map

is injective (this is false for G = pa, 8§ = Zy).

Before checking this, note that this not only permits us to identify G(8) with a subgroup of G(8x) in
a manner which is functorial in both G and 8, but it also implies (by Yoneda’s Lemma) that the functor
G ~ Gy, from FF 4 to the category of finite commutative k-group schemes is a faithful functor. Since LM (G)
encodes the Dieudonne module of Gy, it follows that LM is at least faithful for odd p and LM™ is faithful
for all p.

In order to verify Step 1, we can base extend by the completion of the strict Henselization of A, so we
may suppose that k is algebraically closed and A is strictly Henselian. Also, if

0—-G —-G—-G" -0

is a short exact sequence in FF 4 and the assertion is true for G’ and G”, then it is trivially true for G.
Hence, the method of scheme-theoretic closure reduces us to the case in which the generic fiber Gk is a
simple finite commutative group scheme over K with p-power order.

By [17, Prop 3.2.1, Prop 3.3.2], G is an F-vector scheme with F a finite field of order equal to that of G.
Choosing r so that F has size p”, [17, Cor 1.5.1, Prop 3.3.2(1), Prop 3.3.2(3)] implies that as an A-scheme,

G~ Spec(A[Xl, N ,XT]/(XZP — 6iXi+1))a
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where 0; € A satisfies ord4(d;) < p — 1 for all ¢ and some ord4(d;,) < p — 1. Here we adopt the convention
that the set of indices are a principal homogenous space for Z/r, and the final condition with ¢ is where we
have used the unipotence hypothesis in case e =1 = p — 1 (see the proof of [17, Prop 3.3.2(3)]).

Choose g € G(8) vanishing in G(8), so g corresponds to a choice of x1, ..., x, € p8 satisfying z¥ , = §;x;
(and again we view the indices as a principal homogenous space for Z/r). Iterating this condition, we obtain

P’
x; =0z,

with § = []d; € A satisfying ord4 () < r(p — 1). Writing z; = py; for y; € 8 and using p” —r(p — 1) > 1,
A-flatness of 8 allows us to cancel p’s to get y; € py;S for all i. Thus,

vi€ [)p"8=0,

m>1

so g(Ig) = 0. That is, G(8) — G(8%) is injective.

Step 2. For each g € G(8), with 8 a finite flat A-algebra, we get maps gx : Rk — Sk and gi : Ry — Si, the
latter giving rise to

CWk(gk) : OWk(ka) — CWk(Sk)
The commutative diagram of A-modules

CWi(Re) " o (sy)

wgql lu}g
Ri /PR I, 8k /P8

(with wg defined by the same formula as wg) shows (via Step 1) that we can identify G(8) with a subgroup

of

G(8) = {y € Gi(8k) | CWi(7)(L) C kerws}

in a manner which is functorial in both G and 8. Clearly G is a functor from finite flat A-algebras to Ab in
an obvious manner. Recall that G (8x) ~ Homp, (M(Gy), CWi(S1)) [7, Ch III, §1.5, Prop 1.2]

Though G is a priori just a subgroup functor of the functor G on finite flat A-algebras, we’ll show below
that G(8) = G(8) and so the natural transformation G — G is an isomorphism of group functors.

Step 3. If 1 <p—1and f: T — I is an isogeny of p-divisible groups over A with G isomorphic to the
kernel, then we claim G ~ G in Step 2. The same holds for all p if I', I, and G are all unipotent (i.e., have
connected duals).

In order to show that G(8) C G(8) fills up the entire group, we need to use Fontaine’s classification of
p-divisible groups over A. More precisely, by [7, Ch IV, §1.10, Rem 2,3] (which covers both the case 1 < p—1

and the unipotent case when 1 = p — 1), for any finite flat A-algebra 8, we have functorially as groups that

Tior(8) Lof lim I'[p"](8) is identified via reduction with

{’V c Fk(Sk) | LA(F) — M(Fk) Q ﬁ/k(O(Fk)) éI\/V—k(?’Y) ﬁ/k(sk) & SK/pS is 0}

(recall that CWy (8r) = CWi(8) since Sy, is a finite k-algebra), and likewise for I, (8). The A-submodule
of ‘logarithms’ L4(I") C M(T'y;) has a somewhat complicated definition as an A-module mapping to M(IT'y)
[7, p. 167], and [7, Ch IV, Prop 1.1] shows that L 4(T") is finite and free as an A-module, with L4(I") — M(T';)
injective (here we use that M(T';) is a finite free A-module, as ', is a p-divisible group [7, Ch III, §6.1, Rem 3]).
In particular, this functorial description of torsion implies that the natural map of groups I (8) — I'1(Sk)
is injective.

Now choose g € Gj(Sk). Of course G(8) — T'tor(8). Assume CWy(g)(L) C kerws (i.e., g € G(8)). We
need to show g € G(8). We first make the crucial claim that M(I'y,) - M(G},) takes L4 (T") over into L 4(G).
In fact, this is the reason for defining L 4(G) as we did in the first place. To prove this claim, simply observe
that the given closed immersion of formal A-group schemes i : G < I' gives an element of I'(R) which lies in
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Tior(R) (G is annihilated by its order!), so by the description of T'yo,(R) above, we get precisely the desired
condition. -

The functoriality of CW, now implies that is, (g) € TI'x(Sy) satisfies the conditions describing Ttor(8).
Thus, there is some v € T'to(8) such that v, = is, (9), s0 (fs(¥))r = fs,(is,(g)) =0 (recall G = ker f). But
fs(7) lies in TV, (8), which injects into IV, (8y) via reduction. Hence, fs(v) = 0.

Exactness of the sequence

0—-G@S)—T(8) — FI(S)
implies that v = ig(go) for some go € G(8), so is,((go)r) = & = is,(g9). That is, g = (go)x is in G(S),
viewed inside of G (8y). This shows that G(S) = G(S).
We note in passing that if I' and I are unipotent, then G is automatically unipotent.

Step 4. Let (L, M) be an object in SH;’; with p # 2. We claim there is an object G ar) in FF 4 which is
the kernel of an isogeny of p-divisible groups over A and for which (L, M) ~ LM (G ar)); in other words,

LM is essentially surjective. If p is arbitrary and (L, M) is an object in SH ﬁ’u, we make an analogous claim
with Gz, ar) in FF the kernel of an isogeny of unipotent p-divisible groups. Beware that we don’t (yet)
claim to construct G, sy in a manner which is functorial in (L, M).

This step is the heart of the proof and is the most important detail omitted in [8]. First, we will construct
a short exact sequence of Di-modules

00— My —-M — M —0

with M; and Mj finite free A-modules (so by [7, Ch III, §6.1, Rem 3], M; ~ M(T;) for T; a p-divisible group
over k). In addition, we will choose M; and Mo with topologically nilpotent V' action (i.e., with T'; unipotent)
when M has nilpotent V' action (i.e., when M is the Dieudonne module of a unipotent finite commutative
k-group scheme). Obviously we only need to construct M; — M and then can set My to be the kernel.
We exploit Cartier duality in order to decompose M into a product of étale-connected, connected-étale, and
connected-connected components, so it suffices to consider these three cases separately (and just the first
and third cases are needed in the unipotent setting). See [7, Ch III, §1.7] for the definitions of the notions
of étale and connected in the setting of suitable Dieudonne modules; one can also see from the arguments
in [7, Ch III] that these notions are compatible with the functor between finite flat commutative k-group
schemes of p-power order and their Dieudonne modules. By [7, Ch III, §5.3, Cor 2], one can also explicitly
translate Cartier duality of finite flat commutative k-group schemes with p-power order into the language of
their Dieudonne modules.

If M is étale, then let M; be a free A-module of finite rank, together with a surjection of M; onto M
inducing an isomorphism modulo p. Since F' : M — M is a Frobenius-semilinear automorphism, we can
lift it to a Frobenius-semilinear automorphism F; of M;. Defining V; = pFl_1 gives an My of the desired
sort (with V7 topologically nilpotent). If M has an étale dual, we can proceed similarly using V' in place
of F'. There remains the connected-connected case, so V"™ = F™ = (0 for some suitably large n. Choosing
A-module generators of M allows us to take for M; a product of finitely many copies of A[F,V]/I, with I
the left ideal generated by F™ — V™. This M is a finite free A-module having topologically nilpotent F' and
V actions.

Next, we will construct A-submodules £; C M; such that the natural k-linear maps L;/pL; — M;/FM;
are isomorphisms, My < M; takes Ly over into L1 (we do not claim Lo = My N L1), and the image of L,
under M; — M is precisely L. It is this construction that will use the injectivity of V'|1. In particular, we’ll
have a map

Ui (Lo, Ma) — (L1, M)
in the category H4 when p # 2 [7, Ch IV, §1.10, Rem 1] and in the category Hi’u in the unipotent case
[7, loc. cit.]. Recall that H¢ is the category of pairs (L, M) with L an A-submodule of a Dj-module M
such that M is finite free with rank d as an A-module and the natural k-linear map L/pL — M/FM is an
isomorphism (the definition of morphism is obvious, as are the definitions of the corresponding ‘unipotent’
and ‘connected’ full subcategories Hf"“, Hf"c).
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Suppose for the moment that we have carried out the construction of £; and L5. Let’s see how to use
this to construct G, ar) of the desired sort. When 1 < p —1, we can let T'; /4 be the ‘unique’ p-divisible
group over A (up to isomorphism) such that in H¢,

When 1 < p—1 and we are in the unipotent setting, we can uniquely choose such I'; which are unipotent.
Here we are invoking the main classification theorem [7, Ch IV, §1.2, Thm 1], but see [7, Ch IV, §1.2, §1.10]
for the definition of LM, as just used; the discussion in Step 3 shows that, in a reasonable sense, this is
compatible with the notion of LM4 on FF 4 (and similarly in the unipotent case); also see Lemma 4.12
below. Thus, there is a unique morphism f : I'y — I's of p-divisible groups such that

LMA(f) : (L2, M2) — (L1, My)

is the map ¢ we mentioned above. On the closed fibers, which satisfy (I';), ~ T, the induced morphism f,
corresponds to the map

M2 = M(TQ) — M(Tl) = M1

which is our original inclusion. As this is injective with a cokernel M that has finite A-length, the morphism
fx is an isogeny. Therefore, f is itself an isogeny and so is ‘formally faithfully flat’ over A (i.e., ‘faithfully
flat’ with respect to the functor &4 on ‘profinite’ A-modules in the sense of [7, Ch I, §3]).

Hence, G Lef ker f is an object in FF 4 (in particular, it is flat over A) and M ~ M(G}). When I'y and T’y
are unipotent, so is G. Under the Di-module isomorphism M ~ M(G},), we claim that L4 (G) corresponds
to L. Since L1 — L is surjective, certainly L lies inside of L4(G) (see the discussion in Step 3). But the
commutative diagram of k-vector spaces

L/pL  — La(G)/pLA(G)

~ ~

M;FM - M(Gk)/F_ M(Gy)

shows that the top row is an isomorphism, whence L4(G) does correspond precisely to L, so (L, M) ~

Now let’s see how to construct L1 and Lo as described above. The first thing we need to do is to check
that an abstract object (L, M) in SH £ enjoys some properties noted earlier (in the proof of Theorem 1.1)
for the essential image of LM. More precisely, we claim that the kernel of F' lies in the image of V and

Llp] ® ker V.= M|p].

In order to establish this decomposition of M [p], note that there is certainly an injection from the left side
to the right side (V| is injective!) and so a comparsion of the length of both sides (using L/pL ~ M/FM)
yields the inequality

CA(M/FM) + La(M/VM) < la(M/pM).

In order to establish the reverse inequality, just note that the sequence

0— M/VM -5 M/pM — M/FM — 0,

is always right exact. Hence, we not only get the decomposition of M[p], but the equality of lengths shows
that the right exact sequence above is in fact exact. However, this exactness is equivalent to the other claim
the kernel of F' lies in the image of V.

With these initial observations settled, let €i,...,€,. € M;/FM; be a basis for the image of Ms/F M,
with representatives e; € My C My. Let €.41,...,€, extend this to a full basis of M;/F My, so their images
in M/FM give a basis of M/FM < L/pL. Note that we are implicitly using the obvious fact that the
sequence

My /FMy — My /FM; — M/FM — 0
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is exact. We may (and do) choose representatives e,41,..., e, € M; so that their images in M lie in L and
constitute a minimal A-basis of L. Define L1 = Y Ae;. Clearly Ly/pLy ~ My /FM; and

Ll‘—>M1—»M

has image precisely L.

We now seek to find €,41,...,€, € My N FM; so that €1,...,&:,€11,...,6En is a basis of My/F M, and
all €; lie in L4 (note that €, ..., e, now denote elements of M,/F M, and not My /F M, but this won’t cause
any confusion). Defining

LQ :A61—|—-~-+Ae,,—|—Ae,,+1—|—...Aem

will complete our construction. More generally, choose any € € MsN FM;. It suffices to shows that its image
in My/F Ms can be represented by an element of My which lies in £;.

Well, e = Fy with the projection P : M; — M killing €, so P(y) € ker Fjy. We claim, however, that
Va (L[p]) = ker Fiy. Indeed, ‘C’ is clear and if Fz = 0, then z lies in the image of V, say x = Vz for z € M.
But pz = FVz=Fx=0,s0 z € M[p] = L[p] ® ker V. Thus, we can take z € L[p]. Consequently,

Py)=V | D a;Pey) |,
j=r+1

SO

n
y=V Z aje; | mod Ms.
j=r+1

Applying F', we obtain

n
e=Fy= Z ajpe; mod F' M,
j=r+1
which then gives what we sought to prove.

Step 5. We will now show that G(8) = G(8) for all finite flat A-algebras S. Note that the formula for G(8)
and some compatibility checks then will imply that LM is fully faithful for odd p and LM™ is fully faithful
for all p, thereby completing the proof of Theorem 1.4.

For p # 2 and (L, M) = LM(G) (resp. for arbitrary p and (L, M) = LM"(G)), choose G ar) as in Step
4 so that LM (G ) ~ LM(G) (resp. so that LM™(G ) ~ LM"(G)). By Step 3, G ~ G(p,m) as
functors on finite flat A-algebras, so G — G(p ar) as group functors. But the induced map on closed fibers
corresponds to the isomorphism of Dieudonne modules M((G(LA,M)%C) ~ M(Gy), so the map on closed fibers
is an isomorphism. Hence, by flatness over A, the map of A-group schemes G' — G/, ar) is an isomorphism
also. From this it follows that G(8) = G(8) and we are done with the case of odd p and unipotent G for
p=2.

Step 6. The case p = 2 and G connected.

We saw above that for any odd p and any G in FF 4, or for p = 2 and unipotent G, there is an isomorphism
G ~ G1 (@) M), 50 G arises as the kernel of an isogeny of p-divisible groups over A. Now suppose p = 2
and G is connected. The dual G is unipotent, so is the kernel of an isogeny of p-divisible groups over A. The

dual isogeny has kernel isomorphic to G ~ G, so there is a short exact sequence of formal A-group schemes
0—-G—-T1—-T5—0.

Moreover, GG lands inside of the connected component of I';, so we can easily suppose the I'; are connected.

Now we invoke Fontaine’s classification of p-divisible groups in the connected case over A for p = 2. The
definition of the functor G is slightly different in this case. Since G is connected, M(G}) has a nilpotent
F-action, so M(Gy) — CWy(Ry) lies in the ‘connected factor’ CWE(Ry) = CWy(tx, ), where tg, denotes
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the nilpotent maximal ideal given by augmentation. Since every element of tg, lifts to an element of the
augmentation ideal tg of R, and wg is well-defined, we can define a variant continuous group map

wﬁg : CWk(t(Rk) — fRK /pth

using liftings to the augmentation ideal in the formula for w«.

Observe that the composite of w§ with projection Rx /prr — Rx /pR is exactly wx and the two maps
have the same kernel (since tx is an A-module direct summand of R)! We now interpret L 4(G) as the kernel
of w4, since it is this map which will have a more useful analogue in the setting of connected p-divisible
groups for p = 2. It follows from [7, Ch IV, Prop 1.4'] (and the definitions preceding this Proposition) that
an analogue of [7, Ch IV, §1.10, Rem 2] is true. More precisely, suppose p = 2, I' is a connected p-divisible
group over A, and 8§ is a p-adic A-ring with tg the ideal of topologically nilpotent elements. There is a
functorial identification of the group It (8) with the group of all Dy-linear maps

v M(Tg) — CWi(vs/prs)

for which the composite map

La(D) = M(Dy) 2 CWi(vs /prs) —> Sx /prs

is zero. Here, wg is a ‘connected’ variant on ws defined with the same formula, but using liftings to the ideal
tg; cf. [7, pp. 181-2] (where slightly different notation is used).
We define the functor G on p-adic A-rings 8 to be given by the group of Dy -linear maps

G(8) = {7 : M(Gk) — CWy(vs /prs) | ws 0 v(La(G)) = 0}

Pick any exact sequence 0 — G — I'y — I'y — 0 with I'; connected. The induced exact sequence of
Dy-modules

0 — M((2)x) — M((T'1)x) — M(Gy)

induces a map L4(T'1) — La(G) for the same reasons as used earlier. Also, the exactness of
0— G(S) - (Fl)tor(s) - (FQ)tor(S)

and the above functorial description of torsion in a connected p-divisible group for p = 2 gives rise to an
injective map

Jjas 1 G(8) — G(8)
which is functorial in 8§ and is independent of the choice of ‘resolution’ of G by connected p-divisible groups;
from this, functoriality of jg,s in G is clear also.

Now we show that the inclusion G(S§) — G(8) is also surjective. In the earlier discussion, we used
injectivity of ‘passage to closed fiber’ on ‘points’, which is not true anymore (again, recall uy over Zy). But
an alternate argument based on the modified definition of G will work, as we now explain. Choose g € G(8),
so composing with 7 : M((T'1)g) — M(Gy) gives an element v = gorm € (I'1)tor(8). If v vanishes in (T'g)40r (8),
then it comes from an element of G(8) which is easily seen to map to g under jg 5. Since the composite map

M((T2)k) = M(T1)k) = M(Gr) 5 CWi(vs/prs)

is certainly zero, we get the desired vanishing.

