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THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP

by

Thomas Zink

Abstract. — We give a new Dieudonné theory which associates to a formal p-divisible
group X over an excellent p-adic ring R an object of linear algebra called a display.
On the display one can read off the structural equations for the Cartier module of X,
and find the crystal of Grothendieck-Messing. We give applications to deformations
of formal p-divisible groups.

Introduction

We fix throughout a prime number p. Let R be a commutative unitary ring. Let
W (R) be the ring of Witt vectors. The ring structure on W(R) is functorial in R and
has the property that the Witt polynomials are ring homomorphisms:

Wnp ! W(R)—’R
n n—1
(:L‘(),...xi,...)l—>mzo’ + px¥ N N

Let us denote the kernel of the homomorphism wg by Ir. The Verschiebung is a
homomorphism of additive groups:

V. W(R) — W(R)
(.’L‘(),....’L‘i,...) L (O,CE(),...(IL,;,...)

The Frobenius endomorphism ¥ : W(R) — W/(R) is a ring homomorphism. The
Verschiebung and the Frobenius are functorial and satisfy the defining relations:

wn(Fz) = wpii(z), forn >0
wn(Vw) = pwp_1(z), for n > 0, WO(V:c) =0.

2000 Mathematics Subject Classification. — 14105, 14F30.
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128 T. ZINK

Moreover the following relations are satisfied:
V=p,  Vay) =2y, w,yeW(R)

We note that Ir = YW (R).

Let P, and P> be W(R)-modules. An f-linear homomorphism ¢ : P, — P, is a
homomorphism of abelian group which satisfies the relation ¢(wm) = Fwe@(m), where
m € P, w € W(R). Let

" : W(R) @rw(ry P — P2

be the linearization of ¢. We will call ¢ an f-linear epimorphism respectively an
F_linear isomorphism if ¢* is an epimorphism respectively an isomorphism.

The central notion of these notes is that of a display. The name was suggested
by the displayed structural equations for a reduced Cartier module introduced by
Norman [N]. In this introduction we will assume that p is nilpotent in R.

Definition 1. — A 3n-display over R is a quadruple (P,Q, F,V~!), where P is a
finitely generated projective W (R)-module, @ C P is a submodule and F' and V!
are Fllinear maps F: P - P, V~1:Q — P.
The following properties are satisfied:
(i) IrP CQ C P and P/Q is a direct summand of the W (R)-module P/IrP.
(ii) V~!:Q — P is a flinear epimorphism.
(ili) For z € P and w € W(R), we have

V-1(Vwz) = wFx.

If we set w = 1 in the relation (iii) we obtain:
Fz =V~ 1(V1z)

One could remove F' from the definition of a 3n-display. But one has to require that
the f-linear map defined by the last equation satisfies (iii).

For y € Q one obtains:

Fy=p-V7ly

We note that there is no operator V. The reason why we started with V1! is the
following example of a 3n-display. Let R = k be a perfect field and let M be a
Dieudonné module. It is a finitely generated free W (k)-module which is equipped with
operators F and V. Since V is injective, there is an inverse operator V=1 : VM — M.
Hence one obtains a display (M,V M, F,V~1). In fact this defines an equivalence of
the category of Dieudonné modules with the category of 3n-displays over k.

Let us return to the general situation. The W (R)-module P always admits a direct
decomposition

P=L&T,
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THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 129

such that @ = L & IrT. We call it a normal decomposition. For a normal decompo-
sition the following map is a f“linear isomorphism:

V3ieF:LeT —P

Locally on Spec R the W (R)-modules L and T are free. Let us assume that 7" has
a basis e1,...,eq and L has a basis eg+1,...,en. Then there is an invertible matrix
(cvij) with coefficients in W (R), such that the following relations hold:

h
Fe; = Zaijei, forj=1,...,d

i=1

h
V_1€j = Zaije,- forj=d+1,...,h
i=1
Conversely for any invertible matrix (a;;) these relations define a 3n-display.
Let (Bxi) the inverse matrix of (cyj;). We consider the following matrix of type
(h — d) x (h — d) with coefficients in R/pR:
B = (wo(Bki) modulo p)k,i=d+1,...,h
Let us denote by B®) be the matrix obtained from B by raising all coefficients of B

to the power p. We say that the 3n-display defined by (c;) satisfies the V-nilpotence
condition if there is a number N such that

B ..B®.p—o.

MYy

The condition depends only on the display but not on the choice of the matrix.

Definition 2. — A 3n-display which locally on Spec R satisfies the V-nilpotence con-
dition is called a display.

The 3n-display which corresponds to a Dieudonné module M over a perfect field
k is a display, iff V is topologically nilpotent on M for the p-adic topology. In the
covariant Dieudonné theory this is also equivalent to the fact that the p-divisible group
associated to M has no étale part.

Let S be a ring such that p is nilpotent in S. Let a C S be an ideal which is
equipped with divided powers. Then it makes sense to divide the Witt polynomial
w., by p™. These divided Witt polynomials define an isomorphism of additive groups:

W(a) — aV
Let a C aY be the embedding via the first component. Composing this with the
isomorphism above we obtain an embedding a C W(a). In fact a is a W (.S)-submodule
of W(a), if a is considered as a W (S)-module via wo. Let R = S/a be the factor
ring. We consider a display P = (13, @, I~7‘, 17—1)\ over S. By base change we obtain a
display over R:
Pr=P=(PQ,F V!
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130 T. ZINK

By definition one has P = W (R) ®w/ s) P. Let us denote by Q = W(a)];—i—@ C P the
inverse image of Q. Then we may extend the operator V! uniquely to the domain
of definition @, such that the condition V~1aP = 0 is fulfilled.

Theorem 3. — With the notations above let P’ = (13’ ,Q', F, ‘7‘1) be a second display
over S, and P' = (P',Q’, F,V 1) the display over R obtained by base change. Assume
we are given a morphism of displays u: P — P’ over R. Then u has a unique lifting
u to a morphism of quadruples:

a:(P,Q,F,V-'y — (P',Q',F,V1).

This allows us to associate a crystal to a display: Let R be a ring, such that p is
nilpotent in R. Let P = (P,Q, F,V~!) be a display over R. Consider a surjection
S — R whose kernel a is equipped with a divided power structure. If p is nilpotent
in S we call such a surjection a pd-thickening of R. Let P = (P,Q, F,V~1) be any

lifting of the display P to S. By the theorem the module P is determined up to
canonical isomorphism by P. Hence we may define:

Dp(S)=S Qws) P
This gives a crystal on Spec R if we sheafify the construction.

Next we construct a functor BT from the category of 3n-displays over R to the
category of formal groups over R. A nilpotent R-algebra A is an R-algebra (without
unit), such that NV = 0 for a sufficiently big number N. Let Nilg denote the
category of nilpotent R-algebras. We will consider formal groups as functors from the
category Nilgr to the category of abelian groups. Let us denote by W(N’ ) € W(N)
the subgroup of all Witt vectors with finitely many nonzero components. This is a
W (R)-submodule. We consider the functor G%(N) = W(N) ®w (r) P on Nilg with
values in the category of abelian groups. Let G;l be the subgroup functor which is
generated by all elements in W(N ) ®w (r) P of the following form:

“¢oz, ¢®y, (eWW) yeQ zeP
Then we define a map:
(1) vl-id: Gzl — GY
On the generators above the map V~! — id acts as follows:
(V1-id)(Ve®r)=¢®@Fz—V¢®x
(V1 -id(¢®y) =TtV ly-£®y
Theorem 4. — Let P = (P,Q,F,V~1) be a 3n-display over R. The cokernel of the
map (1) is a formal group Bl’p. Moreover one has an exact sequence of functors on

Nilg:

1 Vol —i
-

0— G5 4, qo . Bry —0
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THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 131

If NV is equipped with nilpotent divided powers we define an isomorphism:
expp : N ®r P/Q — BI'p(N),

which is called the exponential map. In particular the tangent space of the formal
group BI'p is canonically identified with P/Q.