The isomorphism of functors G ~ G on p-adic A-rings, together with naturality in the connected G, yields
full faithfulness of LM*€ for p = 2. Essential surjectivity is proven by exactly the same argument as we used
in Step 4 above.

|

For its independent interest, we now record a corollary mentioned above:
Corollary 1.7. For p > 2, any G in FF 4 arises as the kernel of an isogeny of p-divisible groups over A.
The same statement is true with unipotent and connected group objects for all p.

Next, note that for odd p and any G in FF 4 (resp. for arbitrary p and G in FFY), both G and G make
sense as functors on p-adic A-rings and as such there is a natural map G — G.
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Corollary 1.8. G(8) ~ G(8) for all p-adic A-rings 8.

Proof. Note that G(8) makes sense, because wg makes sense, using the same formula as when 8 is finite flat
over A; [7, ChII, §5.1,85.2] has a discussion of this. For odd p, let ' — I be an isogeny of p-divisible groups
over A such that G is the kernel. In the unipotent setting with arbitrary p, choose such p-divisible groups

which are unipotent (the connected case for p = 2 was settled above, so we ignore this case now). The map
G(8) — T'(8) is injective, with image inside of Tt (8), and by [7, Ch IV, §1.10, Rem 3],
Ftor(s) - Ftor(sk)

is injective. From this it easily follows that G(8) — G(8y) is injective, so G(8) — G(8) is injective.

Consequently, Step 1 is now valid for all p-adic A-rings §. But this step was the only reason to restrict to
finite flat A-algebras rather than to p-adic A-rings above (as this restriction was needed in order to permit
the base extension argument involving passage to the strictly Henselian case). All other steps in the proof
of Theorem 1.4 go through for p-adic A-rings once Step 1 does. One simply replaces ‘finite flat A-algebra’

with ‘p-adic A-ring’ everywhere and the references to [7] remain applicable.
|

Note that as we promised earlier, Lemma 1.3 was never used in the proof of Theorem 1.4. We’ll later
return to this point in our discussion of the case e < p — 1.

We conclude our discussion of the e = 1 case with an explicit description of a quasi-inverse functor to
LM for odd p and to LM™, LM¢ for arbitrary p. This result is implicit in [8] but is not explicitly stated
there (though it is given in a slightly less precise form in [9, Prop 9.12]). Let Ck denote the completion of a
chosen algebraic closure K of K, with valuation ring (Oc, ,mc ). For arbitrary p > 2 and (L, M) in SHf;

(or p =2 and (L, M) in SHL™), define

pia.n) = {6 € Homp, (M, CW (0o, /p) | 6(L) € kerwoo, }
as a Z[Gal(K/K)]-module (via the canonical isomorphism Gal(K/K) =~ Auteon;(Cx/K)). For p = 2 and
(L, M) in SHf"C, define pf;, 5 in a similar way, using CW (mc, /pmc, ) and Wo, - Note that if p = 2 and
G is connected and unipotent, there is a natural map p(;, \, — p(r,nm) of Z[Gal(K /K)]-modules (since F is
nilpotent on M, any ¢ € p(r,a) has image in CWy(mc, /pOcy)).

Theorem 1.9. Assume p # 2 or else that (L, M) lies in SH}™ or SHIJ;’“, The abelian group underlying
p(L,m) 1 finite p-group and Gal(K/K) acts through the quotient by an open normal subgroup. Consider the
finite flat commutative group scheme G(p(, ) of p-power order over K which is canonically attached to
pcr,ay (using our fived choice of K). This is the generic fiber of a canonically determined object G(r,m)
in FF 4 if p # 2, and similarly with FFY if (L, M) lies in SH};“ and p is arbitrary. In this way, we get a
functor (L, M) ~ G r, ary which is a quasi-inverse to LM for odd p and which is a quasi-inverse to LM™"
for arbitrary p.

If p =2, the same assertions holds for connected objects, using prM). If in addition (L, M) is unipotent,
then pEL’M) — p(L,M) 15 an isomorphism.

Proof. Since (L, M) ~ LM(G) for some G in FF4, with G unipotent if (L, M) lies in SH};*", P(LM) =
G(Oc¢y) as a Z[Gal(K/K)]-module (this is where the definition of p(z, sy comes from). By Corollary 1.8,
this can be identified with G(O¢, ) in a manner which is functorial in O, — that is, as a Z[Gal(K/K)]-
module. Since this is canonically the same as G(K), we obtain the claim that p(L,m) has an underlying
abelian group which is a finite p-group on which Gal(K /K) acts continuously.

Because p(r,,a) ~ G(K) as a Galois module, it follows from Corollary 1.5 and [17, Cor 2.2.3(2)] that the
affine K-algebra of G(p(z,ar)) contains a unique finite (flat) A-subalgebra which has generic fiber G(p(z,ar))
and which admits a (necessarily unique, commutative, p-power order) group scheme structure over A com-
patible with this generic fiber identification, with the added condition of unipotence or connectedness for
p = 2. Also, if (L, M) lies in SHI{’“ for p > 2, the resulting A-group scheme must be unipotent (resp.
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connected). Define G\ ap) to be the corresponding object in FF4 (and it lies in FF'4 when (L, M) lies in
SH™"). Note that the passage from G(p(z,ar)) to G(r,ar) does not depend on our choice of K it is only the
passage from p(z,ar) to G(p(r,ar)) that depends on this choice.

It is now straightfoward to check that

(LvM) ~ G(L,M)

is a functor of (L, M) in an obvious manner and that this is a quasi-inverse to LM for odd p and to LM™"
for arbitrary p. If we change K, upon choosing an isomorphism between the two algebraic closures we easily
get an explicit isomorphism between the resulting functors (the only point of the construction that really
changes is the passage from a Galois representation to a finite group scheme over K).

In the connected case with p = 2, the same arguments carry over for p°. Finally, if p = 2 and (L, M)
is unipotent and connected, then a G in FFy with LM“(G) ~ (L, M) has M(G) ~ M, so G lies in FF5.
Thus, LM¢(G) ~ (L, M) and we have a commutative diagram

Q(OCK) = p?L,M)
|
Q(OCK)

This proves that p‘(:L M) = P(L,M) is an isomorphism.

12

P(L,M)

2. DEFINING HONDA SYSTEMS WHEN e < p — 1

We now wish to extend all of the arguments in §1 to the case where e < p — 1. The first main point is
to figure out what the definition of a Honda system should be. Before getting into the details, we should
emphasize that a potentially serious technical problem for us when e > 1 is the fact that for G in FF 4, and
M = M(G}), the sequence

0—>M/V£>M/p—>]\4/F—>O7
which is always right exact, does not have to be exact. The fact that this is always exact when e = 1 was

critical for Fontaine’s argument in §1 to work (see Step 4). The formulas of Oort-Tate in [15, §2, Rem 3] show
that when e > 1, there always exists G in FJF 4 with closed fiber oy, Jk in which case the above sequence is

0—-M2MmMY o,

which is not exact. Fortunately, the case e > 1 has other significant features that will enable us to circumvent
this issue.

Before giving the definitions (or, rather, the motivation), we need to recall a crucial general construction,
due to Fontaine, which attaches to a Dg-module a certain A’-module (note that it generally makes no sense
to have F or V operators on an A’-module when e > 1 because Frobenius-semilinearity wouldn’t make
any sense). We will only discuss this construction in the case e < p — 1, as that’s all we’ll need and quite
fortunately it is possible to make things very explicit in this case. This explicitness will be useful when
carrying out various computations.

It should be emphasized that the computations in this section are very formal and so if we consider
the construction below without conditions on e, the basic formalism still goes through for tame extensions
(though it does not coincide with Fontaine’s general construction in [7, Ch IV, §2] once e > p — 1). In later
sections, the restriction e < p — 1 will be essential.

Let M be a Dj-module. We define M) to be the Dj-module whose underlying A-module is A ®4 M,
using 07 : A~ A (o denoting the Frobenius map), F(A® z) = c(A\) ® F(z), and V(A ® ) = 0} (\) @ V(z).
Thus, we obtain A-linear maps

F; s MU O v MU — ppU+D,

satisfying F;V; = py, ViFy = parg+n. We'll only use M© = M and M. We will not abuse notation
and write F', V for Fy, Vj, as this might cause confusion with respect to issues of A-linearity.



18 BRIAN CONRAD

Definition 2.1. We define M 4. to be the direct limit of the diagram

V]W
maM — p_1m®AM(1)
o | [t

AosM By, MO
in the category of A’-modules, where ¢3!, M are the obvious ‘inclusion’ maps (which might not be injective!),
VMOA®z)=p'A® Vy(x), and F¥(A®@1) = A ® Fy(z).

More explicitly, M4 is the quotient of (A’ ®4 M) @ (p~'m @4 M) by the submodule
{(0" (u) = FM(w), o (w) = VM (u)) [u € m@4 M,w € A" @4 MDY},

Forz € A @4 M and y € p-'m ®4 MV, we let (x,y) denote the residue class in M4, represented by
(z,y). Trivially M ~~ M/ is a covariant additive functor from Dg-modules to A’-modules. When e = 1,
the obvious A-module isomorphism pA ® 4 M ~ M shows that M4 is isomorphic to the direct limit of the
diagram

My
al |
M E v

in the category of A-modules and so the natural A-module map tp; : M — My given by tp(m) = (m,0) is
an isomorphism. This will motivate how we define and study finite Honda systems over A’.
There are maps

v A @AM — My
and
Fuip ' meoa MY = My
of A’-modules, natural in M. Also, it is easy to check that the A’-linear maps
1@Vy: A @aM—A0a MY, poid:p'meos MDD - A 0, MY
satisfy the necessary compatibilies to induce an A’-linear map
Vg Mo — A @4 MW

on the direct limit M4,. For accuracy these maps should be denoted tar, a7/, Farar, and Vs 4 (and likewise
we should have written VA4, FM’Al, @34"4’, go{\/[’A/ above), but we’ll only use the more precise notation
when the less precise notation may cause confusion (e.g., in our discussion of base change in §4). Also,
observe that via tps 4 : M ~ My, Fas 4 is exactly Fy : M) — M and Vs 4 is exactly Vg : M — M1,
Using the natural A-linear maps M — A’ @4 M 4 My and MV — p~'m @4 M| it is easy to check
that the diagram
MO N V(N MO
l ! !
plmea MM I, My Var g Q4 MWD

commutes.
Warning In [7, Ch IV, §2.4ff], p~'m @4 M) is denoted M [1].

Before proceeding further, we should remark that since K'/K is a tamely totally ramified extension, we
can choose a uniformizer m of A’ such that 7¢ = pe for a suitable unit ¢ € A*. Fix such a choice of m now
and forever. This will be essential for many of our calculations, since it makes the matrix for multiplication
by 7 on A’ extremely simple with respect to the A-basis 1,..., 7%
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Lemma 2.2. If {4(M) < oo, then
Car(Mar) = La(ptm@ s MDY =04 (A @4 M) = ela(M).

Also, the functor M ~» Ma: is exact on the category of Dy -modules with finite A-length.
Remark 2.3. This extends [7, Ch IV, §2.6, Cor 1] to the finite-length case.
Proof. Tt is not hard to check ‘by hand’ that M ~~ M 4. is right exact as asserted. Thus, exactness will follow
from the length result. The essential point here and for what follows is the simple observation that because
A — A’ induces an isomorphism of residue fields, for any A’-module N we have the equality {4/ (N) = £4(N).
It is now obvious that £4 (p™'m @4 MM = el o (M) = L4/ (A’ @4 M). As for £, (M), which is at least a
priori finite, we see from the explicit description of M, that £4,(Ma/) is equal to the A’-length of

{(u,w) € (m@a M) & (A @4 MY) | @y (u) = FM(w), o1 (w) = V¥ (u)}.
We will show that as an A-module, this is (non-canonically) isomorphic to

Mo (M"Y

S0 bar(Mar) =10a(Ma) = elys(M) as desired.
In order to get the A-module isomorphism mentioned above, recall our uniformizer 7. Any u € m ® 4 M
and w € A’ ®4 MM can be uniquely written in the form

e e—1
UZZWj(X)Uj, szﬂ'jQ@wj,
j=1 3=0
with u; € M, w; € M. The condition ¢} (u) = FM (w) says that in A’ ®4 M,

e—1 e—1
1 ® peu +Z7rj ®uj =1® Fywp +Z7rj ® Fowj,
j=1 j=1

so the precise conditions are peu, = Fowy and u; = Fow; for 1 < j < e — 1. Meanwhile, M (w) = VM (u)
says that in p~'m @4 MO,

e—1 e—1
1® eVoue + Zpile ® Vou; =1 ®@wo + Zpilﬂj ® pwy,
j=1 j=1

so the precise conditions are eVpu, = wy and Vou; =pw; for 1 <j <e—1.
Hence, we see that we are free to choose u. € M and w, ..., we_q € M), with everything else uniquely
determined. This gives rise to the desired A-module isomorphism.
]

Lemma 2.4. If {4(M) < oo, then
Lar(kerepr) = Lar(cokeripr) = (e — 1)l (ker V),
Lar(ker Fpp) = Lar(coker Fpp) = La(ker F),
and
Lar(ker Vir) = Lar(coker Vyp) = £a(ker V).

Also, the kernels and cokernels of Fyr and Vi are annihilated by m (this is true even without a finiteness
assumption on £4(M)). Finally, the commutative diagram above Lemma 2.2 induces k-linear isomorphisms

ker Fy ~ ker Fpy, coker Fy ~ coker Fyy,

and
ker Vy ~ ker Vs, coker Vg =~ coker V.

Remark 2.5. This lemma extends [7, Ch IV, §2.5, Cor 2] to the finite-length case.
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Proof. Certainly €4/ (kerips) = £as(coker i), since ¢ty is an A’-linear map between A’-modules with the
same finite A’-length, and likewise for F3; and V,;. We'll now explicitly compute the lengths of the kernels.
By definition, ker tp; = {p}! (u) — FM(w) | M (w) = VM (u)}. Writing
e e—1
UZZTFj QujeEm®a M, w= Zﬂj®wj c A @MY
j=1 §=0
as usual, ¢ (w) = VM (u) says exactly that wo = eVpu, and, for 1 < j < e —1, pw; = Vyu;. In this case,
we compute in A’ ® 4 M that
e—1
ol (u) — FM(w) = 1 ® (peue — Fowo) + Zﬂj ® (u; — Fow;).
j=1
But
peue — Fowg = peue — FyeVyu, = e(p — FoVo)ue =0
and for 1 <j<e-—1,
VQ(Uj — Fo’wj) = ‘/()’UJ]' 7p’LUj = 0,
so easily
e—1
ker s = ij @u';|Vu'; =0
j=1
This enables us to see that
Ly (keripr) = La(keripr) = (e — 1)y (ker V).
Meanwhile,
ker Fay = {1 (w) = VM (u) | @' (u) = FM(w)}.
Doing a similar computation as above (in fact, just extending the one in the proof of Lemma 2.2), we find
kerFy = {1®@wepmeoas MY | Fow = 0}.
Note that if 1 ® w € ker Fps, then 7(1 ® w) = p~ 17 @ pw = 0, so ker Fj; is annihilated by m and clearly
Lo (ker Fpr) = La(ker Fpr) = La(ker F).

The description of ker ¥y, also shows that the natural k-linear map ker Fy — ker ¥y, is an isomorphism.
Let’s next check that m annihilates coker F5;. Choose x € M. We need to show that for 1@x € A’ @4 M,
-y (1 ® ) maps to 0 in coker Fpy. This says that ¢ps (7 ® ) is in the image of Fpy. But this is obvious:
i(r@z) =Fu(VM(r @)
(the careful reader will note the harmless fact that the two 7 ® a’s in the above equality live in different
tensor product modules; with this point clarified, above we are implicitly using 7 ® = = ¢, (7 ® x)).
Observe also that for x € MM 13,(1 ® Fox) = Far(0) (1 ® ). This gives rise to the natural k-linear
map
M/FM = coker Fy — coker Fy,
induced by the commutative diagram above Lemma 2.2. This is a map between k-vector spaces with the

same dimension. In order to show that this map is an isomorphism, we need only check that it is surjective.
But this is obvious since the A’-linear composite map

A @a M 25 My — coker Fyy

is surjective, with coker Fj; annihilated by m.
Finally, we consider V,;. By definition, cokerVy, is the quotient of A’ ® 4 M) by the A’-submodule
consisting of elements of the form

e e—1
Zﬂ'j ® m; —l—ZT(i ® Vong,
j=1 i=0
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with arbitrary m; € M M and n; € M. Since p = VyFp, this submodule is the same as the submodule of

elements of the form
e—1

1@ Vou+ Y 7 @ i,
i=1
with arbitrary p € M, pu; € M. It is now clear that coker Vj is killed by m and that as a vector space
over A'/m ~ k,
coker Vr ~ MW /Vy(M) = coker V.

This map is easily checked to be an inverse to the natural map arising from the commutative diagram above
Lemma 2.2.

Now we check that ker Vj, is killed by m and that the natural k-linear map ker Vjy — ker V), is surjective
(and therefore is an isomorphism). Choose (u,w) € (A’ @4 M) @ (p~'m® 4 M) such that Vs ((u, w)) = 0.
Writing

e—1 e
_ i . _ -1_j )
u = T RQUu;, W= p T R w,
i=0 j=1

as usual, the vanishing condition says precisely that

e—1 e
Zﬂi®V0ui+Z7rj®wj =0
i=0 j=1

in A @4 M®. Thus, w; = —Vpu, for 1 < j <e—1 and Vy(ug + Foew,) = 0. Using the ‘explicit’ defining
conditions of M4/, we readily see that such an element can also be represented by (u/,0) with Vou' = 0.
Thus,

ker Vi = ker(1 @ Vo) /{0y’ (u) = FM(w) [ 1" (w) = VM (u)},
where 1@ Vy : A/ @4 M — A’ @4 MW is the natural map. The submodule which we are quotienting out by
is nothing other than kerty;. Using our explicit desciption above for ker¢j;, we see that ker V), is killed by

m and is naturally isomorphic to ker V) as a k-vector space in the desired natural way.
[ ]

We’re now almost ready to define what a finite Honda system over A’ is. Our motivation is Fontaine’s
classification of p-divisible groups for e < p — 1 as mentioned earlier, together with the arguments we have
already seen in the case e = 1. First of all, observe that if L. C M4/ is any A’-submodule, where M is a
Djy-module, there are natural k-linear maps

L/mL — coker Fps
and
Lim] & ker Vs — M 4/[m].
Also, we define the A’-linear isomorphism
M =M AN QMm@ M

by A® z — mA ® x. Of course this depends heavily on the choice of 7, but if we replace m by any other
uniformizer, this would only have the effect of composing €M with multiplication by an element of (A’)* on
m ®4 M and so this would have no effect on the image of an A’-submodule of A’ ® 4 M under £M. For this
reason, the role of 7 here is actually irrelevant to the way in which we will use ¢ below (though we will
use the notation ¢ when it is needed to avoid confusion).