Let Er be the local Cartier ring with respect to the prime p. Then Bl’p has the
following Cartier module:

M(P) =Eg QW (R) P/(F®x— 1®F1‘,V®V—ly—— 1®Yy)Ex,

where z runs through all elements of P and y runs through all elements of @, and
( )Eg indicates the submodule generated by all these elements.

Theorem 5. — Let P be a display over R. Then Bl'p is a formal p-divisible group of
height equal to rankw gy P.

The restriction of the functor BI' to the category of displays is faithful. It is fully
faithful, if the ideal of nilpotent elements in R is a nilpotent ideal.

The following main theorem gives the comparison of our theory and the crystalline
Dieudonné theory of Grothendieck and Messing.

Theorem 6. — Let P = (P,Q,F,V~!) be a display over a ring R. Then there is a
canonical isomorphism of crystals over R:

Dp AN Dary

Here the right hand side is the crystal from Messing’s book [Me]. If W(R) — S is a
morphism of pd-thickenings of R, we have a canonical isomorphism

S QW (R) Pz ]D)BI‘,,(S).

In this theorem we work with the crystalline site whose objects are pd-thickenings
S — R, such that the kernel is a nilpotent ideal. We remark that the crystal Dpr,
is defined in [Me] only for pd-thickenings with nilpotent divided powers. But if one
deals with p-divisible groups without an étale part this restriction is not necessary
(see corollary 97 below). In particular this shows, that the formal p-divisible group
BT'p lifts to a pd-thickening S — R with a nilpotent kernel, iff the Hodge filtration
of the crystal lifts (compare [Gr] p.106).

The functor BT is compatible with duality in the following sense. Assume we are
given 3n-displays P; and P, over a ring R, where p is nilpotent.

Definition 7. — A bilinear form ( , ) on the pair of 3n-displays Pi, P2 is a bilinear
form of W (R)-modules:
P, 1 X P2 —_— W(R),

which satisfies

YV, Vo lys) = (y1,42) for 91 € Q1, y2 € Q2.
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132 T. ZINK

Let us denote by Bil(P;,P2) the abelian group of these bilinear forms. Then we
will define a homomorphism:

2) Bil(P;, Py) — Biext!(BI'p, x Blp,,Gmnm)

Here the right hand side denotes the group of biextensions of formal groups in the
sense of Mumford [Mul].
To do this we consider the exact sequences for 7 = 1, 2:

_1_-
O—»G;lv__id_,G%i_,BTPi__,O

To define a biextension in Biext!(BI'p, x Bsz,@m), it is enough to give a pair of
bihomomorphisms (compare [Mu)):

a1 : Gpl(N) x GE, (N) — «:}m(./\/'),
az : G} (N) x G5E(N) — Gm(N),

which agree on G5! (N) x Gz}(N), if we consider G5! as a subgroup of G% via
the embedding V~1 — id, for i = 1,2. To define a; and o explicitly we use the
Artin-Hasse exponential hex : W(N) — G (N):

a1(y1,z2) = hex(V~=ly;,z3) for y; € G,',ll(./\/'), Ty € G%Z(N)

02(1'1,2/2) = — hex(xl,yg) for T € C';O'P1 (N)7 Y2 € G’I_D:(N)
This completes the definition of the map (2).

Theorem 8. — Let R be a ring, such that p is nilpotent in R, and such that the ideal
of its nilpotent elements is nilpotent. Let P1 and P2 be displays over R. Assume that
the display P2 is F-nilpotent, i.e. there is a number r such that F" P, C IrP,. Then
the map (2) is an isomorphism.

I would expect that BI' induces an equivalence of categories over any noetherian
ring. We have the following result:

Theorem 9. — Let R be an excellent local ring or a ring such that R/pR is an algebra
of finite type over a field k. Assume that p is nilpotent in R. Then the functor BT is
an equivalence from the category of displays over R to the category of formal p-divisible
groups over R.

‘We will now define the obstruction to lift a homomorphism of displays. Let S — R
be a pd-thickening. Let P; and P, be displays over S, and let P; and P3 be their
reductions over R. We consider a morphism of displays @ : P; — Ps. Let o : P, — P
the unique map which exists by theorem 3. It induces a map, which we call the
obstruction to lift &:

Obstp: Q1/IsP1 — a®s P2/Q2

This morphism vanishes iff @ lifts to a homomorphism of displays ¢ : P; — Pa.
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THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 133

We will now assume that pS = 0 and that a? = 0. We equip S — R with the
trivial divided powers. Then p Obst g = 0. Therefore pp lifts to a homomorphism of
displays 1 : P; — Ps. Let us assume moreover that we are given a second surjection
T — S with kernel b, such that b? = 0, and such that pT" = 0. Let ’ﬁl and 732 be
two displays, which lift ; and P2. Then we give an easy formula (proposition 73),
which computes Obst 1 directly in terms of Obst . This formula was suggested by
the work of Gross and Keating [GK], who considered one-dimensional formal groups.
We demonstrate how some of the results in [G] and [K] may be obtained from our
formula.

Finally we indicate how p-divisible groups with an étale part may be treated us-
ing displays. Let R be an artinian local ring with perfect residue class field k¥ of
characteristic p > 0. We assume moreover that 2R = 0 if p = 2. The exact sequence

0 —— W(m) —— W(R) —2— W(k) —— 0,
admits a unique section § : W (k) — W (R), which is a ring homomorphism commuting
with F.
We define as above:
W(m) = {(zo,71,...) € W(m) | x; =0 for almost all i}

Since m is a nilpotent algebra, /V[7(m) is a subalgebra stable by F' and V. Moreover
W (m) is an ideal in W (R).
We define a subring W(R) C W(R):

W(R)={£€W(R) | &—én(€) € W(m)}.
Again we have a split exact sequence

0 —— W(m) —— W(R) —— W(k) —— 0,
with a canonical section § of m. Under the assumptions made on R the subring
/W?(R) C W(R) is stable by ¥ and V. Therefore we may replace in the definition of a
3n-display the ring W(R) by W(R). The resulting object will be called a Dieudonné
display over R. In a forthcoming publication we shall prove:

Theorem. — Let R be an artinian local ring with perfect residue field k of charac-
teristic p > 0. We assume moreover that 2R = 0 if p = 2. Then the category of
Dieudonné displays over R is equivalent to the category of p-divisible groups over R.

I introduced displays after discussions with M. Rapoport on the work of Gross
and Keating [GK]. I thank Rapoport for his questions and comments and also for
his constant encouragement, which made this work possible. I also thank J. de Jong,
G.Faltings, and B.Messing for helpful remarks, and O.Gabber for his helpful questions,
which he asked during lectures. The remarks of the referee helped me to correct an
error in the first version of this paper. I forgot that Messing [Me] assumes nilpotent
divided powers, which is necessary in the presence of an étale part (see the remarks
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134 T. ZINK

above). I am very grateful to him. Finally I thank the organizers of the “P-adic
Semester” in Paris 1997 for giving me the possibility to present my results there. At
this time a preliminary version of this work entitled “Cartier Theory and Crystalline
Dieudonné Theory” was distributed.