In the arguments when e = 1, the essential use of the condition that V| is injective was to show that
V(L[p]) C ker F is an equality. It was this condition which was what we needed in the proof of Theorem 1.3.
Since VM (&pr(¢y7 (L[m]))) (which does not depend on the choice of 7 used to define £1) is one generalization
of V(L[p]) and inside of p~'m ®4 M) we have

V(M (17 (L[m]))) € ker T,
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we might expect to require this to be an equality. Unfortunately this condition will turn out to be too strong
in general, but will cover many cases of interest (e.g., p"-torsion of a p-divisible group over A’; cf. Theorems
3.3, 3.5, Corollary 4.11).

Before defining SH £,, we make one final observation. The description of ker F; in the proof of Lemma
2.4 shows that we have a k-linear map

ker Fpr — ker(MD /VoM 22 M /p)

given by 1 ® w — wmod VoM. Tt is clear that this map annihilates VM (¢M (1} (L[m]))), so we have a
natural k-linear map

ker Far/VM (Y (137 (LIm]))) — ker(M D) /VoM =% M /p).
This will be used in Theorem 3.3.
Definition 2.6. A finite pre-Honda system over A’ is a triple (L, M, j) with M a Djp-module satisfying
la(M) < oo, L an finite-length A’-module, and j : L — My, an A’-linear map. These form an abelian
category PSH J, in an obvious manner (here we implicitly use the exactness assertion in Lemma 2.1, and it
is also important here that we do not require j to be injective). When e < p — 1, we define the category of
finite Honda systems over A’ to be the full subcategory SHY, consisting of objects (L, M, j) in PSH];, such
that the natural k-linear map

L/mL — coker Ty

is an isomorphism and Vjs oj is injective (so in particular, j is injective). When e < p — 1, we define the
category of unipotent finite Honda systems over A’ to be the full subcategory SHIJ;’/“ in PSH};, consisting of
triples (L, M, j) in which the action of V on M is nilpotent, L/mL =~ coker Fps, and Vj; oj is injective. The
category SH ¢ of connected finite Honda systems over A’ is defined similarly, with a nilpotence condition
on the F-action.

It is clear that when e = 1, the definitions of SH f‘, and SH f",u coincide with the ones given previously;
we should also mention that the notion of a finite pre-Honda system is introduced primarily to simplify the
exposition in certain places, when we wish to discuss certain constructions prior to checking that they make
sense within the restricted categories SH !, and SH fl’,u. Also, when discussing Honda systems, we usually
omit reference to the injective map j and regard L as an A’-submodule of M 4.

We conclude this section with some observations that will be particularly useful when e > 2.

Lemma 2.7. Let (L, M,j) denote an object in PSHI{;/ such that L/mL — coker Fp; is an isomorphism.
Then Vs oj is injective if and only if the natural k-linear map

L[m] D kerVM — MA/[m]

is an tsomorphism.
If M is any Dy-module (in particular, we do not require M to have finite A-length) and 2 < e < p—1,
then there is a natural k-linear isomorphism

ker V @ ker Fy ~ M 4/[m]

taking ker V{y into ker V.
Ife <p—1, M — N is an injection of Dy-modules, and £4(M) < oo, then the natural A’-linear map

MA/ — NA’
18 1njective.
Proof. The last part of the lemma is obvious when e = 1. When 2 < e < p — 1, it follows easily from
the second part of the lemma. Under either case in the first part, j is injective, so we may safely view L
there as an A’-submodule of My:. The ‘if’ direction is obvious, so now assume V) |1, is injective. Thus,
the map L[m] @ ker Vyy — Ma/[m] is injective. By Lemma 2.4, the left side has k-dimension equal to
dimyg ker Fyy 4+ dimy ker V5. When e = 1, we have already seen in Step 4 of the proof of Theorem 1.4 that

My/[m] = M|p] ~ M/p has the same k-dimension. It therefore suffices to prove the second part of the
lemma.



FINITE GROUP SCHEMES OVER BASES WITH LOW RAMIFICATION 23

Consider the natural map ker Vy @ ker Fy — M 4/ given by

(u,w) — (1 Q@ u,p~lre~1 @ w).
Note that this requires e — 1 > 1 in order to make sense. It is trivial to check that the image of this map
lies inside of M4 [m]. We will show that the resulting k-linear map to M4/[m] is an isomorphism.
We first will check that the image is all of M4/[m]. Choose as usual
e—1 e
u = Z?Tj ®u; € A Qs M, w= Zp_lﬂj ® w; Ep_1m®,4 MM
j=0 j=1

and assume m = (u, w) € M4 is killed by m. The condition mm = 0 says that the element

e—1 e
(1® peue—_1 + Zﬂj ® Uj—hp_lW & pew,e + Zp_lﬁj ® wj—1)
j=1 j=2

in (A'®@a M)® (p~'m@4 MD) is equal to

e e—1
(1@ (pexe — Foyo) + Y _ 7 @ (25 — Foy;), 1® (yo — €Voze) + Y p~ 77 ® (py; — Vo))
j=1 j=1

for suitable z; € M and y; € M® . Choosing v, . ..,Ye—1 € MWV and z. € M, we readily see that we must
have yo = eVpxe + ew._1 and
rj = uj—1+ Foy;
for 1 < j < e— 1, with the consistency conditions w; = —Vpu; for 1 < j < e —2 (a vacuous condition if
e =2) and
F()'U}e,1 = TPUe—1, —PEWe = ‘/OUO~

These last two conditions are independent of each other since e > 1. A simple calculation shows that
m = (1®u,p~tre~lw), with u = uy + eFpw, and w = —(we—1 + Vyue—1). Since Vou = 0 and Fow = 0, the
desired surjectivity is proven.

Now choose (u,w) € ker Vi @ ker Fy which is sent to 0 in M4,. Writing out the explicit meaning of this
condition, we see that there exist x1,...,2. € M and yg,...,Ye_1 € M such that

u = pexe — Foyo, w =pye—1 — VoZe—1,
with the extra conditions yo = eVox. and x; = Fpy; for 1 < j < e — 1. Thus,
u = Fo(e%xe — yo) = Fo(O) =0

and
w= %(Foye—l - -Te—l) = VO(O) = 0.

3. A FUNCTOR ON GROUP SCHEMES WHEN ¢ < p — 1

For any G in FF 4/, we define LM 4/(G) to be the object (La/(G), M(Gk),7) in PSHﬁ,, where L/(G) is
the kernel of the A’-linear map

M(Gk)A’ — OWk:,A’(iRk) u :RK’ /miR,

with R the affine ring of G4/, CWj, 4/(Ry) = (CW(Ry))ar, and j the inclusion. The continuous A’-linear
map w'x is a generalization of wg, defined in [7, p. 197], and it is induced by wx and a natural surjection
A @4 CWi(Ri) — CWi a/(Rg). By the last part of Lemma 2.7, we note that we can (and will) view
M(Gk)ar as an A’-submodule of CWj, 4/(Ry). Because K ®4 R ~ K’ ® 4/ R, no confusion should arise from
our use of the notation R+ for what Fontaine writes as Ry in [7]. Since e < p—1, we also have mR = P'(R)
in the notation of [7, Ch IV, §3.1]. Clearly LM, is an additive contravariant functor from FF 4/ to PSHj;,.
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For ease of notation, we now fix a choice of G in FF 4/, with G in FFLY or 3"3"&,5 if e(A")=p—1. Let
L =Ly (G) and M = M(Gy). We begin with a length calculation.

Lemma 3.1. £a (VM (€M (13 (L)) = Car (ear (132 (L)) < Lar (L],

Remark 3.2. Note that VM o ¢M kills kertys (see the proof of Lemma 2.4 for an explicit description of
ker 13r). Thus, there is a surjective A’-linear map from tr (¢, (L[m])) to VM (M (13} (L[m]))) given by

o= VY(EY (),

where y € A’ ®4 M is any element satisfying t3;(y) = x. This map depends on the choice of 7 implicit
in the definition of ¢M = ¢M. The length result we are about to prove implies that this surjection is an
isomorphism and when there is a full equality in the lemma, then we have a natural isomorphism L[m] ~
VM (eM (7 H(L[m]))). We'll later see that this full equality holds for LM/ (G) if and only if the right exact
sequence of k-vector spaces

0— MY/ VoM 8 M/pM — M/FM — 0

is actually exact.

Proof. Since
Car (VI (EM (i (LIm)))) = Lar (€ (17 (LIm]))) = Lar ((ker V) €M (137 (L[m]))),
but £ (€M (137 (Lm]))) = £ (137 (L[m]) s equal to
Car(ent (i3 (L)) + Lar(ker ear) = Lar(uas (i3 (L[m]))) + (e — 1)a(ker V)
(by Lemma 2.4), it suffices to show
Car((ker VM) 0 €M (i (L[m]))) = (e = 1)a(ker V).

However, ker VM is given by

iﬂj Quj Em®a M | ip_le ® Vouj; =0 in pmea MW

j=1 j=1
and since the defining condition says precisely that Vou; = 0 for 1 < j < e, we see that

Car(ker VMY = La(ker VM) = el 4 (ker V).

We'll now show that (ker VM) N &M (1 (L[m])) consists of precisely those elements in ker VM for which
u1 = 0, which gives what we need. For an element

e e—1

Zﬁj®Uj:§M Zﬂ'j®uj'+1

j=1 =0

in ker VM, Vou; = -+ = Vyu, = 0. Thus, we want to determine precisely when the element

e—1
Z?Tj Qujt1 € A QA M
=0

has image in M 4, which is m-torsion and in L.
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The m-torsion condition is automatically satsified, since

e—1

e
Tl E ™ Q@ Ujt1 = E ™ @ u,
j=0 Jj=1

€
M j
= wopy | D @u
=1

= ?N[OVM Z’R’j(@’u]‘
j=1

€

= Fu Zpil’ﬂ'j(@‘/ouj'
j=1
= 0.

On the other hand, u; € M(Gx) € CWj(Ry) has the form
u; = (...,0,...,0,7.1,]'70)
since Vou; = 0, so we easily compute that in Rg' /mR,

e—1 e—1
'LU/ggOLM E s Qujt1 | = E W]a]url’o mod mR,
Jj=0 Jj=0

where 4; o € R is a a lift of u;¢. Beware that here and later we abuse notation and do not indicate the
presence of the injective A’-linear map M4 — CWy a/(Ry) between w’'g and tpr. Modulo mR = 7R, the
right side is represented by u ¢ and so vanishes if and only if uq o = 0, which is to say that u; = 0.

]

The next result nicely explains the failure of the exactness of

0— M/VM L M/pM — M/FM — 0

for Dieudonne modules of closed fibers of objects in FF 4o when e > 1. Also, the essential calculation in the
proof will be needed in the proof of the important Theorem 3.4.

Theorem 3.3. The inclusion
VM(EM (i (L[m)))) € ker T
is an equality if and only if the sequence
0— MY/ VoM 2% M/pM — M/FM — 0,
which is always right exact, is actually exact. More generally, the 4-term sequence
0 — ker Fpr /VM (M (L7 HLm]) — MD VoM 5 M/p — M/F — 0

is always exact.
Proof. When e = 1, we saw in §1 that the theorem is true (in fact, the inclusion is always an equality and
the sequence is always exact), so we may assume now that e > 1. In a couple of places below it will be

crucial that e — 1 > 1.
Recall from the proof of Lemma 2.4 that

ker Ty = {1®w eptmea MY | Fow = o}.



26 BRIAN CONRAD

Our first step is to reformulate when 1 ® w € ker Fp lies in VM (¢M (2 (L[m]))). More precisely, we claim
that this is equivalent to the statement that for our w € M) with Fyw = 0, there exist w’ and w” in M
such that Vow' = w, Vyw” = 0, and

Wty (@ +1@w”)) = 0.
First assume this latter statement. Then for 1 ® w € ker Fj;, we see that
et +1@w” €y} (L)
and VM (M (7=l @ e tw’ + 1 @ w”)) is equal to
VMre@elw'+rouw”) = p e WVouw' +pln @ Vow”

1® Vou'
= 1®w,

sol@w e VM(EM (3} (L))). But since pw’ = FyVow' = Fyw = 0,

ToayEl e Flow’) = iyt e v 1w
= (1 @pw) + iy (r@w”)
= wog(reu)
= FyoVM(rauw")
= Fup re V")

so in fact 1 @ w € VM (M (13} (Lm]))).
Conversely, assume 1 ® w € VM (&M (13} (L[m]))), whence

e—1
1ew=V"otM N tau |,
j=0
where u; € M and
e—1
Ly Zﬂ]®uj € L[m]
=0

Thus,

low=VM Zﬂj Quj_1 | = Zp_lﬂj ®@ Vouj_1,
j=1 j=1
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s0 w = eVpue—1 = Vo(eue—1) and Voyu; =0 for 0 < j < e — 1. The calculation

e—1 e—1
T M E ™Ruj | = E T ®
=0 =0

e—1
M i+1
= M OYy E T @ u;
j=0

e—1
= rJ"MOVM Zﬁj'“@uj
=0
e—1
= Fu Zp_17T]+1®V0’LLj
j=0

= Fulp '7° @ Voue—1)

= Fu(l®eVyue1)

= Tu(lew)

= 0
shows that the m-torsion condition is superfluous, so it remains to see what constraints arise from the
condition

e—1

w'g oL Zﬂj®uj =0.
§=0

If we can show that
'I,UIROLJ\/[ Z 7TJ®U]' :0,
1<j<e—1

then defining w' = eu.—; and w” = wg yields what we want. For 1 < j < e — 1, we have u; =
(...,0,...,0,u;,0) since Vou; = 0. Thus, if 4; ¢ € R is a lift of u; ¢, then the element

w'g oL Z ™ @u; | € Rgr /mR

1<j<e~1
is represented by
E 7TJUj70€7TfR=mfR,
1<j<e—1

thereby giving the desired vanishing.

Now that we have reformulated our main condition, pick w € M) with Fyw = 0. We must determine
precisely when we can construct w’, w” € M with the properties described above.

Identifying M and M) as additive groups (via z +— 1 ® z), we can write w = (w_,) € M C CWy(Rg),
with w_, € Ry satisfying w” , = 0. Our task is to find W’ and w” in Ry, such that the element

w w0, W) € CWi(Ry)

. . def —
lies in M, as does w” = (...,0,...,0,w"), and moreover

wg oy (mr@e v +1@w”) =0.
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Let w_,, € R lift w_,, and @', @"” € R lift W’ and w" repsectively. The final condition above says

e x| @ + Zp‘"@ﬂ“ +o0" enR.
n>1
Bute—1>1(!),s0 e 17m° 1@’ € 7 R and so the above condition is in fact independent of @' (and even w’),
being equivalent to

6—171_5—1 R

p_"(wlin)pn +0" enR.
n>0

L and

Since e~ re~l/p =7~ :
p "(w”,)" €p"(r iR)pn = qgP"ne R
with p" —ne > p™ —n(p—1) > 2 for n > 2 (and even for n > 1 if e < p — 1), our condition is equivalent to
(pr) Y7, + 7@l + @ € R.

Thus, we are forced to choose W’ € Ry to be represented by —((p?r)’lt/&’fl +m 'wh) € R. Let’s check
that w” € CWy(Ry) does lie in M = M(Gy,). It is enough to check that
Ag(r ) = (n7 o) ® 1+ 1@ (7 '@h) mod m(R®ar R)
and
12y 1 p? 1 p?
Ag((pm)~ w”,) = ((pw) w_l) ®1+1® ((pﬂ') w_l) mod T1(R®@4s R).

Equivalently, we want to show that

?
Ag(Wo)? = Wh ® 1+ 1® @) mod 7*(R® 4 R)
and
7 _p2 2
Ag(@,l)p2 =", @1 +1® 0", mod pr2(R@a R).
Once we prove the result for wy, we can apply the same argument to Vw € M. It is then straightfoward to
keep track of powers of 7 in order to see that this gives the desired result modulo pr? for @_; (keep in mind

that Fow = 0 forces w”; € 7 R). So we now only consider the congruence for wy.
Since w € M, we have that in Ry @ Ry,

Ag,, (wo) :J&EHOOSN(W—N@L---aw0®1§1®w—N7~--a1®w0)7

whence
Ag(ﬁ}o) = lim SN(’@_N®1,...,’&70@1;1@{1}_]\],...,1@{1}0) mOdﬂ'(fR(X)A/fR).

N—oo
Because Sy € Z[X_n,...,X0;Y_N,...,Yp] and p € 72 R (e > 1!), we can raise both sides to the pth power
S0 as to obtain

Ag (i)’ = lim SN(@ y @1,..., 08 @110 7" 5,...,1®0) mod 73 (R®4 R).
Combining the property @”,, € 7R for all n > 0 with the fact that Sy is equal to X+ Y plus higher degree
terms in the X_; and Y_; for j > 0, it follows that

SN(@ @1, 08 @117 5y, ..., 100)) =08 ®1+1® @) mod 7*(R@a R)

for all N > 1. Thus, w” as defined above is necessarily in M.

Therefore, we have shown that 1 ® w € ker Fy lies in the A’-submodule VM (¢M (13} (L[m]))) if and only
if some W' € R, can be chosen so that w' € CW(Ry) lies in M. That is, w is required to lie in VoM. This
is equivalent to the assertion that the sequence

0 — ker Fp /VM (M (L H(Lm]))) — MDY VoM 5 M/pM — M/FM — 0

is exact.
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It may be possible to prove Theorem 3.3 purely from the definition of a finite Honda system (once
Theorems 3.4 and 3.6 are proven), but it is not clear how to do this.

Theorem 3.4. (L, M) is an object in SHI{;, when e < p—1 and (L, M) is an object in SH" (resp. SHLF)
when e <p—1 and G is unipotent (resp. connected).

Proof. Without loss of generality, e > 2. First, we will prove that the natural map
L/mL — coker Fy
is injective, so 4/ (L/m) < £ 4/ (coker Fpr). We will then show that the natural map
Lim] @ kerVyr — My [m]

is surjective. By Lemma 2.4 and the second part of Lemma 2.7 (since e > 2), this surjectivity implies
Lar(L/m) > L4/ (coker Fpy), so this inequality is forced to be an equality and both maps above are isomor-
phisms. Using the first part of Lemma 2.7 then finishes the proof. The arguments we use are simply more
elaborate versions of the arguments used in the case e = 1, except we need to keep track of the powers of .
Choose ¢ € L C M4/ lying in the image of Fj;, so there is an element
e
u = Zp’le Quj € plm®a M®
j=1
such that Fps(u) = ¢ € L. Choosing v'; € CW(Ry) such that Vyu'; = u;, this says that

3 wwg(u'j) =0
j=1

in R /mR (here, we have used the isomorphism supplied by [7, Ch IV, §2.7, Prop 2.5], applied to the
Dj-module CW,(Ry)). We need to construct some ¢ € L such that ¢ = w¢’. We’ll show that we can choose
u'y € M (that is, uy € Vp(M)) and then that this is enough to construct the desired ¢'.

Let a;.,,n € R be a lift of '; _,, (= tj,—py1 if n > 1), where v/; 9 € Ry can be chosen at random for now.

We're given that in Rk,
S (St ) e

so changing @} ; modulo R (i.e., changmg u'1,0), we can even assume that in Rgs we have the essential

relation
zw (zp @ ):o.

Letting u'; € CW 4 (R) denote the covector (u; _,,), the above can be rewritten as
> wldig(wj) = 0.

See [7, Ch 1L, §5.1, Prop 5.1] (and zﬂsg [7, Ch1I, §5.6, Prop 5.4 Remark]) for a discussion of W : C/IX/A(IR) —
Rk, defined analogously to wg : CW(Rg) — Rg+. Define
L_pm(dy) = Jim SN, Ny @1, U, @L1RU Ny, 1 QUG )
in R. We first claim that for all n > 1,
Ac(@; _,)P" = L_p(u;)P" mod p"m(R@A R).

Fix n > 1. Since u; € M = Homgp,sch/k_ (G, 5V\Vk), we have that in Ry ®j Ry,

AGk (Uj7_n+1) = ]\/11220 SN(uj,—N—TH-l & 15 sy U 13 1® Uj —N—n+1s-- -, 1® uj,—n+1)a
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which says exactly that
Ag(@; _,) =L_,(u;) mod 7(R®a R).

J,—n

Since m? = - 7P~ € pr R, as e < p — 1 (!), we can raise both sides to the pth power in order to get
A () _,)P =L, (0';)P mod pr(R@ar R).
An easy induction now shows that

Aa(@ )7 = Lon(u ;)P mod pr(R@u R)

J,—n

for all 7 > 1, so taking r = n gives what we claimed above.
This can be conveniently rewritten as

nAG( ] —n)pn = p_nL—n(u/]‘)pn mod W(R XA’ R)7

but be careful to note that the terms in this congruence generally lie in (R®4/ R) g ~ Rgr Qi R and not
in R® 4 R. Summing over n > 1, we obtain

S Ac@ )P =Y p e (W) mod m(R@u R).
n>1 n>1

From what we have so far, we may deduce that in Rg @+ Ry,

Zﬂ-]zp "Ag(u J""l_”) "= Z”]Zp AGK’ ]+1—n)n

n>1 n>1

= Ag, Z”]ZP (W 1,-)"

n>1

e—1

_ o
= Ao [ Do

=0

e—1

iy
- _AG E 7T'7Uj+170 5
=0

so in fact the element
Z”]Zp ()" € R @0 R
n>1

lies in R® 4 R and modulo 7(R®4s R) is congruent to

e—1

Z iy
—Ag T Ujt1,0

=0
Since by definition
(Lon(u'y) = @ _, @ 1)+ (10T _,)
in CWA(R®4 R) and @y is additive, in Rxs @ Ry we apply @ to get

W)+ p L (W) = dr(0;) @ 14 1@ dx(u';).

n>1
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Therefore, modulo 7(R® 4 R), we have

e—1 e—1
j ~1 — j — l "
Ag Zﬂ-]uj-i-l,o = - ZWJ ZP "L (a )P
7=0 7=0 n>1
e—1 e—1 e—1
— j / j i (1 g (0
= Z?T];Lo(u]‘)— Zﬂjwy(Uj+1) ®R1-1® Zﬂ-]wik(uj‘ﬁ‘l)
=0 =0 =0

e—1
= ) L)
=0
(recall > g (u'j41) = 0). Hence,
Ag(T o) = Lo(u'y) mod m(R@ar R),
which says exactly that u'y € M (since v'y,—; = uy,_j41 for j > 1 and uy € M, so the Oth coordinate of u'y
is all we need to check).

Now we define ¢/ € M,/ and we will show that £ € L and m¢’ = £. In terms of our original explicit
description of M4, as a quotient module, define ¢’ to be the element represented by

e—1
Lo,y pind @ujn
j=1
Thus,
e—1
wr(l) = wx(u't) + ) wwg(u 1)
j=1

is represented by
e—1
Z g (w'j1) =0,
j=0

so ¢’ € L. Also,

e
' = (r@u',0)+ Ovzp_lﬂj@’“j

=2

= O pTmeVu)+ [0,Y plrieu

Jj=2

e
= (O, p~lr@ui)+ O,Zp*le@)uj
j=2

= Fu(u),

which is equal to £. This completes the proof of injectivity of L/m — coker Fy,.
As we explained at the beginning, it remains to prove that the natural k-linear map

L[m] D kerVM — MA/[m]

is surjective. Since e > 2, the second part of Lemma 2.7 shows that it necessary and sufficient to prove that
for w € ker Fj, there exists u € ker V{; such that the element

1Q@u,p~tre~l @ w) € My [m]
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lies in L. We may write w = (w_,) in CWy(Ry), with w_,, € Ry, satisfying w”,, = 0 for all n > 0. Choose
uy, w1 € R and consider
u=(...,0,...,0,u1), @=_..,W_py1,...,Wo,w1) € CWi(Ryg),
so Vu=0and Vo = w in CWg(Rg). In CWj,_ 4/ (Ry), we have

(]. (24 u,p*17r€*1 ® w) = LCWk(SZk)(l R u+ 71'671 (24 ﬁ)),

SO

wWr(l@u,plrel @w)) =u; + 7! (Z p‘"@fnn> mod 7R
n=0

inside of R/ /m R, with @y € R alift of uy. Since e > 2 and w” ,, € 7R for all m > 0, clearly ﬂe_lp_”{u\lfin €
7R forn>3 and n=0.
Thus, we are reduced to checking that for

—1~p 1

uy = -7 (p~ Wk +p_2@1121) = —e Y(pm)~ @’i + 7 1w8) mod 7 R,

we have u € M (since e < p—1, the right side does lie in R). Since e > 2, this is ezactly the same calculation
we did at the end of the proof of Theorem 3.3 (up to the factor of e~' € A’ which can be cancelled at the
start).

|

Theorem 3.5. The sequence
0—M/VEM/p—M/F—0

is exact if and only if there is equality in Lemma 3.1. This exactness condition is satisfied when G ~ T'[p"]
for T'yar a p-divisible group.

Proof. Thanks to Theorem 3.3, all we have to verify is the short exact sequence condition when G is the
full p™ torsion of a p-divisible group. This is standard: since M/p ~ M(G[p|x), it is enough to pick I'; a
p-divisible group and to check that for M = M(T"), the sequence

0—M/VEM/p—M/F—0

is not just right exact but is actually exact. The A-module underlying M is finite and free with p = V' F', so
F acts injectively. Thus, Fm = pm’ = FVm/ yields m = Vm/, as desired.
|

‘We now come to the essential result.

Theorem 3.6. LMy is fully faithful and essentially surjective when e < p— 1. This is also true for LMY,
and LM§, when e <p—1.

Proof. The argument is a generalization of the steps in the proof of Theorem 1.4. As before, whene =p—1
we stick with the unipotent case for now, and will return to the connected case at the end. First, let’s show
that Step 1 holds for any G in FF 4 and any finite flat A’-algebra 8. Essentially the same argument works
for e < p — 1, since Raynaud’s results [17, §3] apply whenever e < p — 1. More precisely, because we are
claiming Step 1 goes through for all objects in FF 4+ for e < p— 1 and for all objects in FFY%, when e < p—1,
as in the case e = 1 < p — 1 we can reduce the proof of the injectivity of

G(8) — Gr(8k)

to the case where A’ is strictly Henselian with algebraically closed residue field k and Gk is a simple object
in the category of finite commutative K’-group schemes. In this case, we can argue exactly as we did in Step
1 in the proof of Theorem 1.4.
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With the analogue of Step 1 pushed through, it is now straightfoward to see that Step 2 makes sense for
any G in FF 4/, where we use CWj, 4/ in place of CWj,, w'g and w’s in place of wx and wg respectively, and
we define the functor from finite flat A’-algebras to Ab via the formula

G(8) = {7 € Gk(8k) | OWi ar(7)(L) C kerw's}.

Via Fontaine’s classification of p-divisible groups over A’ [7, Ch IV, §5, Prop 5.1(¢)], the assertion in Step 3
applies whenever e < p—1, using unipotence conditions and the remark following [7, Ch IV, §4.8, Lemma 4.10]
in case e = p — 1. It is only necessary to make minor notational changes in the e = 1 argument (CWj, 4/
replacing CWy, etc.).

Next, we prove the analogue of the difficult Step 4. Choose an object (L, M) in SHf‘, ife<p—1.If
e = p — 1, choose an object (L, M) in SHY". We will construct an object G ay in FF o (resp. in FFY))
which is the kernel of an isogeny of p-divisible groups over A’ (resp. of unipotent p-divisible groups over A’)
such that (L, M) ~ LM/ (G, am)) in SHIJ; (resp. (L, M) ~ LM}, (G ) in SHI{:’,“) when e < p—1 (resp.
when (L, M) lies in SH%™).

As in the e = 1 argument, we can construct an exact sequence of Di-modules

0— My —— M; 2o M —0

with the M; free of finite rank over A, so M; ~ M(T;) for T'; a p-divisible group over k. If V acts in a
nilpotent manner on M, we can choose the I'; to be unipotent p-divisible groups. Note that the sequence of
A’-modules

0— (M) ;0 — (M) o 2 Mar — 0

is not just right exact [7, Ch IV, §2, Prop 2.4], but actually exact. This is simply because by the remark in
[7, Ch IV, §2.3], we have a canonical isomorphism of A’-modules

A s N+p mes FN~ Ny

whenever N is free of finite rank as an A-module (and the left side is viewed as a sum inside of K/ ® 4 N).
For notational ease, we now adopt Fontaine’s notation X /(1] = p~'m @4 X for a Dg-module X [7,
Ch 1V, §2.4ff]. The natural map Na/[1] — N4, of A’-modules is injective and via the above isomorphism is
identified with the submodule p~'m ®4 FN, so we can safely write Na//Na/[1] in place of coker Fy if we
prefer (for such N). Also, recall [7, Ch IV, §2.5, Cor 1] that there is even a canonical k-linear isomorphism

N/FNZ NA//NA/[I].

This is analogous to the isomorphism coker Fj ~ coker Fj; in Lemma 2.4.
What we will now do is construct A’-submodules L; < (A;) ,, such that the natural k-linear maps

LijmL; — (M;) 40 /(M;) 4 [1] = coker Fay,

are isomorphisms, (Ms) 4, — (M), takes Lo over into L4, and the image of L; under (M), — Ma is
precisely L. Once these A’-modules L1 and L2 are constructed, the rest of the argument is exactly like that
in Step 4 in the case e = 1, with minor changes in notation.

We construct £ as in the case e = 1. That is, we can either use the isomorphism coker Fy ~ coker Fy,
in Lemma 2.4 and its analogue above for M; and Ms in order to literally use the e = 1 construction
word-for-word, or alternatively (which amounts to the same thing) we choose

€1,...,6r € (My) 4 /(M) 4/ [1] = coker Fpy,

giving a basis for the image of (M) ,,/(Ma),/[1], with representatives e; € (M), C (Mi),,. Let
€41, .,6n extend this to a full k-basis of (M;)a//(M;)as[1] = coker Fyr,, so the images of €.41,...,8,
in My /My/[1] give a k-basis of

coker Fpy «— L/mL.
Therefore we may (and do) choose representatives e,11,...,e, € (M7)4s so that their images in M4, under
P’ lie in L and constitute a minimal A’-basis of L. Define £; = >_ A’e;.
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The natural map
L1 /mLy — coker Fyy,
is clearly an isomorphism and the composite map of A’-modules
L] — (Ml)A, — M 4

has image precisely L.

In order to construct Lo as in the case e = 1, the only issue is to check that any x € ((Mq) 4, [1]) N (Ma) 4/
can be represented in (Ms) 4, /(M2) 4,[1] by an element of L1 N (Maz)ar. Then the construction of Ly will go
through as desired. At this point, we can (and will) assume e > 1.

We have the exact sequence of A’-modules

0 A @4 My+p 'm@FMy 5 A @4 My +p'me FMy 2 My — 0

with ¢’ the ‘inclusion’ map and (using FM; = FOMl(l))

Prx@m+u® Fym' — A P(m), pe P(m’)).
Also, note that since e > 1, we have (in obvious notation) the A-module decomposition
(M)ar =A @aMi+p 'm@s FM;= (1 M) S (p '@ FM) & --- @ (p'7°' @ FM;).

We can suppose without loss of generality that 2 € A’ ® 4 M> and by hypothesis « (or rather, i’ (z)) lies in
p~'m ®4 FM;, which says

e—1
i'(z) =1 ®F0m+27rj ®@ my,
j=1
with m; € My and m € Ml(l), Fom € M,. For 1 < j <e—1, we have

Lnd ®@pm; € (Ms)a[1],

so by altering z, we can assume without loss of generality that m; = - -+ = m._; = 0, which is to say
i'(z) = 1® Fym,
where m € Ml(l) and Fym € My. Since P'(i’(z)) = 0, we see that the element 1 ® P(m) € M4/ [1] maps to 0
in M4/, which is to say that it lies in ker Fy;.
Consider the isomorphism

M =M pTimey, MY ~ A @y MY
given by M (a ® n) = 7°"la ® n. If we combine the isomorphisms
ker Vi @ ker Fy ~ M 4/[m]

and
ker Vs @L[m] ~ Ma [m},

we compute that Vs (L[m]) = Vi (Mas[m]) = M (ker Fpr). Thus, there exists some x € L[m] such that
77t @ P(m) = V().

By the second part of Lemma 2.7, we can write z = (1 ® v,p~17¢~1 @ w) with v € ker Vj and w € ker Fp.
Since Vys(z) = 771 @ w, it follows that w = P(m). Therefore we get a critical link between m and L,
namely the element

(I®v,p~tre=t @ P(m)) € Ma
actually lies in L[m], with v € ker V.
By construction, (M) 4, — Mas takes L1 onto L, so there exists an ¢y € L; such that

P)=(1@v,plre-l @ P(m))
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in Ma . Inside of (My),, = A"’ @4 M, +p~'m® FM;, we can write (using FM; = FOMl(l))
e—1
=10y + Zpﬂwr ® Fozr,
r=1
o)

P'(ly) = (1 ® Py ez:p lar ® iP(zr)>.

r=1
Comparing our two formulas for P'(£;), there exist u € m ®4 M and w € A’ ® 4 MV such that

e—2

<1®(3’(y) —0), > p ' @P(z) +p T @ Plze —m)> = (o (u) = FM(w), 1" (w) = V¥ (u)).

r=1

However, in M 4/[1] we have

m (1! (w) = VM(w) + VI(EM (9 (u) — FM(w)))

mor (w) = VMEM (FY (w))

= 0’
and so in Mx/[1],
0 = Zp @ P(z) + (p7 A @ P(ze1 —m) +p 7w @ Vo(P(y) — v))
= Zp M@ P(2) 4+ p 7w @ Pzer —m) +p 7w @ Vo(P(y)),

since v € ker V.
Thus, the elements ¢ @m = p~'7¢ @ m and p~ 7 @ Voy + 32— p~ 7" ® 2, in (M) ,,[1] have the same
image in Ma/[1] under P’. Now the sequence of A’-modules

0 — (M) 0/ [1] = (M1) 4 [1] = Ma[1] =0

is the same as
0— pflm XA M2(1) — pilm XA Ml(l) — pilm X4 MDY 0,
which is exact since N ~» N(1) is exact from the category of A-modules to itself and p~'m is a flat A-module.
Therefore, the elements e @ m and p~'m @ Voy + > o) Lplr™l @ 2, in (My) 4, [1] differ by an element of

(M3) 4:[1], so €i’(x) = e @ Fym differs from

e—1 e

p—lﬂ_@FO‘/by_’_Zp—lﬂ_T-i-l@Fzr — 7T®y+zp—1ﬂ.'f'+l®Fzr
r=1 _
= 7T€1

by an element of (M>) 4 [1]. In particular, 7¢; lies in (M2) 4/ inside of (M;)ar. But ml; € Ly, so e 'nly €
L1 N (Msy)ar is the desired element which represents @ € (Mz)ar in (Ma)ar/(M2)as[1]. Note that since
L1/mLy =~ coker Fpy, by construction of L1, the image of  in £1 must a priori lie in m&; = wL;. Thus, the
presence of 7 in the above representative e ~'7¢; for x is not unexpected.

The argument for Step 5 goes through exactly as in the case e = 1.

When e = p — 1 and we consider connected objects, the modifications to the above argument exactly
parallel the changes needed for the connected case with p = 2 in the proof of Theorem 1.4. Note that in
order to handle the variant on wg which will arise, the inequality p” — ne > 0 will arise for all n > 1, and
this is satisfied for e < p — 1.

|

Corollary 3.7. The additive functor FF 4 — FFy given by G ~ Gy, is faithful when e < p—1. The
analogous additive functors FFY4, — FF and FFS, — FF}, are faithful when e < p —1.
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Proof. A morphism of finite Honda systems (L1, M) — (Lg, My) vanishes if and only if the associated map
M7 — M5 vanishes. |

4. CLASSIFICATION OF GROUP SCHEMES WHEN e < p —1

We begin by recalling a result due to Raynaud, extending Corollary 1.5.