Note added in March 2001: A proof of the last theorem above is given in [Z3]. The
relation of the theory of Ch. Breuil [Br] to the theory given here is explained in [Z4].
A construction of the display associated to an abelian scheme over R is given in [LZ],
by means of a de Rham-Witt complex relative to R.

1. Displays

1.1. Generalities. — Let A and B be commutative rings and p : A — B be a
homomorphism. If NV is a B-module, we denote by N[, the A-module obtained by
restriction of scalars. Let M be a A-module. A p-linear map o : M — N is an A-
linear map a : M — Ny,. It induces a B-linear map o B®,aM — N. We will say
that « is a p-linear isomorphism (respectively epimorphism), if a# is an isomorphism
(respectively epimorphism).

Let R be a unitary commutative ring, which is a Z,)-algebra. Let W(R) be the
Witt ring with respect to the prime number p. We apply the definitions above to the
case where A = B = W(R), and where p is the Frobenius endomorphism ¥ : W(R) —
W(R). (For notations concerning the Witt ring we refer to the introduction.) As an
example we consider the Verschiebung ¥V : W(R) — W(R). It induces a W (R)-linear
isomorphism

v . W(R)[F] — IR.
Its inverse is a ‘“linear map:
VT Ig — W(R)

This map is a -linear epimorphism, but it is not a -linear isomorphism (!) unless
R is a perfect ring.

We define base change for f-linear maps as follows. Let S — R be a homomorphism
of commutative rings. Assume a : @ — P is a flinear homomorphism of W (S)-
modules. Then the base change arp is

ar : W(R) Qws) @ — W(R) ®w (s) P.
weT —  Fu® a(r)

‘We have
(0®)wr) = (ar)?,

where the index W(R) is base change for linear maps.
‘We are now ready to define the notion of a display.
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THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 135

Definition 1. — A 3n-display over R is a quadrupel (P,Q,F,V~!), where P is a
finitely generated projective W (R)-module, @ C P is a submodule and F and V!
are F-linear maps F: P - P, V~1:Q — P.
The following properties are satisfied:
(i) IrP C Q C P and there exists a decomposition of P into a direct sum of
W (R)-modules P = L @ T, such that Q = L ® IrT.
(ii) V-1 :Q — P is a F-linear epimorphism.
(iii) For z € P and w € W(R), we have

(1) V1(Ywz) = wFz.

We make some formal remarks on this definition. The 3n-displays form an additive
category. We are mainly interested in the case, where R is a Zp-algebra. Then we
have Z, C W(R) and hence the category is Z,-linear.

The operator F is uniquely determined by V ~! because of the relation:

Vv1(Viz) = Fz, forxz € P.

If we apply this to the case x = y € Q and apply the linearity of V~!, we obtain
the relation:

2) Fy=p-Vly.

A decomposition P = L & T as required in (¢), we will call a normal decomposition.
We set P = P/IgrP and Q = Q/IrP. Then we get a filtration of R-modules

(3) 0cQcCP,

whose graded pieces are projective finitely generated R-modules. This is the Hodge
filtration associated to a display.

Lemma 2. — Let R be a p-adically complete and separated ring. Let us replace in the
definition 1 the condition (i) by the weaker condition that IrP C Q C P and that
the filtration (8) has finitely generated projective R-modules as graded pieces. Then
(P,Q,F,V~1) is a 8n-display.

Before proving the lemma we need a general fact about the Witt ring.

Proposition 3. — Let R be a p-adic ring, i.e. complete and separated in the p-adic
topology. Then the ring W (R) is p-adic. Moreover it is complete and separated in the
Ir-adic topology.

Proof. — We begin to show that W(R) is separated in the p-adic topology. Since
W(R) is the projective limit of the rings W,(R/p™R) for varying n and m it is
enough to show that that p is nilpotent in each of the rings W, (R/p™R). To see this
we consider a ring a without unit such that p™a = 0. An easy induction on m shows
that p is nilpotent in W, (a).
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136 T. ZINK

It is enough to prove our assertion for a ring R which has no p-torsion. Indeed in
the general case we may choose a surjection S — R where S is a torsion free p-adic
ring. But then we obtain a surjection W(S) — W(R) from the p-adic ring W (S) to
the p-adically separated ring W (R). This implies that W (R) is a p-adic ring.

To treat the case of a p-adic ring we need a few lemmas:

Lemma 4. — Let S be a ring without p-torsion. Let x = (xo,...,Zm) € Wp+1(S) be a
Witt vector. Then for any fixed number s > 1 the following conditions are equivalent:

(i) ps|xz~fori=0,...,m

(ii) p"** | wn(z) forn=0,...,m.
Proof. — The first condition clearly implies the second. Assume the second condition
holds. By induction we may assume p* | z; fort=0,...,n—1. Then we write

Wn(z) = wpo1(zh...28_ ) +p z,.

By the obvious implication and by induction the first term on the right hand side is = 0
mod p(*~D+P5_ Since (n — 1) + ps > n + s, we conclude p"z, =0 mod p**+sS. O

Lemma 5. — Let R be a p-torsion free ring. Let a € W,,(R) be a given Witt vector.
Let u be a number. We assume that the equation

@) 'z = a

has for each s a solution in the ring W, (R/p*R). Then the equation (4) has a solution
in W (R).

Proof. — Let us consider a fixed s. By assumption there is a z € W,,,(R), such that
p“z = a holds in the ring W,,,(R/p*t*R). We let z; be the image of z in the ring
W (R/p*R). Then we claim that z, is independent of the choice of z.

Indeed, let 2’ be a second choice and set £ = z — z’. The Witt components of p“&
are elements of p*“R. Hence the lemma implies

P | wa(ptE) for n=0..m 1.

It follows that p™+s | wp,(€). But applying the lemma again we obtain the p*® | §; for
all Witt components of £.

This shows the uniqueness of z,. We set z = limz, € W (R) and obtain the desired
solution of (4). |

Lemma 6. — Let S be without p-torsion. We will denote by I, the ideal V" W (S) C
W (S). Let T be the linear topology on W (S), such that the following ideals form a
fundamental set of open neighbourhoods of zero:

(5) I, + W(p°S)

Here, r,s runs through all pairs of numbers.
Then p“W (S) is for each number u closed in the topology T .

ASTERISQUE 278



THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 137

Proof. — We have to show
(6) () p“W(S) + I, + W(p°S) = p*W (S)
r,s€EN
Let = be an element from the left hand side.
We denote for a fixed number r by T the image of x in W,.(S). Then the equation

plz=7T
has a solution z in the ring W,.(S/p°S) for each number s. By the last lemma we have
a solution in W,.(S) too. This shows z € p*W (S) + I,.

We take the unique solution z, € W,.(S) of p¥z, = z in W,(S), and we set z =
lim z,. Hence z = p“z € p*W(S). O

Let S be a torsion free p-adic ring. Clearly the Witt ring W (S) is complete and
separated in the topology 7. The assertion that W (S) is p-adic is a consequence of
the last lemma and the following elementary topological fact (see Bourbaki Topologie
I11 §3 Cor 1):

Lemma 7. — Let G be an abelian group. Let A resp. B be linear topologies on G, which
are given by the fundamental systems of neighbourhood of zero { A, } resp. {B,}, where
A, and B, are subgroups.

We make the following assumptions:

a) Fach A, is open in the B-topology, i.e. the B topology is finer.

b) FEach B, is closed in the A-topology.

c) G is complete and separated in the A-topology.

Then G is complete and separated in the B-topology.