Lemma 4.1. (Raynaud) If e < p—1, the category FF 4/ is stable under formation of scheme-theoretic kernels
and is an abelian category. A morphism is a kernel if and only if it is a closed immersion and is a cokernel
if and only if it is faithfully flat. The formation of the cokernel of a closed immersion is as usual. The same
assertions holds for FF%, and FF, ife <p—1.

The functor G ~ G+ which associates to every object of FF 4 its K'-group scheme generic fiber is a
fully faithful exact functor when e < p — 1. The same is true on FF%, when e < p— 1.

A sequence G' — G — G" in Fa fore <p—1 (resp. in FFG,, FFY, fore =p—1) is exact if and only
if the closed fiber sequence is exact if and only if the generic fiber sequence is exact.
Remark 4.2. The analogue of Theorem 1.9 also carries over to the e < p — 1 setting by the same arguments
which we used in the e = 1 case.

Proof. The second part follows from the first part, just as in the way we deduced Corollary 1.6 from Corollary
1.5 earlier.

Now we counsider the first part. When e < p — 1, this is essentially [17, Cor 3.3.6(1)], together with the
fact that a closed subgroup scheme and a quotient of a unipotent object is again unipotent (as this can be
detected on the closed fiber, where it follows from Cartier duality and the canonical splitting of the closed
fiber connected-étale sequence).

When e = p — 1 and we consider only unipotent objects, the proof of [17, Cor 3.3.6(1)] still goes through,
since we may use [17, Prop 3.3.2(3)] to carry over [17, Thm 3.3.3] to the present setting. The connected case
then follows by the exactness of Cartier duality.

Since passage to the generic fiber is an exact functor and all of our categories are abelian, the final part
of the assertion comes down to the statement that a morphism f : Gy — G5 is an isomorphism (resp. 0)
if and only if this is true on the closed fiber if and only if this is true on the generic fiber. For the generic
fiber, use full faithfulness of G ~ Gg. For the closed fiber, the vanishing part follows from faithfulness of
passage to the closed fibers, while the isomorphism part follows from Nakayama’s Lemma and flatness.

|

Now that we know LM 4, and LMY, are fully faithful and essentially surjective, it follows from Lemma 4.1
that SH i;/ is an abelian category when e < p—1 and SH IJ;’,“, SHI:C are abelian categories when e < p—1. Of
course, SH ffl,, SH I'Q’,u, and SH I'Q’,c are full subcategories of the abelian category PSH fl,, so there are obvious
candidates for what kernels and cokernels should be. More precisely, it is reasonable to expect that the
composite functors FF 4 — PSHL and FFY,,FF%, — PS’Hﬁ/ (for e < p—1 and e < p — 1 respectively)
are exact. We now prove that this is indeed the case.

Theorem 4.3. When e < p — 1, the functor FF 4 — PSH};, is exact. When e < p — 1, the functors
FF%,,35Y%, — PSH};, are exact. More precisely, if

¢ : (L1, My) — (Lo, M>)

is a morphism in SHY, with e < p — 1 (resp. is a morphism in SHf,’,C, SHf;Zu with e < p — 1), then
kerp = (L', M') and coker ¢ = (L", M") satisfy

M’ = ker(M1 — Mg), M” = coker(M1 — Mg)

and
L'= (M), NLy, L" =image(Ly — (M) ., - (M") 4,),

and the natural map coker(Ly — Lo) — L” is an isomorphism.
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Proof. We give the argument in the case e < p—1. When e < p—1 and we impose unipotence or connectedness
conditions, the argument is proceeds in exactly the same way.

Let G; be an object in FF 4 such that LMy (G;) ~ (L;, M;), so ¢ = LMua/(f) for f : G — G a
morphism in the category FF 4.

Define (L', M") = LM 4+ (coker f) and (L"”, M") = LM (ker f) to be the respective images under LM 4/
of the cokernel and kernel of the corresponding morphism f in FF 4. It is easy to see that M’ and M"
are as claimed (on the group scheme side, one simply notes that passage to the closed fiber commutes with
formation of short exact sequences, and then one applies the ezact contravariant Dieudonné-module functor
to everything). Let’s (temporarily) define L' = (M’) ,, N L1 = ker(L; — L2) and also

L" = image(Ly — (M3) 40 — (M”)A’)’

so L' C L' and L” C L”. We must prove that these inclusions of A’-modules are equalities and that L is
the cokernel of L1 — Lo.

For the assertion about ker p = (L', M), clearly we can (and will) assume that f is a monomorphism. Since
monomorphisms in FF 4 are the same thing as closed immersions of group schemes, we see that the group
scheme G1/G> makes sense in FF 4, and there is a natural PSHﬁ,-morphism ker(p) = LMu/(G1/G2) —
(L', M") which is an isomorphism on the Dieudonné module part. We wish to show that this map must
be an isomorphism in PSH 1’;,. If we let R; denote the affine ring of G; and let R denote the affine ring
of G1/G>, then the map of A’-algebras R — R; is not only injective but is also faithfully flat. Therefore,
mR =RNmR, [13, Thm 7.5(ii)], so

RK/ /mﬂ% — (Rl)K,/mﬂQl
is injective. Combining this with the injectivity of (M) 5, — (M1) 4, (see Lemma 2.1), it follows easily from
the commutative diagram
(M) or - (M) 40

CWkﬁA/ (:Rk) — CWk:,A’((:Rl)k)

RK/ /m:R — (321)1(//111931
that L' = La/(G1/G2) is given by
L/ = M((Gl/G2)k)A/ N LA’(Gl) — (M/)A’ N Ll _ L/.

It remains to check that cokernels are what we think they are; that is, L” = L” and L; — Ly — L”
is exact at Lo. Since the k-linear map Lo/mLy — coker Fyy, is an isomorphism, we at least see that the
k-linear map

L" jmL" — coker F

is surjective. However, this factors through the (abstract) k-linear map
L"/mL" — coker Fpsn

which is an isomorphism, so the map
L/,/mL” N L///mL//

induced by the inclusion £L” C L is surjective. By Nakayama’s Lemma, we conclude L” = L”.

Finally, we check that L; — Loy — L' is exact at Ly. Since we have already proven that L” = L” always
holds, we may reduce to the case in which f : Go — G is an epimorphism, so M; — M5 is injective and
R1 — Ry is faithfully flat. Our assertion amounts to the claim that Lo N (M7)as = Ly, but this follows from
the same commutative diagram argument which we used above.

It is clear that if e < p — 1 and G is in FF 4/, then we can define G in the obvious manner as a functor
from p-adic A’-rings to Ab in a manner analogous to the earlier definition for e = 1 in Step 2 of the proof
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of Theorem 1.4. The natural transformation G — G of functors on p-adic A’-rings (not just finite flat A’-
algebras) is an isomorphism. The same statement holds if e = p — 1 and we require G to be unipotent. The
proofs in both cases are essentially the same as in the case e = 1, except that we use the general formulation
of Fontaine’s classification of p-divisible groups (i.e., when e < p — 1) rather than the formulation in the
special case e = 1 < p — 1. In particular, for e < p — 1 and G in FF 4/ (resp. for e = p—1 and G in
FFY,), we can intrinsically recover from LM 4/ (G) (resp. from LMY, (G)) the group functor G ~ G on finite
flat A’-algebras. In fact, with a choice of algebraic closure K of K we can functorially recover the group
scheme G; cf. Remark for Lemma 4.1. When e = p — 1 and we restrict attention to connected objects, we
have a similar result, though the definition of G needs to be modified in order to account for the different
formulation of Fontaine’s classification of connected p-divisible groups in this case (just like for p = 2 earlier).
In case e < p—1 and we look at connected objects, there is a natural map between the two definitions of G,
compatible with the isomorphisms of each with G, so these functors are all naturally identified. Similarly,
if e=p — 1 and we consider G which are simultaneously unipotent and connected, the two definitions of G
are naturally isomorphic.

Note that by the second part of Lemma 4.1, we can view FF 4 as a (very mysterious) full abelian
subcategory of the abelian category of commutative finite K’-group schemes of p-power order when e < p—1,
and similarly for FFY,, FF%, when e < p — 1. If we are given some finite commutative K’-group scheme
with p-power order and know that it is the generic fiber of some G in FF 4 with e < p—1 (or in FFY,, FF,
with e = p—1), then G is unique up to canonical isomorphism and we can readily read off a small amount of
information about G in a special case (the argument is the same as the one needed to justify [9, Rem 3.4]):

Theorem 4.4. Assume that K' has residue field k = F,, (i.e., K' is a finite totally ramified extension of
Q). Let p: Gal(K'/K') — Aut(M) be the continuous representation associated to the generic fiber of an

object G in FF 4, with G unipotent or connected if e = p — 1. Assume M = G(?/) has the structure of a
finite-length O-module, compatible with the Galois action, where O is a complete mixed characteristic discrete
valuation ring with a finite residue field F having characteristic p. Prolong the O-action on Gk to one on
G (by Lemma 4.1). Then there is a non-canonical isomorphism of O-modules

M(Gk) ~ M.

Proof. Since M(Gj) and M are both finite-length O-modules, in order to show that they are isomorphic it
suffices to show that they have the same invariant factors. The invariant factors of a finite-length O-module
N are determined by the invariant factors of mo N, together with the values of £o(moN) and o (V).

If we let m9G denote the ‘image’ of the morphism 79 : G — G in the abelian category FF 4, when
e < p—1 (resp. in the abelian categories FF'%, or FF, when e = p — 1), then ToM = (79 G)(K’) and so
for ¢ = |F|, the order of m9G is ¢*© (™M) which is also equal to the order of (1oG);. But since k = F,,
this order is equal to the cardinality of M((moG),) (cf. [7, Ch III, Prop 3.4(7), Prop 4.5(7)]), which is equal
to qlo(mo&))) In a similar manner, we have £o(M) = Lo (M(Gy)). Since M((10G),,) ~ 7o M(G},) by
standard exactness arguments, it remains to verify that the finite-length O-modules 7o M(Gy) ~ M((10G),,)
and ToM =~ (moG)(K’) have the same invariant factors. That is, we can work with 79G in place of G.
However, m9G is a proper closed subgroupscheme of G unless G is trivial, so we are reduced to the case

where G is trivial, which is itself a trivial case.
|

Some other constructions on FF 4, which we wish to translate into the language of finite Honda systems
are Cartier duality and base change. Let us first consider Cartier duality.

If M is a Dg-module with finite A-length, we define M* = Hom (M, K/A) as an A-module and F(¢) :
m — o YWV (m)), V(¥) : m — o((F(m))). There is a natural Dg-module isomorphism M =~ M** as
usual. For G in FFy with Cartier dual @, Fontaine constructs in [7, Ch III, §5.3, Cor 2] an isomorphism
M(G) ~ M(G)*, natural in G.

We have not been able to fully justify a formulation of Cartier duality in terms of finite Honda systems,
but there is a reasonable candidate which we now describe. Let M be a Di-module with finite A-length.



FINITE GROUP SCHEMES OVER BASES WITH LOW RAMIFICATION 39

We will construct a symmetric pairing
Mar @ar (M*)ar — K'[p~'mA,
so we begin with a pairing
((A’ ®aM)&(p 'mea M(”)) ®ar ((A’ ®a M) @ (p'mea (M*)“))) — K'/p~'mA’
defined by
A2z p ey @ (@@ e p ' BoY) = alX (@) +p u-o(Fo(y) +p~ Bl v(y) + X - (Vox))

(here we have implicitly used a canonical isomorphism (M*)M) ~ (M™M)*). Tt is straightfoward to check
that we can pass to quotients and get a well-defined symmetric pairing between M4, and (M*) 4/ as desired.
In order to check that this is non-degenerate, we want to verify that the map

em My — HomAr((M*)A/,K’/p_lmA')

is an isomorphism. Applying ® 4W (k), we may assume (with a little compatibility checking) that k is
algebraically closed. Also, by functoriality and exactness, we may assume that M is a simple object, so
M =k with either F=V =00r F=0,V =0"1!0or V=0, F=o0. By length comparsions, it is enough to
check that ej; is injective. This is easy.

Given a finite Honda system (L, M) (connected and unipotent if e = p — 1), we should define the dual
Honda system (L*, M*), with L* C (M*)4 the annihilator of L C M4, under the above pairing. If
(L,M) = LM4/(G), then Fontaine’s duality pairing between M(G}) and M((é)k) = M(é;) gives rise to
an isomorphism M(ék)A/ ~ (M(Gg)*)as, and the essential claim is that this takes LA/(é) over to L*. We
do not see how to prove this, though clearly it is enough (by a duality and length argument) to show that
£ 4/(G) lands inside of L*.

Now let us consider base change, which can be useful for descent considerations (as we will see in the
proof of Theorem 5.2). In this case, we can prove things. We first consider the simpler case of what we
will call pseudo-étale base change. Let (A’,n) be a mixed characteristic complete discrete valuation ring
with residue field k perfect of characteristic p. Define A = W (k) and suppose we are given a map of rings
h: A" — A’ necessarily local and faithfully flat, such that h(m)A’ = n. In particular, e(A’) = e(4’) = e.
We let h : k — x denote the induced map on the residue fields. When the above hypotheses are met, we say
that h is pseudo-étale (note that we allow h to be a non-algebraic extension).

Fix such an h and choose G in FF 4 (unipotent or connected if e = p — 1), so G x 4+ A’ trivially lies in
FF 4+ (and is unipotent or connected if e = p — 1). We wish to explicitly define a ‘base change’ functor

By, : PSHY, — PSH,

which takes SH IJ;, over into SH J{U for e < p — 1 and likewise for unipotent and connected Honda systems
when e < p—1. When e < p — 1 we want to have

BhOLMA/ ’ZLMA/OB}L,

where By, : FF 4 — FF 4/ is the usual base change functor. We also want a similar statement in the unipotent
and connected settings when e < p — 1. Later, we will carry this out without a pseudo-étale hypothesis.
We begin with a few preliminary definitions.

Definition 4.5. For a Dj-module M and any perfect extension h : k — &, define M; = A®a M as an

A-module (using W(h): A — A =W(k)) and define
Fy (A®@z) =0\ @ Fy(z), Var, A@z) =0""(A) @ Var(a),
so My is a D,-module. For (L, M,j) in PSH};, and h: A’ — A’ a pseudo-étale extension as above, define
L,=A ®4u L.
It is obvious, by the way, that there are natural A-module isomorphisms (M (j))ﬁ ~ (Mg)(j) compatible

with the F' and V maps, so we may unambiguously write Mg ).
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Theorem 4.6. For a pseudo-étale extension h : A" — A’, there is a functorial isomorphism of A’'-modules
A" @ar (Mar) =~ (M) 4.
and a natural A'-module map j, : L, — (ME)A,, with jn injective if and only if j is injective. When
e < p—1, the object (Ly, Mz, jn) in PSHJ’Z, lies in SHJ{U if and only if (L, M, j) lies in SHI{;/, and similarly
for unipotent and connected Honda systems when e < p — 1. The additive covariant functor
By, : PSHY, — PSH,
defined by (L,M,j) ~» (L, M, jn) is exact and satisfies By, o LMar ~ LMy: o By, when e < p —1 and
satisfies By, o LMY, ~ LMY, o B}, B, 0o LM§, ~ LM¢, o By, when e < p — 1 (with Bj}*, By the restrictions
of By, to the categories of unipotent and connected objects respectively).

Proof. Trivially €4 (My) = €a(M) < co. Also, since h is pseudo-étale, A’ ® 4- m — n is an isomorphism, so
there is an obvious A’-module isomorphism

A @ (A @a M) (p~'mea MW)) ~ (A @4 My) & (p ' n @ ML),
Since A’ is A’-flat, we can pass to the quotient to get an A’-module map
A ®@ar (Mar) — (M) 4,
which is certainly surjective. However, both sides have the same A’-length (namely, e 4(M)), so this is an
isomorphism, visibly functorial in M. The definition of j, and the claim about its injectivity are obvious.

The above isomorphism is compatible with the isomorphism A’ ® ar (Ma/[1]) =~ (M) ,,[1] and this enables
us to identify Fp with idas ® Fpy. In this way, the s-linear map

Ly, /nLy — coker T,
is the same as applying the base extension A to the k-linear map
L/mL — coker Fpy.
Also, via the A’-linear isomorphism
A @4 (Ao MV)~ A @4 Mél)

we may identify Vys,_oj, with the base change by h of Vpsoj. Since h and h are faithfully flat, we have
proven that when e < p — 1, (Ly, M;;, jx) is an object in SHJ{L, if and only if (L, M, j) is an object in SH{V,
and likewise for unipotent and connected Honda systems when e < p — 1.

We now must check that the functor (L, M) ~ (Lj, M;) on Honda systems is compatible with pseudo-
étale base change on the group scheme side. We give the argument in the general case when e < p — 1. The
argument for e < p — 1 with unipotence or connectedness hypotheses is essentially the same.

Let G in FF 4/ have affine ring R and let § = G x4 A’ have affine ring §. There’s a natural map of
D,.-modules

A@ACW]C(:R]C) — CWK(SK)

This map clearly gives rise to a map of D,-modules with finite A-length
A @4 M(Gr) — M(Sx)

and this is an isomorphism for x/k finite, by [7, Ch III, §2.2, Prop 2.2(7)]. In fact, as Oda explains in [14,
Cor 3.16], this remains true without a finiteness assumption on [k : k], and so permits us to identify M
with M(Gy).