We omit the easy proof.
We note that in the Witt ring W(R) of any ring we have an equality of ideals for
any natural number n:

(7) I =p" g

If R is a p-adic ring the additive group Ig is p-adically complete and separated, because
it is by the Verschiebung isomorphic to W(R). This shows that W(R) is then also
complete in the Ir-adic topology. This completes the proof of proposition 3. O

Corollary 8. — Assume that p is nilpotent in R. Then the p-adic and the Ir-adic
topology on W (R) coincide. This topology is finer than the V-adic topology, which
has the ideals I,, = V"W (R) as a fundamental system of neighbourhoods of zero.

Proof. — This is clear. O

We turn now to the proof of lemma 2. The proposition 3 implies in particular that
W (R) is complete and separated in the Ig-adic topology. We set A, = W(R)/I%. We
start with a decomposition P = L & T such that Q /IrP = L over A; = R and lift it
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138 T. ZINK

step by step to a decomposition A, ®w r) P = L, ® T, over A, using the surjections
with nilpotent kernel A, — A,_;. Then we obtain the desired decomposition by
taking the projective limit.

Lemma 9. — Let (P,Q,F,V~1) be a 3n-display over a ring R, and P =L & T be a
normal decomposition. Then the map

(8) VeF:LeT — P

is a F-linear isomorphism.

Proof. — Since source and target of V! @ F are projective modules of the same
rank, it is enough to show, that we have a f-linear epimorphism. Indeed, by the
property (ii) of the definition 1 the W (R)-module P is generated by V~1l, for l € L
and V™! (Vwt) fort € T and w € W. The lemma follows, since V=1(Vwt) = wFt. O

Using this lemma we can define structural equations for a 3n-display, whose Hodge
filtration (3) has free graded pieces. Let (P,Q, F,V~!) be a 3n-display over R with
this property. Then the modules L and 7" in a normal decomposition P = L& T, are
free. We choose a basis e1,...,eq of T, and basis eqy1...ep of L. Then there are
elements a;; € W(R), ¢,j=1,...,h, such that the following relations hold.

h
Fe; = Zaijei, forj=1,...,d
—
9) .
V—lej = Zaije,- forj=d+1,...,h
i=1
By the lemma 9 the matrix (ay;) is invertible.

Conversely assume we are given an invertible h x h-matrix (a;;) over the ring W (R)
and a number d, such that 0 < d < h. Let T be the free W(R)-module with basis
e1,...eq and L be the free W(R)-module with basis egy1,...,en. Weset P=L & T
and Q = L@ IrT, and we define the F-linear operators F' and V! by the equations
(9) and the following equations

h
Fej=Zpa¢je,~, j=d+1,...,h

=1
h
V"l(vwej) = Zwa,-jei, i=1,...,d
i=1
One verifies easily, that this defines a 3n-display over R.
For a 3n-display (P,Q, F,V~!) we do not have an operator V as in Dieudonné or
Cartier theory. Instead we have a W (R)-linear operator:

(10) Vi P — W(R) ®rwr) P
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Lemma 10. — There exists a unique W (R)-linear map (10), which satisfies the fol-
lowing equations:

ViwFz)=p-w®zx, forweW(R),z€P
ViV ly)=wey, foryeQ
Moreover we have the identities

(12) F'V=pidp, V'F'=pidw®me,wmP -

(11)

Proof. — Clearly V! is uniquely determined, if it exists. We define the map V*# by
the following commutative diagram, where W = W (R):

(V=14 F)t
WerwLlLeWerw T ———— P

(13) id +p idl lvﬂ
W®FiwL@W®F,WT———-——)W®F,WP

Here the lower horizontal map is the identity.
We need to verify (11) with this definition. We write z =l +¢,forl € Landt € T.

Vi(wFz) = VHwFl) + VHwFt) = VIV (Vwl)) + V¥ (wFt)
=1 wl+pwRt=pwR (I +1t) =pw .
Next take y to be of the form y = I 4+ Vut.
ViwV ty) = VHwV 1) + VH(wuFt)
=wRl+prut=wRl+wVuxt
=wR(+"ut) =wey.
The verification of (12) is left to the reader. O

Remark. — The cokernel of V¥ is a projective W(R)/pW (R)-module of the same
rank as the R-module P/Q.

Let us denote by ¥'V*# the W(R)-linear map
id.®};w‘,v[/(R)‘/‘1 W ®Fi,W P— W ®Fi+‘,W P,

and by V™ the composite "' Vio...of Vio Vi
We say that a 3n-display satisfies the nilpotence (or V-nilpotence) condition, if
there is a number N, such that the map

VNP — W(R) ®p~ w(r) P
is zero modulo Ir + pW (R). Differently said, the map
(14) R/pR ®w,,w(r) P — R/PRQwy w(r) P

induced by VM is zero.
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Definition 11. — Let p be nilpotent in R. A display (P,Q, F,V~1!) is a 3n-display,
which satisfies the nilpotence condition above.

Let us choose a normal decomposition P = L @& T'. It is obvious from the diagram
(13) that the map

R/pR ®w, w(r) P AN R/pR ®w, w(r) P P, R/PR ®w, wr) T
is zero. Therefore it is equivalent to require the nilpotence condition for the following
map:
v pr
[Jti :L—>LeT =P —— W@wap —_— W®F,WL

Less invariantly but more elementary the nilpotence condition may be expressed if
we choose a basis as in (9). Let (8x,;) be the inverse matrix to (e ;). Consider the
following (h — d) x (h — d)-matrix with coefficients in R/pR:

B = (wo(Bki) modulo p)ki=dt1,...n

Let B®") be the matrix obtained by raising the coefficients to the p’-th power. Then
the nilpotence condition says exactly that for a suitable number N :

(15) BN H...B® .B =0

Corollary 12. — Assume that p is nilpotent in R. Let (P,Q, F,V~1) be a display over
R. Then for any given number n there exists a number N, such that the following
map induced by VN is zero:

Wn(R) Qw(r) P — Wn(R) @p~ w(r) P
Proof. — Indeed, by the proof of proposition 3 the ideal Ir + pW, (R) in W,(R) is
nilpotent. O

We will also consider displays over linear topological rings R of the following type.
The topology on R is given by a filtration by ideals:
(16) R=agyDa;D---Dap...,

such that a;a; C a;4;. We assume that p is nilpotent in R/a; and hence in any ring
R/a;. We also assume that R is complete and separated with respect to this filtration.
In the context of such rings we will use the word display in the following sense:

Definition 13. — Let R be as above. A 3n-display P = (P,Q, F,V~!) over R is called
a display, if the 3n-display obtained by base change over R/a; is a display in sense of
definition 11.

Let P be a display over R. We denote by P; the 3n-display over R/a; induced by
base change. Then P; is a display in the sense of definition 11. There are the obvious
transition isomorphisms

(7) ¢i : (Pi+1)R/a; — Pi
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Conversely assume we are given for each index ¢ a display P; over the discrete ring
R/a;, and transition isomorphisms ¢; as above. Then the system (P;, ¢;) is obtained
from a display P over R. In fact this is an equivalence of the category of systems of
displays (P;, ¢;) and the category of displays over R.

If R is for example complete local ring with maximal ideal m, such that pR = 0,
we can consider the category of displays over R in the sense of definition 11 but we
can also consider the category of displays over the topological ring R, with its m-adic
topology. The last category is in general strictly bigger.

1.2. Examples

Example 14. — Let R = k be a perfect field. A Dieudonné module over k is a finitely
generated free W (k)-module M, which is equipped with a f-linear map F : M — M,
and a ¥~ '-linear map V : M — M, such that:

FV=VF=p

We obtain a 3n-display by setting P = M, @ = VM with the obvious operators
F:M— Mand V-': VM — M. Moreover (P,Q, F,V~1) is a display if the map
V : M/pM — M/pM is nilpotent. The map V* is given by

Vi M — W(k) ®@pwk) M.
m—1Vm

In the other direction starting with a display (P, Q, F,V~!) we obtain a Dieudonné
module structure on P if we define V' as the composite:

vt
(18) V.:P— W(k) QF,W (k) P — P
wRT — Flw

This makes sense because the Frobenius endomorphism ¥ is an automorphism of

W (k). We see that the category of 3n-displays over a perfect field is naturally equiv-
alent to the category of Dieudonné modules.

More generally let k be a perfect ring of characteristic p. Then ¥ is an automorphism
on W(k) and pW(k) = I;,. We call a Dieudonné module k a finitely generated
projective W (k)-module M equipped with two Z-linear operators

F:M— M,

V:M—M,

which satisfy the relation F(wz) = fwFz, V(fwz) = wVz, FV =VF =p.

If we are given a homomorphism of k — k' of perfect rings, we obtain the structure
of a Dieudonné module on M’ = W (k') @w ) M.

Since p is injective on W (k), there is an exact sequence of k-modules:

0 — M/FM —Y— M/pM — M/VM — 0
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If we tensorize this sequence with k’ we obtain the corresponding sequence for M’. In
particular this sequence remains exact. We also see from the sequence that M/V M
is of finite presentation. Hence we conclude that M/V M is a finitely generated pro-
jective k-module. Therefore we obtain a 3n-display (M,V M, F,V~1).

Proposition 15. — The category of 3n-displays over a perfect ring k is equivalent to
the category of Dieudonné modules over k. Moreover the displays correspond exactly
to the Dieudonné modules, such that V is topologically nilpotent for the p-adic topology
on M.

The proof is obvious. We remark that a Dieudonné module M, such that V is
topologically nilpotent is a reduced Cartier module. The converse is also true by [Z1]
Korollar 5.43.

We note that Berthelot [B] associates to any p-divisible group over a perfect ring
a Dieudonné module. In the case of a formal p-divisible group his construction gives
the Cartier module (compare [Z2] Satz 4.15).

Example 16. — The multiplicative display G, = (P, Q, F,V 1) over a ring R is de-
fined as follows. We set P = W(R), Q = Ir and define the maps F : P — P,
V-1:Q — P by:

Fw="%w forwe W(R)
ViVw) =w
We note that in this case the map V* is given by:
Vi W(R) — W(R) @rwem W(R) = W(R)
Viw=10Yw =pw®1
Hence using the canonical isomorphism x the map V! is simply multiplication by p.

Therefore we have a display, if p is nilpotent in R, or more generally in the situation
of definition 13.

Example 17. — To any 3n-display we can associate a dual 3n-display. Assume we are
given two 3n-displays P; and Ps over R.

Definition 18. — A bilinear form of 3n-displays
(,):P1xP2—Gp
is a bilinear form of W(R)-modules
(,): P x P, — W(R),
which satisfies the following relation:

(19) VIV ly, V7 lye) = (y1,92), for y1 € Q1, y2 € Q2
We will denote the abelian group of bilinear forms by Bil(P; x Pz, G ).
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The last relation implies the following:
(V7lys, Fag) = F(y1,x2) forys € Qi, 22 € P2
(20) (Fzxy, Fx2) = p¥(z1,x2) for z; € Py,
(Fz1, V™ ly2) = F(x1,y2) for y2 € Q2
Indeed,

V(V_lylyFm2) = V(V_1y17 V—l(leZ)) = (yl, V1m2) = Vl(ylaxZ) = VF(yl,l’z)

implies the first relation of (20) because v is injective. The other relations are verified

in the same way. We note that (Q1,Q2) C Ir by (19). Assume we are given a finitely
generated projective W (R)-module P. Then we define the dual module:

P* = Homw (r)(P, W(R))
Let us denote the resulting perfect pairing by (, ):

(21) Zxx}:* : ‘?;ff))
There is also an induced pairing

(,):W(R)®rww) P x W(R) ®rwr) P* — W(R),
which is given by the formula:

(w®z,v®2) =wi(z,2), z€P 2€ P, wveW(R)

Let us consider a 3n-display P = (P,Q,F,V~1) over R. We set Q = {¢p €
P* | ¢(Q) C Ir}. Then Q/IrP* is the orthogonal complement of Q/IrP by the
induced perfect pairing:

P/IrP x P*/IgP* — R

Definition 19. — There is a unique 3n-display Pt = (P*,@, F,V~1), such that the
operators F' and V! satisfy the following relations with respect to the pairing (21):

(V-lz,Fz) = F(z,2) forz e, ze P*
(Fz,Fz) = pf(z,z2) for x € P, z € P*
(22) ~
(Fz,V71l2)=F(z,2) forz e P, z€Q
V(V-1lz,V~12) = (z,2) forz €@, z€
Hence we have a bilinear form of displays

PxP— Gn
We call Pt the dual 3n-display.
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As for ordinary bilinear forms one has a canonical isomorphism:
(23) Bil(Pl X Pz, gm) —_— Hom(Pz, 'Pf)

From the relations of definition 19 we easily deduce that the W (R)-linear maps F*
and V¥ for P respectively Pt are dual to each other:

(Viz, v ® 2) = (z, F'(v ® 2))

(24) (Fi(w®1),2) = (w @z, Viz)

Let us assume that p is nilpotent in R. In terms of the dual 3n-display we may
rephrase the nilpotence condition as follows. Iterating the homomorphism F* for the
dual 3n- display we obtain a map:

(25) FN': W(R) ®pn~ w(r) P* — P*

Then the 3n-display P satisfies the V-nilpotence condition, iff for any number n there
exists a number N, such that the following map induced by (25) is zero:

FNY: W, (R) ®p~ w(ry P* — Wa(R) @w(r) P*
In this case we will also say that P? satisfies the F-nilpotence condition.

Next we define base change for a 3n-display. Suppose we are given a ring homo-
morphism ¢ : S — R. Let P be a W(S)-module. If ¢ : P — P’ is a f_linear map of
W (S)-modules, we define the base change pw (g as follows:

Pw(r) : W(R) ®w(s) P — W(R) ®@w(s) P’
wRT —  Fw®p(x)

Then we have (¢w(s))* = idw(r) ®w (s)¥* for the linearizations.

Let P = (P,Q,F,V~!) be a 3n-display over S. Let ¢ : S — R be any ring
morphism. We will now define the 3n-display obtained by base change with respect
to ¢.

Definition 20. — We define Pgr = (Pr,Qr, Fr, V5 ') to be the following quadruple:
We set Pr = W(R) Sw(s) P.
We define Qg to be the kernel of the morphism W (R) ®ws) P — R®s P/Q.
We set Fr =F® F.
Finally we let V5 1. Qr — Pg be the unique W (R)-linear homomorphism, which
satisfies the following relations:

Vitlwey) =Ffwue Vv ly, forwe W(R),yeQ
(26)
Vil"w®z) =w® Fx, forz € P

Then Pgr is a 3n-display over R, which is called the 3n-display obtained by base
change.
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To show that this definition makes sense we have only to prove the existence and
uniqueness of Vg 1. The uniqueness is clear. For the existence we choose a normal
decomposition P = L @& T. Then we have an isomorphism:

Qr=W(R)Qws) LD Ir®ws) T

We define Vg ! on the first summand by the first equation of (26) and on the second
direct summand by the second equation. We leave the verification that (26) holds
with this definition to the reader.

In the case where ¢ is surjective the image of the morphism W(R) ®w ) Q@ —
W (R) ®w (s) P = Pr, is simply Qg, but in general this image is strictly smaller than
Qr-

By looking for example at (15) it is clear that Pg is a display if P was a display.
There is also an obvious converse statement.