Since Oda’s definition of M is not quite the same as Fontaine’s, for the convenience of the reader we now
briefly explain how to directly deduce the fact that for H any object in I, A ®4 M(H) — M(H ) is an
isomorphism, granting this when x/k is a finite extension. Without loss of generality, we may assume x is
algebraically closed. We can always replace k by a suitable finite extension inside of x (due to the result in
the case of finite extensions). Since we may also begin by assuming H is a simple object in FFy, passing to
a finite extension of k and using compatibility with respect to formation of products reduces us to the case
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in which H is either ay, pp, or Z/p. It then remains to check that the r-linear map x @, M(H) — M(H )
between 1-dimensional spaces is non-zero. But M(H) — M(H ) is visibly injective.
Next, note that our above constructions show that there is always a natural (surjective) map of A’-modules
.A/ ®A’ (NA’) — (NE)A’
for any Di-module N, regardless of whether or not £4(N) is finite. By [7, Ch IV, §2.6, Prop 2.5], this map
is an isomorphism when N = CWj,(Ry). Since there is also a canonical isomorphism of A’-modules
A @ a (RK/ /mfR) ~ Sgc//nS,
where X' is the fraction field of A’, it follows that the isomorphism (M) = M(Sx)ar takes Ly over to
La(9).
In other words, we have constructed an isomorphism in PSH 7
(Lh, Mﬁ) ~ LMA/(G X A/ .A/)

functorial in G. Since By, is trivially additive, covariant, and exact, we’re done.
|

Now consider h : A” — A’ which is a totally ramified finite extension and let n be the maximal ideal of A’.
Choose a uniformizer IT of A’ so that IT*A) = pe for some e € A*. We assume of course that e(A’) < p—1.

Fix G in FF 4 if e(A’) < p—1 (resp. in FFY, or FFY,) if e(A’) = p— 1) and let (L, M) = LMy (G)
(resp. LM%, (G), LMS/(G)). Note that A" and A’ have the same residue field and § = G x4/ A’ has the
same closed fiber as G and § is unipotent if G is. Thus, we can write LM4/(G) = (L, M) if e(A') <p—1
(resp. LM}%,(G) or LMG,(G) = (L, M) if e(A") =p—1), with L = L4/ (G) C M4,. We wish to describe L in
terms of L and M, in a manner which is functorial in G.

There’s certainly a natural A’-module map J : M4 — My, so there is an A’-module map

Jr A ®@a L — Mg,
Lemma 4.7. The image of Jy, is L and the induced map of A’'-modules
A @4 L —L
is an isomorphism.

Proof. Let R and 8 be the affine rings of G and § respectively. Since A/m ~ A’/n, the natural maps
R/m — §/n and R/ /mR — 84/ /n8 are isomorphisms and so are injective. Thus, the image of Jy, lies in
L, thanks to the commutative diagram

MA/ —_— M.A'
CWioa(Ry) — CWi a/(Sk)

R /mR — Sqcr /n8

We’ll show now that the map
ay, : A’ QRar L — L
is an isomorphism modulo n and so therefore is surjective.
As k-modules we have (A’ ® 4 L)/n ~ L/m, so az, mod n is the top row in the commutative diagram of

k-vector spaces
L/m — L/n
coker Fpr a0 — coker Fpy v

~ ~

M/FM =  MJ/FM



42 BRIAN CONRAD

and so oy, mod n is an isomorphism.
Now we prove that A’ ® 4+ L — L is injective. It suffices to prove injectivity on n-torsion. Note that the
map
pflm ®a M(l) _ pflrl ®a M(l)
induced by the inclusion p~'m < p~!n gives rise to a k-linear map
ker S’FM_’A/ — ker S’FM,A/

which is an isomorphism, thanks to the explicit kernel formulas in the proof of Lemma 2.4.
Using Theorem 3.4 and isomorphisms 2 and wf\f introduced in the proof of full faithfulness in Theorem

3.6, we have the identifications of k-vector spaces

L[m] >~ VM7A’ (L[m]) = @Dy(ker 9:]\/[7,4/) hd ker f_fM,A/
and

L[n] ~ VM,A/(L[ﬂ]) = ’l/)lI-[VI(keI‘S:M”A/) hs ker"J"Mﬂ/.
Combining this with the k-vector space isomorphism

Iy : Lim] ~ (A’ @4 L)[n]
given by z — (me)(Ile) "' ® z, it looks like we should have the desired injection on the n-torsion. In order to
justify this, we need only check that the diagram of k-vector spaces
I,

L[nf — A'®a L) — ,Ej[n
Vi, ar (f[m]) VM,ff (L[n])
ker .FJFM)A/ = ker §N17A'

commutes. The careful reader will observe that although the map I; depends on the choices of m and II,
the bottom maps in the left and right columns depend on the choices of 7 and II respectively (via 9™ and
M), so it is not a priori unreasonable to expect that the above diagram commutes.

Let’s check the commutativity. By Lemma 2.7, we may write an element of ¢ € L[m] in the form
(= (1®@u,plre) -1 @ w), with u € M and w € M) satisfying Vou = 0 and Fow = 0. The map down to
Vara(Lm]) € A’ @4 M) sends £ to 7¢A)~1 @ w. Note that this is independent of u. If we go across the
top row and down to Vs a/(L[n]), we obtain the element )~ @ w € A’ ©4 M), Here we have used
the ‘independence of u’ remark and the easy identity

(&) (Ie) LA =1 = oAt

Appending the natural isomorphisms ker Fy ~ ker Far 4 and ker Fy >~ ker Fps 4/ (from Lemma 2.4) to the
bottom of the diagram and considering the element w € ker Fp, the commutativity follows.

We are now in a position to define a base change functor without a pseudo-étale hypothesis. Let h : A" —
A’ be a ring extension which induces an extension h : k — k on (perfect!) residue fields. For an object
(L,M,j) in PSHI{;,, we define the object (L, M, j), = (Ln, Mg, jn) in PSHI{V by using the definition of

M, as given earlier and j, maps Ly, def qr ®Rar L to (Mﬁ) 4 3s an A’-submodule in the following manner:
there is a natural A-linear map M — My = A®4 M (where A = W(x)) which induces an A’-linear map
gm o Mar — (ME)A,. There is a natural map jy, : L, — (M;;)ar defined using j : L — M4 and jp. When
e(A") < p—1and (L,M,j) is in SHI{;,, then j, is injective and (L, M, j), is in SHY, by Lemma 4.7. If
e(A") <p-—1and (L,M,j) is in SHIJ;’,", then we get the same assertion using SHJJ;’,“, and likewise in the
connected case.

The construction of B, in the pseudo-étale case is extended by the following theorem, whose proof is clear
in view of what we have already done.
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Theorem 4.8. Suppose e(A’) < p—1. For h as above, (L, M) in SHIJ;,, (L, M)y, lies in SHY,. The additive
covariant functor

By, : SHY, — SHY,
gien by (L, M) ~ (L, M)}, is exact and satisfies By, o LM a» ~ LM 4, o By, where

By :FF 4 — FF 4

is the usual base change functor.
Ifhy: A"y — A'5 and hy : A’y — A3 are two such base changes, then there are natural isomorphisms

Qhy,hy - Bhl o Bh2 = Bhloh2
which satisfy the ‘triple overlap’ compatibility; that is, the natural transformations

Qhy by © Bhy © Qhyohg by @ B(hyohs)ons — (Br, © Bhy) 0 By
and

Bp, © Qhy by © Oy hyohs @ Bhyo(hyohs) — Bhy © (Ba, 0 Byy)
are equal.

If we relax the ramification to merely not exceed p — 1, then the same assertions are true for the full
subcategories of unipotent group schemes and unipotent Honda systems, as well as for the full subcategories
of connected objects.

For any morphism ¢ : (L1, M;) — (Lo, M3) in PSHf;, we shall let ¢} denote the induced morphism
By,(¢) : (L1, My)p — (Lo, My),, in PSHY,. This notation will be used throughout §5.

Now we prove some facts concerning finite Honda systems which are quite critical in applications of the
present work to the deformation theory of Galois representations.

Theorem 4.9. Whene < p—1 and X; = (L;, M;) are two p-torsion objects in SHY, for which the sequences
0— M;/VM; & M;/p=M; — M;/JFM; — 0

are exact, any p-torsion object X in PSHI{V which is an extension of Xo by X7 in PSHL necessarily is an
object in SHY,. If e < p —1, the same is true with SHY" or SHLS replacing SHY,.

Ife<p—1, (L,M,j) is an object in PSHi;,, and M ~ (A/p™)®" as an A-module, then (L, M, ) lies in
SH};, if and only if the object (L[p], M[p],jp) in PSH{V lives in SHfl, (with j, the map naturally induced
by j on p-torsion) and L/p — Ma//p is injective. If e < p — 1, then the same assertion is true with SHI®
or SHLS replacing SHY,.

Remark 4.10. Note that the injectivity of L/p — M:/p holds if L is an A’-module direct summand of M 4.
This is the case in the application of this result to studying the deformation theory of Galois representations.

Proof. Note that for any X = (Lx, Mx,jx) as in the first part, jx is necessarily injective. Also, for (L, M, j)
as in the second part, j is clearly injective if and only if j, is injective. Thus, throughout we may assume
that all j-maps are injective and we therefore omit reference to them in what follows.

We now prove ‘if’ in the second part of the theorem (‘only if’ is clear). Since m-torsion lies inside of
p-torsion, certainly

L[m] @ ker Vpy — Mys[m]
is an isomorphism. It remains (for the second part of the theorem) to check that L/m — coker ¥y, is an
isomorphism.

The Dj-module isomorphism M/p ~ M|p] induces an A’-linear isomorphism (My/)/p = (M/p)ar =~
(M[p])ar and by the injectivity hypothesis, we have an injection L/p — (MIp])ar ~ M [p] with the
image landing inside of L[p]. An A’-length calculation shows that this is an isomorphism onto L[p]. Using
L/m ~ (L/p)/m, we get a commutative diagram of k-vector spaces

L/m — cokerFy < M/F

= ! =
(Llp)/m = cokerFary <= Mp)/F
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so the left arrow in the top row is an isomorphism.
Now consider the first part of the theorem. The commutative diagram of k-vector spaces

Li/m — Lx/m — Ly/m — 0
~| ! J~

cokerFp;, — cokerFp, — cokerFy, — 0
~1 ~1 T~

M,/F — Mx/F — My/F — 0

has an exact bottom row, so easily the middle row is also exact. Since the top row is exact as well, we can
conclude that the map

Lx /m — coker Fyy,
is surjective. If My /F — Mx /F is injective, then it is easy to see that the left maps in each row above are
injective, from which the injectivity of

Lx/m — coker Fy,
would follow.

In order to prove that My /F — Mx /F is injective, we will make essential use of our p-torsion hypothesis.

More precisely, since M; = M;/p and Mx = Mx /p, we have the following commutative diagram with exact

rows and columns:

0 0

M)V — Mx/V — M)V — 0
F| F| F|
0 — M, — Mx — M, — 0

!

M,/F — Mx/F — MJ/F — 0

| | |

0 0 0

(the main point is the injectivity of My = M;/p — Mx /p = Mx). From this diagram we see that the map
F: Mx/V — Mx/p= Mx is injective, and also we see that the rows all form short exact sequences if we
fill in the missing 0’s on the left. In particular, M1 /F — Mx /F is injective.
Since it is obvious that Vs, ojx is injective, we are done.
|

We also have the following result concerning objects killed by p; this can be useful when lifting certain
finite group schemes from characteristic p to characteristic 0 (cf. proof of Theorem 3.5).

Corollary 4.11. Let (L, M, j) be an object in PSHi;, which is killed by p and has the properties that j is
injective,
L/m — coker Fpy

is an isomorphism, and
is an exact sequence. If e = p — 1, then assume that V (resp. F) acts in a nilpotent manner on M. Then
(L, M, j) lies in SHi;, ife <p—1 and it lies in SHY (resp. SHf;’,C) ife=p—1.

More precisely, if e < p—1 then LM 4/ induces an anti-equivalence of categories between the full subcategory
of p-torsion objects G in FF 41 for which the sequence

0 — M(Gr)/V 5 M(Gy)/p = M(Gy) — M(Gy)/F — 0
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is exact and the full subcategory of p-torsion objects (L, M, j) in PSHI{;, for which L/m — coker Fys is an
isomorphism, j is injective, and the sequence

is exact. If e = p — 1, the same statement is true for the corresponding categories consisting of unipotent
objects killed by p, and likewise with the categories of connected objects.

Proof. If e = 1, then since FM C ker V, the hypotheses imply that L[p] @ ker V = L @ ker V' surjects onto
M = M/p, with both sides having the same A-length. This settles the e = 1 case.
Now we suppose e > 2. We begin by proving that the inclusion

VM(EM (i3 (L[m)))) C ker Fas
is an equality. Since pM = 0 and the sequence
0—M/VEM-—-MF-—0
is exact, we have
ker Fpy = {1 @ Vozlz € M} Cp'mea (M)W,
Pick any x € M. The isomorphism L/m ~ coker F); shows that we can write
(1 @) =0+ Fp(u),

where £ € L and u € (M) (1] = p~'m®4 (M)M. Since p kills M, so p also kills (M)as, we see that
multiplication by m¢~! on (M) has its image inside the m-torsion submodule (M) 4/[m], so

i (mt @ 1) = 7T+ Ty (¢ ),

with 7¢=2¢ € LN ((M)a[m]) = L[m] and, for u = Z§=1 pimd @ uy,

€
¢ty 1® euy +Zp_17rj+e_1 ® u;
j=2

€
1®eup + Zp_leﬂj_l & pu;
j=2

1® euq.
Thus,
(T @x) =0 —e- Fy(1®2),
where ¢/ € L[m] and z = —u; € (M)™).
Since Far(1®2) = Fyr (M (1 ®2)) = tpr 0 FM(1® 2) = 13(1 ® Fyz), we have that for all #z € M, there
exists z € (M) such that
(1 ® Foz + 71 @ e '2) € Llm].
Combining this with
VMEMQ1 @ Fz+reels) = VM@ Fuz+p®)
= p_17r QR VoFpz+1® Voo
= 1® V()x
(VoFy = p kills (M)™1), we have shown that kerFpy C VM (¢M (13} (L[m]))), the reverse of the usual
inclusion.
We will now use the equality
ker = VM(EM (13 (L[m])))
in order to directly prove that (L, M) arises from FF 4 (and from FFY, (resp. FFG,) if V (resp. F) is
nilpotent on M) and so (L, M) lies in SHI{V when e < p—1 and in SH£’," when V is nilpotent on M and in

SH ﬁ’,c when F' is nilpotent on M. At this point, we will not require the p-torsion condition anymore. The
argument is simply a modification of the proof of essential surjectivity in Step 4 of the proof of Theorem 3.6 in
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the case e > 2. More precisely, we construct M7, Ms, and L1 in exactly the same way. As for the construction
of Lo, that also reduces in the same manner to the consideration of whether z € ((M7)a/[1]) N (Mz) 4+ can
be represented in (Mz)a//(Ms)a/[1] by an element of L3 N (Ma)a. It is at the stage where we invoke
Var(Lm]) =~ M (ker F/) in Step 4 that the argument needs to be slightly altered.

Using the same notation as in the proof of Theorem 3.6, we use the expression above for ker F; in order
to write

1®P(m Zp Il @ Von,
Jj=1
in (M) a[1], where the element
e—1
Zﬂj ®njy1 € A R4 M
j=0

has image in (M) 4+ that lies in L. Recalling the general formula for ker ¢y for any Dy-module N (see Lemma
2.7), a simple calculation shows that we may suppose without loss of generality that n; = 0 for 1 < i < e.
Clearly Vony = 0 and Vone = e 1 P(m).

By construction, (M) 4, — (M)as takes Ly onto L, so there exists an ¢; € L; such that

T’(ﬁl) (1®n1 + me™ 1®ne,0)
in M. Now inside of (My),, = A’ ®a M, +p~'m® FM;, we can write

e—1
h=10y— Zp_lﬂ’“ ® Fz,
r=1
SO

P(ly) = (1@9’ eZp_17rT®fP(zr)>.

r=1
Consequently, there exist u € m®4 M and w € A’ @4 (M)™M) such that

(1 ©F0)~1em -~ on, Yy e f”(zr)> = (o} () = F¥ (w), o} (w) = VY (u)).
r=1
However, in (M) a/[1] we have
- (91! (w) = VM (@) + VM(EM (9)! (u) = FM(w))) = mp! (w) = VIEM (M (w))
= 0,
and so in (M) 4, [1],
0 = Zp—lﬂ-?“-i-l )—I—VM(ﬂ'@'.P(y)—ﬂ'@nl—we@ne)
= Zp_lﬂTH (z0) +p '@ Vo P(y) —p~ ' @ Vony — € ® Vone.

Recall that Von. = e P(m) and Vyn; = 0, so the elements 1 @ m and p~'7 @ Voy + > o 1]9_1#”1 ® zp

in (M) 4, [1] have the same image in (M) 4/[1] under P". Now the sequence of A’-modules
0= (Mz) 4 [1] = (M) 4 [1] = (M) a1] = 0
is the same as
1 (1) -1 (1) -1 1
O0—=p Mm@ A My’ —p m@ s M’ —p me®ua (M) —0,

which is exact since N ~» N(!) is exact from the category of A-modules to itself and p~'m is a flat A-module.
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Therefore, the elements 1 ®m and p~ 7 ® Voy — Zf«;} p~ It ® 2, in (M) o [1] differ by an element of
(Ms) 4/[1], so ' (z) = 1 ® Fym differs from

e—1 e—1
plre RV - Y pirM @Rz = roy-) plr T e Rz,
r=1 r=1

= 7Tfl

by an element of (Ms) 4,[1]. In particular, 7¢; lies in (Ms) 4+ inside of (My)a. But m¢; € L1, so this is
exactly what we wanted to prove.
|

The above two results show that when analyzing certain p-torsion group schemes over A’, we have the
technical freedom to work within PSH LQ' without straying outside of the essential image of LM .. It is
precisely this sort of technical freedom which one needs in [4], since checking ezplicitly whether an object
constructed in PSH{;, actually lies in SHY, or SH%" or SH’® can be very cumbersome.

For later use, it will be convenient to state a key lemma which we did not bother to state explicitly in the
e = 1 case, but which was essentially proven in the course of the arguments in §1.

Lemma 4.12. Assumee < p—1. LetT'1 — I's be an isogeny of d-dimensional p-divisible groups over A’ with
kernel G, so G is in FF ar. Let (L;, M;) = LMa/(T;) in HS,. Define the Dy-module M = coker(Ma — M)
and define the A’-module

L = image(L1 — (My)ar — Mar).

Under the natural isomorphism of Dy-modules M ~ M(Gy), the induced map of A’'-modules M gr ~ M(Gy) ar
takes L isomorphically over to La/(G), so (L,M) in PSHI{;, actually lies in SH,J;- The isomorphism
(L,M) ~ LM/ (G) depends functorially (in an obvious manner) on the given isogeny of p-divisible groups
'y — Ty and is compatible with base change (preserving the ‘e < p — 17 condition).