Lemma21. — Let ¢ : S — R be a ring homomorphism, such that any element in the
kernel of ¢ is nilpotent. Then P is a display if Pr is a display.

Remark. — Before we turn to the next example, we collect some general facts about
the liftings of projective modules. Let S — R be a surjective ring homomorphism,
such that any element in the kernel is nilpotent, or such that S is complete and
separated in the adic topology defined by this kernel. Assume we are given a finitely
generated projective module P over R. Then P lifts to S, i.e. there is a finitely
generated projective S-module P together with an isomorphism ¢ : R®g P — P. By
the lemma of Nakayama the pair (1:-", @) is uniquely determined up to isomorphism.
The existence follows from the well-known fact that idempotent elements lift with
respect the surjection of matrix algebras Endg(S*) — Endgr(R"), where u is some
number (e.g. H.Bass, Algebraic K-Theory, W.A. Benjamin 1968, Chapt. III Prop.
2.10).

Let L be a direct summand of P. A lifting of L to a direct summand of P is obtained
as follows. Let L be any lifting of L to S. Let L — P be any lifting of L — P, whose
existence is guaranteed by the universal property of projective modules. In this way
L becomes a direct summand of P. This is easily seen, if one lifts in the same way
a complement 7" of L in P. Indeed the natural map LaT — Pis by Nakayama an
isomorphism.

Let us now assume that the kernel of S — R consists of nilpotent elements. We
also assume that p is nilpotent in S. Let now P denote a projective W (R)-module.
We set PR = R ®w,,w(r) P- We have seen that Pr may be lifted to a finitely
generated projective S-module Ps. Since W (S) is complete and separated in the
Is-adic topology by proposition 3, we can lift ]35 to a projective finitely generated
W (S)-module P. We find an isomorphism W(R) ®w s) P — P, because liftings of
Pr to W(R) are uniquely determined up to isomorphism. Hence finitely generated
projective modules lift with respect to W(S) — W(R). Since the kernel of the last
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morphism lies in the radical of W(S), this lifting is again unique up to isomorphism.
We also may lift direct summands as described above.

Let (13 Q,F, V~1) be a 3n-display over S§ and (P,Q,F,V~!) be the 3n-display
obtained by base change over R. Then any normal decomposition P = L & T may
be lifted to a normal decomp051tlon P =L&®T. Indeed choose any finitely generated
projective W (S)-modules L and T which lift L and T'. Because Q Q is surjective,
we may lift the inclusion L — Q to a W(S)—module homomorphism L — Q. Moreover
we find a W(S)-module homomorphism 7 T — P, which lifts T — P. Clearly this gives
the desired normal decomposition P=Lo&T.

Example 22. — Let S — R be a surjection of rings with kernel a. We assume that p
is nilpotent in S, and that each element a € a is nilpotent.

Let Py = (Po, Qo, F, V1) be a 3n-display over R. A deformation (or synonymously
a lifting) of Py to S is a 3n-display P = (P,Q,F,V~1!) over S together with an
isomorphism:

Pr = Po.
Let us fix a deformation P. To any homomorphism
o € Homwy 5y (P, W(a) ®w sy P),

we associate another deformation P, = (Pa, Qa, Fa, V1) as follows:
We set P, = P, Q, = @, and

Fox = Fx — a(Fz), forxé€ P

@7 Vily=Vly—a(Vly), foryeQ.

The surjectivity of (V1) follows the kernel of W(S) — W(R) is in the radical of
W (S) and therefore Nakayama’s lemma is applicable.

Since F' and F, respectively V! and V! are congruent modulo W (a) the 3n-
display P4,r obtained by base change is canonically isomorphic to Py.

‘We note that any deformation is isomorphic to P, for a suitable homomorphism
a. Indeed, let P; = (P1,Q1,F1,V; ') be any other deformation of Py. We find
an isomorphism of the pairs (P,Q) and (P;,Q1), which reduces to the identity on
(Po, Qo)- Indeed, we fix a normal decomposition Py = Lo @ Tp and lift it to a normal
decomposition of P respectively of P;. Then any isomorphism between the lifted
normal decompositions is suitable. Hence we may assume that (P,Q) = (P1,Q1).
Then we define ' -linear homomorphisms

£:P— W()Qws) P, 1:Q— W(a)®ws) P,
by the equations:

Fiz=Fx—§&(x) forzeP

28 ~
(28) Villy=V-ly—n(y) foryeQ.
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Then £ and 1 must satisfy the relation:
n(Ywz) = wé(x), forz € P.

It is then easily checked that there is a unique homomorphism o as above, which

satisfies the relations:
a(V-ly) =n(y), foryeqQ
o(Fz) =&(z), forxe P

Then the deformations P, and P; are isomorphic.

Example 23. — Let R be a ring such that p- R = 0. Let us denote by Frob: R — R
the absolute Frobenius endomorphism, i.e. Frob(r) = r? for r € R.

Let P = (P,Q, F, V1) be a 3n-display over R. We denote the 3n-display obtained
by base change with respect to Frob by P® = (P® Q@ F,V—1). More explicitly
we have

P®) = W(R) @rwnr) P
QW = Ir ®pw(r) P + Image (W(R) ®pw(r) Q)

The operators F' and V~! are uniquely determined by the relations:

Fw®z)=fwe® Fz, forweW(R),zeP
V1iYw®zr) =w® Fz,
V3iiwey) =fweVly, foryeq.

(At the first glance it might appear that this explicit definition does not use p -
R = 0. But without this condition Q® /IgrP® would not be a direct summand of
P® /[ P®) The elements 1 ® Ywz = pw ® x would cause trouble, if Fand vV do not
commute.)

The map V# : P —» W(R) ®rw(r) P of lemma 1.5 satisfies V#(P) c QW. Using
the fact that P is generated as a W(R)-module by the elements V~1y for y € Q a

routine calculation shows that V# commutes with F' and V~1. Hence V# induces a
homomorphism of 3n-displays

(29) FT’P P — ’P(p)’

which is called the Frobenius homomorphism of P.

Similarly the map F# : W(R) ® p,w(r) P — P satisfies F# (Q®) c IrP. One can
check that F# commutes with the operators F' and V~!. Therefore F'# induces a
map of 3n-displays, which is called the Verschiebung.

(30) Verp : PP —, P,
From the lemma 1.5 we obtain the relations:

(31) FTp . Vel‘p =p- id’P(p) ) Vel"p F’f‘p =p- id'p .
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Example 24. — We will define displays, which correspond to the Lubin-Tate groups.
Let Ok be a complete discrete valuation ring with finite residue class field k, and
field of fractions K of characteristic 0. We fix a prime element w € Og. Let R be a
p-adic ring, which is equipped with a structure ¢ : Ox — R of a Ok-algebra. We set
u = ¢(7).

The displays we are going to construct are displays P over the topological ring R
with its p-adic topology. Moreover they will be equipped with an action ¢ : O —
EndP of Ok. This implies an action of the ring Ox ®z, W(R) on P. Let us extend
the operators ' and v on the ring W(R) Og-linearly to the ring Ox ® W(R). We
need the following easy lemma:

Lemma 25. — Consider the ring homomorphism:
(32) Ok ®z, W(R) — Ok /mOg & R/uR.

It is the residue class map on the first factor, and it is the composite of wo with the
natural projection R — R/uR on the second factor.
Then an element in O @ W(R) is a unit, iff its image by (32) is a unit.

Proof. — By proposition 3 the ring O ®z, W (R) is complete in the I -adic topology.
Hence an element in this ring is a unit, iff its image in Ox ®z, R is a unit. Since this
last ring is complete in the p-adic topology, we get easily our result. O

Let us first do the construction of the Lubin-Tate display in a special case:

Proposition 26. — Let us assume that O /7O = F,. Let R be a p-torsion free p-
adic ring, with an Ok -algebra structure ¢ : O — R. Then there is a unique display
Pr = (Pr,Qr, F, V1) over the topological ring R, with the following properties:
(i) Pr = Ok ®z, W(R)
(ii) Qg is the kernel of the map ¢ ® wo : Ox ®z, W(R) — R.
(iii) The operators F and V~' are Ok -linear.
(iv) Vir®1-1® [u]) = 1.

To prove this proposition we need two lemmas:

Lemma 27. — With the assumptions of proposition 26 we set e = [Ok : Zp|. Then
the element:

1
T = 5(qre ®1-1® [u?]) € K®z, W(R)
is a unit in O ®z, W(R).
Proof. — The statement makes sense because Ox ®z, W (R) has no p-torsion. First
we prove that the element 7¢ ® 1 — 1 ® [u®P] is divisible by p. We have 7¢ = ep for
some unit € € O3 . Therefore it is enough to show that p divides 1 ® [uP]. Since

u®? = ¢()PpP, it is enough to show that p divides [pP] in W(R). This will follow from
the lemma below.
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To show that 7 is a unit we consider its image by the map ¢®@wo : Ox ®z, W(R) —
R. It is equal to %(ue — u®P), which is a unit in R. It follows immediately from lemma
25 that 7 must be a unit too. O

Lemma 28. — The element [pP] € W(Z,) is divisible by p.

Proof. — Let gm € Zp, for m > 0 be p-adic integers. By a well-known lemma [BAC]
IX.3 Proposition 2 there exists a Witt vector z € W(Z,) with w,,(z) = g, for all
m > 0, if and only if the following congruences are satisfied:

9m+1 = gm mod p™+1!

Hence our assertion follows if we verify the congruences:

pm+1 p'm.
(pp)p = (pp; mod p™t! m=0,1,...
But both sides of these congruences are zero. O

Proof of proposition 26. — Let Lr C Pgr be the free W(R)-submodule of Pr with
the following basis
T"R1-10[u'], i=1,...,e—1.
Let us denote by Tg C Pr the W(R)-submodule W(R)(1® 1). Then Pr =Tr & Lg
is a normal decomposition.
To define a display we need to define *-linear maps

v—1 :Lr — Pgr

F:Tp — Pg,
such that the map V! @ F is an F-linear epimorphism.
Since we want V! to be Og-linear we find by condition (iv) that fori =1,...,e — 1:
1/ 4 ; ®1—1® [u?]
1 7 1—1 i) — ™ — k Ip .
(33) Vi ® ® [u']) o1 1 [w] Z ™ @ [u'P]

k+l=i—1
Here k and [ run through nonnegative integers and the fraction in the middle is by
definition the last sum. The equation makes sense because by lemma 27 the element
T ®1—1Q [uP] is not a zero divisor in Ox ® W(R).

If we multiply the equation (iv) by p we find

Fr®1-1® [u]) =p,
and by the required Og-linearity of F":
(T®1-1® [uP])- F1=p.

Therefore we are forced to set:
_arel-1e[u?]

(34) Fl TR®1—1Q [uP]
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The F-linear operators V~1 : Lr — Pgr and F : Tr — Pg defined by the equations
(33) and (34) may be extended to f-linear operators

V1:Qr — Pr, F:Pr— Py

using the equations (1) and (2). Then V! is the restriction of the operator V1! :
PR[%] — PR[%] defined by V~1lz = Wl—F:T%FFI and F is the restriction of pV 1! :
Pr[1] — Pr[;]. This shows that the operators ' and V~' are Ok-linear. Since 1 is
in the image of (V~1)# : W(R) ®w (r) Qr — Pr, and since this map is Ox ® W(R)-
linear, we conclude that (V~1)# is an epimorphism. It follows that (Pg,Qgr, F, V1)
is a 3n-display, which satisfies the conditions of the proposition. The uniqueness is
clear by what we have said.

It remains to be shown that we obtained a display in the topological sense. By
base change it is enough to do this for R = Ok. Let us denote by P = (P, Q, F, V1)
the 3n-display over F, obtained by base change Ox — F,. Then P = Ok and F
is the Og-linear map defined by F'r = p. Hence the map V is multiplication by 7.
Hence P is a display. O

Finally we generalize our construction to the case where the residue class field
k of Ok is bigger than F,. In this case we define for any torsionfree Ox-algebra
¢ : O — R a display

Pr = (Pr,Qr,F,V71).
Again we set
Pr = O ®z, W(R),

and we define Qg to be the kernel of the natural map
(35) ¢ ®wo : O ®z, W(R) — R.

We identify W (k) with a subring of Og. The restriction of ¢ to W(k) will be
denoted by the same letter:

¢: W(k) — R.
Applying the functor W to this last map we find a map (compare (89) )
(36) p: W(k) — W(W(k)) — W(R),

which commutes with the Frobenius morphism defined on the first and the third ring
of (36) (for a detailed discussion see [Gr] Chapt IV Proposition 4.3).

Let us denote the Frobenius endomorphism on W(k) also by 0. We have the
following decomposition in a direct product of rings

(37) Ok Rz, W(R) = H Ok ot W (k) W(R)
=

Here f denotes the degree f = [k : F}] and the tensor product is taken with respect
to p.
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The operators ' and ¥ on W(R) act via the second factor on the left hand side of
(37). On the right-hand side they are operators of degree —1 and +1 respectively:

F. Ok Roi, W (k) W(R) — Ok Roi-1, W (k) W(R)
Vi Ok Qqi,wk) W(R) — Ok ®ci+1,w(xy W(R).
We obtain from (37) a decomposition of the Ox ®z, W(R)-module Pg:

Pr= @ P, Pi=O0kQ® wk W(R)
€L/ fZ.

Therefore we obtain also a decomposition
QrR=Qo® P @ - & Ps_1.

The map (35) factors through

(38) Ok ®wk) W(R) — R,

and Qo is the kernel of (38). The following elements form a basis of Py as W(R)-
module

wi=T®1 -1 [, i=1,...,e—1
€g = 1®1.
Here u denotes as before the image of m by the map Ox — R, and e is the ramification

index e = [Og : W(k)]. Let T = W(R)eo C Py, and let Ly C Qo the free W(R)
submodule generated by wi,...,w.—1. We have a normal decomposition

Pr=To®L,

where L=Lo® P, ®--- P Psr_;.
Now we may define the O-linear operators F' and V~!. Wesete; = 1® 1 € P;.
Then V! is uniquely defined by the following properties:

V_lwl =e€ef 1,
(39) V'le,=e;i1 fori#0 i€Z/fZ,
V! is Ok-linear.
Multiplying the first of these equations by p we obtain the following equation in the
ring Ok Rasr-1,W (k) W(R)
FoiFeg = pef_1

To see that this equation has a unique solution F'ey it suffices to show that:

1

;(ﬂ'e RX1-1® [uep]) € Ok Qsf-1,W(k) W(R)
is a unit. This is seen exactly as before, using that %(1 ® [uP°]) is mapped to zero by

the map W(R) — R/u.
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Hence we have defined the desired f-linear operators F' : Pr — Pgr and V! :
Qr — Pgr. Again V! extends to a -linear endomorphism of K ®z, W (R), which is

given by the formula:

voie="(5),

where 6 € Og ®z, W (R) is the element, which has with respect to the decomposition
(37) the component w; for ¢ = 0 and the component e; for ¢ # 0.
As before this proves the following proposition:

Proposition 29. — Let K be a finite extension of Q, with ramification index e and
index of inertia f. Let Ok, m, k have the same meaning as before.