In particular, if T is a p-divisible group over A" with (L, M) = LMa/(T"), then L is an A’-module direct
summand of Ma: and there are natural injections of A'-modules L/p™ — (M/p™)a and isomorphisms in
PSHI{V (even in SHI{‘,)

LM 4 (T[p"]) ~ (&/p", M/p")

which are compatible with change in n, as well as base change, and are functorial in T.
If we impose unipotence conditions on all group objects, the same statements are true with e < p—1, and
likewise with connectedness conditions.

Proof. First assume e < p — 1. As we explained near the end of the proof of Theorem 3.4, M4 ~ M(Gg) s
takes L over into L 4/(G) and moreover L ~ L 4/(G). The functoriality properties of (L, M) ~ LM 4/(G) are
clear from the construction. The special case of p-power torsion of a p-divisible group is clear; the only point
of interest is that L/p™ — (M /p™)a ~ My /p™ is injective because L is an A’-module direct summand of
M 4. This direct summand property holds because the composite map

L/m — My /m — coker Fyy

is a k-linear isomorphism [7, Ch IV, §4, Prop 4.2(i)], so the inclusion £ < My is injective modulo m. Since
My is a finite free A’-module [7, Ch IV, §2.3 Remark], this implies that £ is an A’-module direct summand
of MA/ .
If e <p-—1, using LMY, or LM, in place of LM, permits the same arguments to go through with
unipotence or connectedness conditions.
]
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5. DESCENT FORMALISM AND ABELIAN VARIETIES

As an application of our study of base change for finite Honda systems, we will prove an interesting
theorem on good reduction of certain abelian varieties.

To start off, let’s quickly review the formalism of Galois descent in our situation (see [1, §6.2] for further
details). Let X' be a finite Galois extension of the fraction field K’ of A’ with e(X') < p—1, and let (A, n)
denote the valuation ring of X', as usual. The descent data on a X’-group scheme G which encodes the
fact that it arises as the base extension of a specified group scheme over K’ is a collection of commutative
diagrams of schemes

g L g

l l

Spec X’ X, Spec X’

for all v € Gal(X' /K'), with 75 05 = (Fo7)g, (idx/)g = idg, and each vg must be compatible (over
the action of v on the base) with the group scheme structure morphisms for § over X'. Of course, in a
situation as affine as this one, Galois descent data is always effective. Also, note that using v = 7 = idy
yields (idg)g = idg as a consequence of the other conditions if we axiomatize the fact that each vg is an
isomorphism of schemes.

A more convenient way to say all of this is that if we let G, denote the base-extended K’-group scheme

9’y =g XSpec K’ SpeC:K/a

using 7* : Spec K’ ~ Spec X', then we require the existence of isomorphisms of K’-group schemesvg : G — S,
such that for all v, ¥ € Gal(X' /K'),
(75)5 ©¥s = (Y0 7)g-

Here, for any morphism of X'-schemes f : X — Y we denote by f., the morphism X, — Y, induced via base
extension by v*; note that in the above we have implicitly used the natural isomorphism (XV)W ~ X5on.

Now make the further assumption that G is the generic fiber of an object Gg in FF 4/, with Gy unipotent or
connected if e(X') = p—1. By the final part of Lemma 4.1, the above data on G is equivalent to corresponding
data on Gy. Here, we use the usual action of Gal(X' /K’) on A’ and we replace ‘K’-group scheme’ by ‘A’-
group scheme’ (note that in Lemma 4.1 we only have full faithfulness with respect to morphisms of group
schemes, not just of schemes, over the base). Of course, in the category of A’-schemes this generally does
not constitute descent data down to A’, since the cover Spec. A’ — Spec A’ is typically far from Galois.

Since an automorphism v : A’ — A’ is trivially pseudo-étale, Theorem 4.6 enables us to reformulate
all of this intrinsically in the category PSH .. We state this more formally as a definition. Note that
the contravariance of LM/, LM§,, and LM}, will cancel out the contravariance of Spec implicit in the

descriptions of the action of Gal(X’ /K') above, leaving us with a more psychologically pleasing left action
of Gal(X' /K') rather than a right action.

Definition 5.1. For an object (L, M, j) in PSHJ{U7 descent data D on (L, M, j) (relative to A’ — A') is a
collection of PSH J{l,—isomorphisms

o : (L, M, j), = (L, M, ),
for all v € Gal(X' /K'), such that [y1]p o ([re]p),, = [n1072]D.

If one were interested in generalizing the considerations of Ramakrishna [16] to study a local deformation
problem analogous to the one in [10] (suitably modified to force the p-divisible group to arise over an extension
with e < p — 1), a natural thing to study would be the abelian category DPSH;’:{, whose objects consist

of pairs ((L, M, j), D) with (L, M, j) an object in PSHL and D a descent data on (L, M, j) (relative to
A’ — A’ even though we omit mention of A’ in the notation); we define a morphism

((L1, M, j1), D1) — ((L2, M2, j2), D2)
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to be a morphism ¢ : (L1, M1, j1) — (L2, M2, j2) compatible with the descent data (i.e., po[y]n, = [¥]D, 0@
for all v € Gal(X’ /K')). Full abelian subcategories DSHY, (when e(X') < p —1) and DSH%", DSH%"
can be defined in the obvious manner, but we don’t have any need for them, essentially because of Theorem

4.9. When considering the computation of Ext!'’s along the lines of argument as in [16], one is also led to
!

consider the full abelian subcategory DPSH ,, consisting of p-torsion objects. It is trivial to check that the
— f
forgetful functors DPSH 4, — DPSH/f{, and DPSHY, — PSH/f{, are exact. This is used in [4].
We'll now use the descent formalism in order to prove a ‘good reduction’ theorem for certain abelian
varieties. First, let’s formulate a theorem about p-divisible groups which will be the means by which we
study good reduction of abelian varieties.

Theorem 5.2. Let X' be a finite (not necessarily Galois!) extension of K', with valuation ring A’ and
e(X') < p—1. Let Txs be a p-divisible group over K’ and assume that there exists a p-divisible group T
over A’ such that
T Xgo K ~T1 X A1 K’

as p-divisible groups over X'. Suppose that T/ [p] ~ G x4 K' as K'-group schemes for some G in FF ar.
If e(X') = p— 1, then also assume G and I are both unipotent or both connected (the latter condition being
equivalent to the unipotence/connectedness of I'[p]). Then there exists a p-divisible group T' over A’ such
that T ~T x 4 K', with T unipotent/connected if I" and G are unipotent/connected.

Before proving Theorem 5.2, let’s explain how it is used to prove the following result:
Theorem 5.3. With K’ and X' as in Theorem 5.2, let XK+ be an abelian variety such that X acquires good
reduction over X'. Also, suppose that X[p] ~ G x ar K' for some G in FF ar. If e(X') = p — 1, then assume

that either G is unipotent and the Néron model of X x i+ K over A’ has unipotent p-torsion, or that these
finite flat group schemes are connected. Then X has good reduction over K'.

Proof. Define I'; to be the p-divisible group associated to X, so I'xr X g K ~ T x4 XK', where I is
the p-divisible group of the Néron model of X x x X' over A’. If e(X') = p — 1, our p-torsion hypothesis on
the Néron model implies that IV is unipotent or connected. Theorem 5.2 ensures that I'gr ~ ' x 4+ K’ for
some p-divisible group I' over A’. By a theorem of Grothendieck [11, Cor 5.10], this implies that X, has
good reduction.

We should stress that [11, Cor 5.10] is much stronger than what we actually need. All we need is the
fact that if R is a henselian discrete valuation ring with a characteristic 0 fraction field K and with residue
characteristic p, and X is an abelian variety over K which acquires good reduction over a finite extension of
K, then X has good reduction over K if and only if the p-divisible group of X has good reduction over K.
The proof of this fact can be extracted from the end of the proof of [11, Cor 5.10], requiring just the usual
Néron-Ogg-Shafarevich criterion and none of the theory of semi-stable reduction for abelian schemes.

For the convenience of the reader, we explain in more detail the relevant part of Grothendieck’s argument
(phrased in a self-contained manner which bypasses semi-stability considerations). Let K'/K be a finite
extension over which X’ = X xx K’ acquires good reduction and let I';z be a p-divisible group equipped
with an isomorphism T'; ~ T,(X) of p-divisible groups over K. We want to show that X,k has good
reduction. Since the Néron model is of formation compatible with passage to the strict henselization of the
base (either by [1, 7.2/2] or the actual construction), we can assume that R is strictly henselian, and then
that K'/K is Galois with Galois group G. Let R’ denote the valuation ring of K’, and let k¥’/k denote the
(finite, purely inseparable) extension of residue fields. Let DC’/ o denote the (proper) Néron model of X ; o

Pick a prime ¢ # p. Since the ¢-adic Tate module Ty(X’) is a constant ¢-divisible group (as it is the generic
fiber of an ¢-divisible group Tp(X') over the strictly henselian R’), there is a natural action of G on Ty(X)
via the ‘geometric points’ (which all arise over K'). We need to prove this action is trivial. Equivalently, for
each n we have an action of G on X'[¢"](K’) defined by

g(x)=(1xg ) oxog",
where g* : Spec(K’) — Spec(K') and (1 x g71)* : X' = X x K’ — X' are the natural maps, and we want
to prove this action is trivial.
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Letting (-), denote base change by the automorphism ¢g* (on either Spec(K’) or Spec(R’)), the isomor-
phisms X' ~ X;_l over g* extend to isomorphisms [g] : X' =~ f)C’g_l. Since k'/k is a purely inseparable
extension, so Aut(k’/k) is trivial, passing to the closed fiber gives k’-automorphisms E : X! ~ X'. The
Néron property of X’ and the strict henselianity of R’ give identifications

X'[e")(K") = X'[e")(R') = X" )(K)

under which the action of G on the left side translates into the induced action by the [g]’s on the right side.
Thus, it is enough to prove that for each g € G, the automorphism E of the abelian variety X’ /i 18 the
identity. This assertion does not have anything to do with ¢ and can be checked by looking at the action on
the p-divisible group of @/k/. Thus, it is enough to prove that the p-divisible group maps

Tp(lg]) : Tp(X') — Tp(xzrl) = Tp(x/)g’l

(over g* : Spec(R’) ~ Spec(R')) induce the identity on the closed fiber.
Now I' xgp K ~ T,(X) enters the picture. Base changing to K’, we get an isomorphism of p-divisible
groups over K’

(F XR R/) X R KI ~ Tp(x/) X R K/

compatibly with the isomorphisms on each side with G-twists (with the ones on the right coming from the
T,([g])’s), so by Tate’s theorem [19, Thm 4] we obtain an isomorphism of p-divisible groups ¢ : I' xg R’ ~
T,(X') over R’ such that the diagrams

I'xp R iR T, (X')
l 1 9]
Cxp Ry 02 1),

commute. Passing to the closed fiber and noting that the left side reduces to the identity and the two rows
reduce to the same map, it follows that the right side always reduces to the identity, as desired.
|

The unipotence/connectedness condition on the p-torsion of the Néron model is satisfied when X, x is
an elliptic curve with potentially supersingular reduction. This was the source of the original motivation for
proving Theorem 5.2. More precisely, the theory of finite Honda systems can be used to study the defor-
mation theory of Galois representations, and in particular the problem of classifying Galois representations
of Gal(Q,,/Q)) which ‘come from finite flat group schemes’ over K’ (or X'). In [4] this is carried out, and
one gets universal deformation rings Rx/ and Ry, together with a natural map Rgs — Rg. This map
turns out (by computational observation) to be an isomorphism. An ‘explanation’ for this isomorphism is
provided by Theorem 5.2.

With the application to abelian varieties settled, we now carry out the computations:

Proof. (of Theorem 5.2) Note that Galois descent for schemes carries over to p-divisible groups because of
the way in which they are built up out of genuine (i.e., non-formal) group schemes. This will be implicit in
our use of descent below.

We can certainly replace K’ by the maximal unramified extension of it within X', by Galois descent of
(group) schemes, so we may (and will) assume that X' /K is a totally ramified finite extension. In particular,
the residue field A’/n can be identified with k. Also, note that as X’-group schemes,

I[p] x4 K' ~Txr[p] x50 K' =~ G x40 K' = (G x a0 A') x 41 K,

so by Lemma 4.1 it follows that I'[p] ~ G x 4+ A’. This will be used below. We also emphasize that we fiz a
choice of isomorphism 'k [p] ~ G x 4+ K’ for the purposes of our constructions below. In what follows, we
will consider only the case e(X') < p— 1. When e(X’) = p — 1 and there are unipotence or connectedness
conditions, the arguments go through with only minor notational changes (e.g., LMY, in place of LM/,
etc.).
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Let LM (T") = (L', M’) in H%,. As was noted in the second half of Lemma 4.12, we have
LM (T'[p"]) = (L' /p", M' [p"),

with this isomorphism functorial in IV and compatible with change in n and base change as in §4. We will

need to use these isomorphisms below in the case when the base is the valuation ring A" of the Galois closure

K" of X" over K’. Note that since X' /K’ is a totally ramified extension of degree e et e(X' /K') prime to

p, we have X" = K'(¢.) and so e(X”) = e(X). This is the main reason it was important to reduce to the
case in which X' /K is totally ramified.

Since I"[p] ~ G x4+ A’, we see that I'[p]r, ~ Gy, (recall k ~ A’/n). Thus, M(Gy) ~ M(T’[p]x) ~ M'/p.
There is an A’-submodule L C (M’ /p) s such that

LM/ (G) ~ (L, M’ /p)

and the results in §4 enable us to relate L and L'/p. In fact, since A’ — A’ is a totally ramified finite extension,
Lemma 4.5 and the isomorphism G x 4. A" ~ I'[p] imply that the natural map A’ @4+ (M’ /) — M’ 4 of
A’-modules induces an A’-linear isomorphism

A ®A/ZZL,/p.

Now choose an A’-module direct summand L C M’ 4 such that L/p < M’ 4/ /p ~ (M'/p) ,, has image L.
We make the crucial claim that we can choose L C M’ 4+ C M’ 4 to lie inside of L’ (recall that M’ 4+ — M’ 4/
is injective, as it is compatible with

K @4 (Ma)~K @a M — K @aM ~K @4 (M 4),

by [7, Ch IV, §2.3, Prop 2.1]).
The construction of such an L will require a long argument. First of all, consider the commutative diagram

(M'[p)ar = (M'/p) g

CWioa(Re) — CWioa(8k)
w’azl lw’s
fRK/ /miR — 83(//118

with 8§ = A’ ® 4/ R the affine ring of G x 4» A’. The bottom row is an injection, as we noted at the beginning
of the proof of Lemma 4.5. Recalling that LM 4/ (I[p]) ~ (L' /p, M'/p), this diagram enables us to conclude
that kernel L C (M’/p)ar of the left column contains (L' N (M’ 4/)) /p < M’ a//p ~ (M'/p) ,,. Here, the
intersection uses the fact mentioned earlier that the natural map M’4 — M’ 4, is an A’-linear injection,
as it is compatible with the injection K’ ®4 M’ — X' ®4M'. Also, the map (L' N (M')a)/p — M’ a1 /p
is injective because L' N (M’ 4/) is an A’-module direct summand of M’ 4. In order to justify this direct
summand property, it is enough to show that L’ is an A’-module direct summand of M’ 4, D M’ /. Since
M’ 4+ is a finite free A’-module, it suffices to check that L'/n — M’ 4/ /n is injective. But this is clear, since
we have an isomorphism via L'/n ~ M’ 4 /M’ 4,[1], with the latter a quotient of M’ 4/ /n.
We will show that the inclusion
(LA (M a)) fpC T

of A’-submodules of (M’/p) - is an equality. This will finish the proof, by taking L rn (M,,). Note that
at this point it is not even clear that L' N (M’4/) would ever be non-zero (for e(X') > 1). Proving that the
above inclusion is an equality is something that can be checked after making a faithfully flat base extension,
so we will show that
A @a (L'0(M'a) [p) — A @a L

is an isomorphism. Recall from our discussion of totally ramified base change in §4 that the natural A’-linear
map from A’'® 4/ L to (M'/p) a/ is injective with image L’ /p (since G'x 4+ A’ =~ T"[p]!), so what we wish to prove
is equivalent to showing that (L' N (M’4/))/p and L have images in (M'/p) 4, (via (M'/p)ar — (M'/p)a)
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with the same A’-linear span. Since the A’-linear span of the image of L is precisely L'/p, it is sufficient to
prove that the A’-linear map
A’ XA (L/ N (M/A/)) — I/
is an isomorphism.
The first thing we will show is that the above injection remains injective modulo n, so A’ ® 4/ (L' N (M’ 4/))
is at least an A’-module direct summand of L’. Well, modulo n the map is (L’ N (M’ 4/))/m — L' /n and this
fits into the commutative (!) diagram

LAMa)m — U S M /Ml

~

L/m —  coker Fpprp ar M'JFM’

so if the left column is injective, then the map (L' N (M'4/))/m — L’/n is injective also, as desired. The
injectivity of the left column says exactly that (L' N (M’a/))/p C L is an A’-module direct summand; in
order to prove this latter condition, it suffices to prove that that (L' N (M’ 4/))/p € (M'/p) o» = M'a//pis an
A’-module direct summand. But as we noted above, L' N (M’ 4/) is an A’-module direct summand of M’ 4,
so just reduce modulo p.

Since the inclusion A’ ® 4- (L' N (M’ 4/)) < L’ has been proven to be an isomorphism onto an A’-module
direct summand, in order to prove that this submodule actually fills up all of L', it is enough to check that
we have an isomorphism after passing to the generic fiber, which is to say that we want to show

K @ (LN (M ) =K @ar L
inside of K’ ®A’(M/A’) =X’ ®A’(M/A’)- If K ®Qa L C K’ ®A’(M/A’) ~ K’ ®K/(K/ X ar (M/A/)) is a K'-
rational subspace (i.e., of the form X' @V for some K’-subspace V of K' @4 (M’ z) ~ K' ®4 M'), then

K'oal = X'ox (KeaLl)n(K @ (M a)))

= X' ex (K ®a (L'0(M 4)))

= K'eu(L' n(Ma)),
as desired. Clearly it even suffices to prove that the K”-subspace

3(:” ®A’L/ c J(:” R (M/A/)

is a K'-rational subspace, with X" the Galois closure of X' over K’. Note that X" = X'((,), where
e & e(X' /K"), so the inclusion of valuation rings A’ — A" is a finite étale extension and A" has A[(.,]
as its maximal unramified subring (i.e, this is the Witt ring of the perfect residue field k({,) of A” and
A = W (k) as usual). This will permit us to apply our previous base change formalism (after passing to an
inverse limit).

The idea behind the proof that K" @4/ L' C K" @4 M'a = K" @/(K' @4 (M'4/)) is K'-rational is
that (L', M') = LM/ (I") where I x 4s X' ~ T/ x g K'. This latter isomorphism base extends to the
isomorphism I x 4/ K" ~ ' x g K" and we now ought to be able to transfer Galois descent formalism of
Gal(X" /K') from the right side to the left side.

More precisely, we note that for L” = A” @ 4+ L' and M" = A[(.,] ®a M,

LMA/I(F/ XA’ .AH) ~ (LH, M”).
To see this, simply consider the analogous assertion for the p™-torsion via Theorem 4.6 and pass to the
inverse limit, using the fact that the natural A”-module map
M g = Tim (M fp") 4)

is an isomorphism, thanks to (M" 4) /p™ ~ (M" /p™) 4., Since I L1 % 4 A" has generic fiber isomorphic

to T'gr x g K", for each v € Gal(X"” /K') we have a morphism of p-divisible groups over X"
[V] T X an K" (F// X :K://)7 ~ FH’Y X g %K
satisfying [idgcr] = idpry 5 and [7]5 0 [§] = [§ 0 4] for all v, 7 € Gal(X" /K”).
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By Tate’s full faithfulness theorem for p-divisible groups [19, Thm 4], or even just by repeated applications
of Lemma 4.1 (since e(X") = e(X')), we get the same formalism canonically over A”. We will use this
formalism to show that for each v € Gal(X” /K’), the X"-semilinear map

V@1 %" ®A’<M/A') K" S (M/A/)
takes the subspace X" ®4/L to itself. The classical formulation of Galois descent (i.e., the normal basis
theorem) then would yield that K" ® 4/ L’ is K'-rational, as desired.

To start off, define L., and M"5 to be the base extensions of L” and M" by the respective base changes
v: A" — A" and 7 : A[(e,] — A[C,]- Passing to the inverse limit on our discussion in §4 gives rise to the
natural A"”-module isomorphism

jf\/ :A” ®A// (M”A//) ~ (M”ﬁ)

where on the left side we use v : A” — A”. A simple ‘passage to the inverse limit’ argument based on
Theorem 4.6 also shows that

Al

LMan(I"y) = (L, M"5),
where we use j, to embed L”, as an A”-submodule of (M"5) ,,,.
The ‘Galois descent’ formalism over A" translates into Dk(ceo)—module maps

[’Y} . ]\4//7 — M//
for all v € Gal(X" /K'), such that [y] 4~ takes L”., over into L” (!) and
1] o [ralsr = I 072

Consider the -semilinear map of A”’-modules

oi
MHA” N .A” Q. (M”A//) ['Y]i)]’v MI/A//

given by m +— [y]a» o jy(1 @ m) (of course, the base change A” — A” implicit in the tensor product is
the one induced by 7). Since the map M" 4 — A" ®gn (M" 4) used above takes L over to j '(L",)
(by definition!), we see that the composite y-semilinear map takes L over to itself. Therefore, as long as
this map fixes every element of the natural copy of M’ 4/ sitting inside of M" 4., it follows that the induced
semilinear map on K’ @41 (M" 411) = K" @4/ (M’ a1) is exactly y® 1. In other words, y® 1 takes K" ® 4 L"
over into itself, which is exactly what we had promised to show.

It remains (for the construction of L inside of L') to check that M’ 4 is fixed in the manner just described.
Since we have an inclusion of subsets of M” 4. given by

M/ g M// g M//A//
in the obvious way, it is in fact enough to consider the A[(.,]-linear map
[,y} . ]\4’//7 — M/I

and to show that this takes 1®@m to m for every m € M’ — M". We can rewrite this as a J-semilinear map
of A[¢.,]-modules

A[Ceo] ®a M — AK@O] ®a M’
and we want to show that for all m € M’, the element 1 ® m is fixed by this map. That is, the (abstract)
semilinear action of Gal(K'((.,)/K’) ~ Gal(K((,)/K) ~ Gal(k(¢e,)/k) on A[(e,] ®4 M’ arising from the
above generic fiber descent formalism should fix M’ and so should be the obvious action.

By [7, Ch II, §2.2], this ‘obvious’ action is precisely what we get if we use the functor M to translate the
canonical Galois descent data for (I'Vj) xj k((e,) down to I'j into the language of of Dieudonné modules
(much like in the discussion at the beginning of this section). The prolonged ‘Galois descent data’ formalism
of Gal(X" /K') on T" x4, A" induces (abstract) ‘Galois descent data’ formalism of Gal(K’((,)/K') ~
Gal(k(Ce,)/k) on the closed fiber; we must verify that this is exactly the usual Galois descent data on this
closed fiber. The key point will be that the projection Gal(X"” /K’) — Gal(K’'(¢.,)/K') has a section,
namely the inverse to the natural isomorphism Gal(X"” /X') ~ Gal(K’(¢.,)/K") which arises from the linear
disjointness of X' and K’((.,) over K.



54 BRIAN CONRAD

Since IV x4 K' ~ T'gr x g K" as p-divisible groups over X', we are reduced to showing that if we begin
with the canonical Galois descent data for (F’ X fK') X e K" down to TV x 4 K" and “formally’ prolong it
to the entire p-divisible group I x 4/ A” (by Tate’s theorem or Lemma 4.1), then the induced formalism over
the closed fiber is exactly the canonical Galois descent data for (I x 4/ k) Xy k((e,) down to TV x 4 k = T
However, this assertion is a direct consequence of the way in which Galois descent of fields is realized as
faithfully flat descent and the fact that A" — A" is a Galois extension of discrete valuation rings (see [1,
§6.2, Example B] for more details). This completes the construction of the desired L C M’ 4 C M’ 4/ lying
inside of L'.

Let us see how such an L enables us to construct I' of the desired sort. The commutative diagram

Lim — M /M y[l] <& M'JFM'

~

L/m — cokerFypjpar «— (M'/p)/F(M'/p)
shows that (L, M') lies in H4,, so (L,M’') ~ LM4/(T) for a p-divisible group I over A’. Certainly the
A’-submodule
LA/(F X Al AI) — M’A/ - K/(X)AMI
contains L = L4/ (T'). Thus, A’ ® 4/ L lies inside of L/ (T" x4+ A’). Modulo n, however, this inclusion is
precisely the top row in the commutative diagram

L/m — LA/(F XA/.A/)/H
M a0 /M (1] M M 1]
M/FM = M JFM

so A @4 L = Lg/(T xa A’) inside of X'®@4M’. Since we are assuming that L lies inside of L', so
A' ®4 L C L', the commutative diagram

A ®a L)/n — L'/n

M/A//M/A’[l] = M/‘A//M/‘A’[l}

forces A’ ® o L = L'. Therefore, LM/ (I") = (L',M') = (A’ ® 4o L, M") is isomorphic to LM4/ (T x 4» A’),
from which we get an isomorphism of formal A’-group schemes I' x 4+ A’ ~ T".
Passing to the generic fiber, we get an isomorphism of p-divisible groups over K’

(F X Al K/) XK’ le EF/ XA’ 9(:/ EFK/ XK’ :K/.
Recall that by hypothesis, 'k [p] =~ G X 4- K’ for some G in FF 4, and T is defined so that
LM (T[p]) = (L/p, M [p) = (L, M /p) =~ LM 4/ (G),

so G ~ T'[p]. On the generic fiber this gives I/ [p] ~ I'[p] x a- K. Hence, I' x 4» K’ and 'k are two p-divisible
groups over K’ which become isomorphic over X’ and have p-torsion subgroups which are isomorphic over
K'.

Since T'g and T' x 4» K’ have the same height h (as this can be computed after base extension to X'),
upon fixing a choice of algebraic closure K’ of K’ and a K’-embedding K’ — K’, we may view I'yx» and
I' x 4+ K’ as continuous Galois representations

pi : Gal(K'/K') — GLy(Z,)
(i = 1,2) such that p1|Gal(F/ 5y p2|Gal(7/ 5y and for p; def pi mod p, there is an isomorphism p; ~ py. In

fact, we claim that the same matrix p € GLj(Z,) can be used to conjugate p1|Ga1(F/ 5 into P2|Gal(ﬁ/ %)
and p; into p,. Such a conjugation by p gives a ‘compatible’ choice of bases and so would allow us to
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assume that pl‘Gal(F/ %) and pg\Gal(ﬁ/ gy are literally equal, as are p; and p,. Lemma 5.4 then would
yield p; =~ ps, so
FK/ ~T X Ar K/,
which is what we wanted to prove.
The rigorous justification of the existence of p is based on giving a more canonical description of the
meaning of the existence of . Consider the isomorphism

(F X Al K/) XK’ fK/ EFK/ XK’ fK,
from above. This induces an isomorphism of X’-group schemes
©1 (F[p] X Al K/) XK’ j(j/ ~ FK/[p] XK’ fK, ~ (G X Ar K,) XK’ fK/,

the latter isomorphism being induced by the base extension K’ — K’'. However, by using the isomorphism
G ~ I'[p] obtained at the end of the above lengthy construction of L, the base extension A’ — X' gives rise
to an isomorphism
©2 (F[p] X A/ K’) XK’ fK/ ~ (G X Ar K/) XK’ j<:/.

The existence of u is precisely the assertion that ¢ = @s.

These maps 1, @2 lift to isomorphisms of the corresponding A’-group schemes, so by the faithfulness of
passage to the closed fiber (Corollary 3.7) it suffices to check that the induced maps on the closed fibers
coincide. Since A’ — A’ induces an isomorphism on the residue fields, we have two (abstract) isomorphisms

M(G) ~ M(T[plx)

which we must prove are the same. From I'[p] ~ G x4 A" we get M(Gy) ~ M(IV[p]x) =~ M’'/p; an
isomorphism M’ ~ M(T}) is furnished by the definition of T, so we have also an isomorphism M'/p ~
M(T'[p]k). The composite isomorphism M(Gy) ~ M(T'[p]x) is precisely the map induced from ¢;. Now
consider the isomorphism I'[p] ~ G constructed above via Honda systems (actually, it is the inverse that we
constructed). On the level of closed fibers, it is obvious that we have ezactly the same map on the Dieudonné

modules as was just described. Hence, ¢; and ¢, do indeed coincide.
|

We now prove the lemma which was critical in the above proof.

Lemma 5.4. Let G be a profinite group and H an open normal subgroup of index prime to p, with p a
prime. Let p; : G — GL,(Z,) be two continuous representations for which p1|g = p2|n and py = py, where
p; is the residual representation p; mod p. Then p1 ~ ps.

Proof. Let p denote the common restriction of p; and ps to H. Define f(g) = p1(g)p2(g)~!. It is easy to
check that this is a function from the group G/H to the group
K, =ker(GL,(Z,) — GL,(F))).

Moreover, given that ps is a representation, the condition that p; is a representation is equivalent to the
condition
F(9192) = f(g1) - pa(91) f(g2)p2(g1) "

In particular, if we take gy = h to be any element of H and gs = ¢ to be any element of G, then

f(g) = f(hg) = p(h) f(g)p(h)~",
so f takes its values in the subgroup KX of invariants under p = py|g. Note that this is a closed subgroup
of K, and so is a pro-p group with a G/H-stable solvability series (using the conjugation action of ps).
Since the abelian higher cohomology of G/H on abelian p-groups always vanishes, the standard short
exact sequence arguments and compactness of KX show that H(G/H, K1) is the trivial pointed set (here,
we are using continuous non-abelian cohomology). Hence, there exists z € K such that

f(g) =z palg)zpa(g) .

In other words, x € GL,(Z,) conjugates py into p1, so we have the desired isomorphism.
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We conclude by mentioning a question raised by Nicholas Katz. Fix a prime p. Choose a local field K
with characteristic 0 and having a valuation ring with a perfect characteristic p residue field. Let K'/K be a
finite extension. Consider an abelian variety A, such that A, has good reduction. For a positive integer
n, say that A[p™] has good reduction over K if there is a finite flat O g-group scheme G and a K-group scheme
isomorphism A[p"] ~ G X, K. Does there exist an explicit strictly increasing sequence of positive integers
e(l,p) <e(2,p) <---<e(n,p) < ... so that if (for some n) e(K’) < e(n,p) and A[p"] has good reduction
over K, then A has good reduction over K? Intuitively, if K'/K is fixed, there should be a p-power torsion
level depending only on e(K’) so that detecting good reduction for an abelian variety over K is equivalent
to good reduction over K’ and good reduction for a suitable torsion level over K. We showed above that
one should take e(1,p) = p — 1. The existence of a sequence {e(n,p)} would be a nice complement to [11,
Cor 5.10].

APPENDIX A

In this appendix, we would like to clarify an important point in the proof of Fontaine’s classification of
smooth p-formal group schemes over A’ where e(A’) < p—1 (or e(A’) < p — 1 if we restrict attention
to connected or unipotent objects). The point of interest arises on [7, p. 180], where one has a system of
equations

c+ Ax 4+ Bz? =0,

where « is an unknown vector with n entries in an Fp-algebra S, ¢ is a given vector in S™, A is an invertible
n by n matrix over S, B is a nilpotent n by n matrix over .S, and 2P denotes the vector obtained from x by
raising the entries to the pth power. It is asserted that such a system of equations admits a unique solution.
In this level of generality, the claim is not quite true, because the matrix A~ B might not be nilpotent. We
would like to explain why this does not cause problems. More precisely, we will show that in the particular
setting considered in [7], the matrix A=!B is actually nilpotent and that this suffices to get existence and
uniqueness of solutions. Since this is just a technicality that is only of interest to someone reading [7], we
take the liberty here of using the notation in [7] without comment (it would be too much of a digression to
recall here all of the notation we need).

For a ‘bad’ example, consider the hypothetical possibility that of = X; + Xs + (1/p) X%, o§ = Xy,
29 = 0 mod p, and z{ is allowed to be anything. We then get the simultaneous equations

mty+ys+m =0, y1+7=0.

If 1 = 42 = 0, then (0, 1) and (0,0) are both solutions. If v; = 1, 79 = 0, then we need to solve the equation
TP —T + 1, which has no solution if our characteristic p ring is F),. We need to make fuller use of our group
scheme setting in order to rule out examples of this type. The key fact is:

Theorem A.1. There is a matrix identity

dag\ 7 (oPas\ _ [ (OV(X)\” od B

0Xy 0X f 0X; ’
where the right side is the negative of the matriz obtained by taking the (semi-linear) matriz of V with respect
to the k-basis {X;} of the k[V]-module m/m? ~ M /FM = M°/FM¢° and raising the entries to the pth power.
Granting this, we can choose coordinates X; so that the matrix of the nilpotent V on m/m? with respect

to the basis {X;} has all entries 0, except for some lower diagonal (7,7 + 1) entries which might equal 1. It
would then remain to prove:

Lemma A.2. Let S be an F,-algebra, c € S™, N = (v;;) an n by n matriz with v;; nilpotent for j # i+ 1.
Then the vector equation

r=c+ Nz?
has a unique solution x € S™ (here, as above, xP € S™ denotes the vector obtained by raising the entries in
x to the pth power).
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Proof. By standard limit arguments, we may assume S is a localization of a finite type Fj-algebra. Unique-
ness can then be checked over the completion, and once we have uniqueness in general, existence can be
obtained by descent from the completion. Thus, we may assume that S is a complete local noetherian
F-algebra with a finite residue field k, in which case it is enough to work over the artinian quotients of S.
That is, we may assume S is a finite local F,-algebra. We want to show that the map of sets

p: S 5"

given by x +— x — NzP is a bijection. Since S is a finite set, it suffices to check injectivity. Since ¢ is additive,
it is enough to check that x = NaP implies x = 0. If z = 0 mod mg, we can iterate, so it is enough to pass
to S/mg. That is, we may assume S is a field and N = (v;;) is a lower diagonal matrix. Any product of

n + 1 such matrices is 0, s0 £ = Na? = N - ---- N®")zr"™ = 0, where N#") = (uf)j)
[ ]

Now we prove Theorem A.1

Proof. The key input from the theory of formal group schemes is [7, Ch III, Prop 3.1], which gives a¢, ; =
V(a§,;). Since R = k[X1,...,X,], we have a o~ !-linear ring map V : k[X1,..., X,] — E[X1,..., X, ]
(where o denotes absolute Frobenius on k) and by the Chain Rule we compute that for f € k[X1,..., X,],

o B of oV (Xy)
a_&(V(f)) = ;U 1 (5—)(@ |(U(V(X1)),,,,7U(V(Xn)))) . T){j

Thus,

day ; _ Za_l dag ; ’ ) oV (Xy)
5%, ~2 X, e vy | e

This yields

oPa§ aac_li P ~
L o= - 1)! : d
oX? (p=1) < X, ) rmodm

i
|

-
Q\

8a0,i | P aV(Xg) ‘ P mod ﬁ\l
ax, " ax; "

o 80&‘; aV(Xg) P ~

Therefore, we get the matrix identity asserted in the statement of the theorem.
|

We conclude by noting that the existence and uniqueness assertion for the system of equations on [7,
p. 183] is a special case of the general claim that for any F,-algebra S, any n by n matrix A with entries in
S, and v € S™ any vector with nilpotent entries, the vector equation

y+ax+ AzP =0

has a unique solution in S™ with nilpotent entries. The proof proceeds exactly like the proof in the Lemma
A.2, via reduction to the case in which S is a finite local Fp-algebra, and we then want to show that the
additive map S™ — S™ given by x — x4+ AzP induces a bijection on vectors with nilpotent entries. The map
certainly sends ‘nilpotent’ vectors to ‘nilpotent’ vectors, so by a counting argument it is enough to check
that if z + AzP = 0 and x has nilpotent entries, then = = 0. But this is clear.
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