Let R be torsion free Ok -algebra, such that R is p-adically complete and separated.
Denote by u the image of w by the structure morphism ¢ : O — R. Let p: W(k) —
W (R) be the homomorphism induced by the structure morphism. Then we have a
decomposition

Ok ®z, W(R) AN H Ok ®oi,w (k) W(R)
i€Z/fZ
Let 6 € Ok ®z, W(R) be the element, which has the component 1 for i # 0 and the
component T ® 1 — 1 ® [u] for i = 0.

Then there is a uniquely defined display Pr = (Pr, Qr, F,V 1) over the topological
ring R, which satisfies the following conditions:

(i) Pr = Ogk ®Zp W(R)

(ii) Qr 1is the kernel of the map ¢ @ wo : Ok ®z, W(R) — R.
(iii) The operators F and V=1 are Ok-linear.
(iv) V=16 = 1.

1.3. Descent. — We will now study the faithfully flat descent for displays.

Lemma 30. — Let M be a flat W(S)-module, and let S — R be a faithfully flat ring
extension. Then there is an exact sequence

oy M~ WR) B MSWRS B) Swis) M=W(R® R® R®w(s) M

Here the ® without index means ®g.

Proof. — The arrows are induced by applying the functor W to the usual exact
sequence for descent:
0->S—>R3IR®sR= -

Since M is a direct limit of free modules, we are reduced to the case M = W(S).
In this case any term of the sequence (40) comes with the filtration by the ideals
Irgs..@shrn C W(R®g -+ ®s R). We obtain by the usual f.p.q.c. descent an exact
sequence, if we go to the graded objects. O
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Let P = (P,Q, F,V~1!) be a display over S. Then the modules Pgr and Qg obtained
by base change fit into an exact sequence

0— Qr— PrR— R®s P/Q — 0

Proposition 31. — Let S — R be a faithfully flat ring morphism. Consider a display
(P,Q,F,V~1) over S. Then we have a commutative diagram with ezact rows

—

0—-P— Ppr= PR®SR: PR®3R®3R:
U U U U

—

-
0 - Q— Qr =3 Qresr = QResR®sR "
=

Proof. — Indeed, the first row is exact by the lemma. The second row is the kernel
of the canonical epimorphism from the first row to:

0— P/Q > R®s P/Q 3 R®s R®s P/Q—=R®s R®s R® P/Q -+
This proves the proposition and more:

Theorem 32 (descent for displays). — Let S — R be a faithfully flat ring extension.
Let P = (P,Q,F, V') and P' = (P',Q',F,V~1) be two displays over S. Then we
have an exact sequence

0 — Hom(P, P’) — Hom(Pr, Pr) = Hom(Pregsr, Presr)- O

Let N be a W(R)-module. Then we may define a variant of the usual descent datum
relative to S — R.
Let us give names to the morphisms in the exact sequence (40):

P p_12)
(41) W(S) — W(R) _ W(R®s R)?* W(R ®s R®s R).
P2 Eﬂ

Here the index of p;; indicates, that the first factor of R®gs R is mapped to the factor
i, and the second is mapped to the factor j. The notation p; is similar. In the context
of descent we will often write ® instead of ® g We also use the notation

PiN =W(R® R) @, w(r) N
We define a W-descent datum on N to be a W(R ® R)-isomorphism

a: piN — p5N,
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such that the following diagram is commutative (cocycle condition):

Pl
PiaPIN —— pips N

(42) pispiN p3spiN
Pisa | |p3se
P1aps N ——= p33p3 N
To any descent datum we may associate a sequence of morphisms
o 2
W(R) @wr) N ZW(R® R) ®w(r) N WRR®R)Qwmy N---,

o' —
62

where the tensor product is always taken with respect to the map
W(R) — W(R®---QR) inducedby a€ R—1®---®1®a€ R®---®R.
The maps 8*: W(R®") @w gy N — W(R®™+D) @y (g) N, for i < n are simply the
tensorproduct with N of the map W(R®") — W (R®("+1)) induced by
0® QU010 Ra; 1R ai+1 R an.
Finally the map 8": W(R®")Qw gy N — W(R®"*!)®w (g) N is obtained as follows.
The descent datum « induces a map u(z) = a(l ® z):
u: N — W(R®R) W (R) N,

which satisfies u(rz) = p1(r)u(z). Consider the commutative diagram
R —— RQ®R

l |

R®N N R®n+1
The upper horizontal map is r — r®1 and the lower horizontal map is 11 ®- - -Q@rp +—
rMn® - Qr,®1. The left vertical map is 7 — 1® --- ® 1 ® r and finally the right
vertical mapisr1 @re— 1Q--- 1071, ®ra.
If we apply the functor W we obtain:

W(R) —— W(R®R)
Ql lth
W(R®") - W(R®(n+1))

Since u is equivariant with respect to the upper horizontal arrow, we may tensorize
u by this diagram to obtain

W(R®™) ®qwry N — W(R®") ®q, w(rer) W(R® R) ®w(r) N.

This is the map we wanted to define.
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We set

n
on =Y (—1)'6": W(R®") @ N — W(R®"tD) @ N.
i=0
The cocycle condition assures that we get a complex:

)
(43) W(R)®wwm) N L W(R® R) Qw @) N -2, W(R®R®R)Qwwr) N---

Proposition 33. — Let S — R be a faithfully flat ring homomorphism. Assume that
p is nilpotent in S. Let P be a finitely generated projective W (R)-module with a W -
descent datum a relative to R — S. Then the complex (43) for N = P is exact. The
kernel Py of 8, is a projective finitely generated W (S)-module and the natural map

W(R) Qw(s) Po — P
is an isomorphism.
We prove this a little later.

Corollary 34. — The functor which associates to a finitely generated projective W (S)-
module Py the W(R)-module P = W(R) ®w (s) Po with its canonical descent datum
is an equivalence of categories.

Proposition 35. — The following conditions for a W(R)-module P are equivalent:

(i) P is finitely generated and projective.

(ii) P is separated in the topology defined by the filtration I, P for n € N (same
notation as in the proof of proposition 8), and for each n the W, (R)-module
P/I, P is projective and finitely generated.

(iii) P 1is separated as above, and there exist elements fi,...,fm € R, which
generate the unit ideal, and such that for each i = 1,...,m W(Ry,)-module
W(Ry,) @w(r) P is free and finitely generated.

Proof. — For any number n and any f € R we have a natural isomorphism W, (Ry) =
Wy (R)(f). This fact shows, that (iii) implies (ii). Next we assume (ii) and show that
(i) holds. We find elements u;, ..., us, which generate P/IP as an R-module. They
define a map L = W(R)* — P. Since L is complete in the topology defined by the
ideals I, this map is surjective and P is complete. By the lemma below we find for
each number n a section o, of L/I,L — P/I, P, such that 0,41 reduces to o,. The
projective limit of these sections is a section of the W (R)-module homomorphism L —
P. For the proof of the implication (i) implies (iii), we may assume that R ®w g) P
is free. But then the same argument as above shows that any basis of R®w (g) P lifts
to a basis of P. O

Lemma 36. — Let S — R be a surjective ring homomorphism. Let wm : P, — P, be
a surjective S-module homomorphism. Suppose that Ps is a projective S-module. Let
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7 : P, — P, be the R-module homomorphism obtained by tensoring m by R®g. Then
any section T : P, — P lifts to a section o : P, — Ps.

Proof. — Let us denote by K the kernel of 7, and set K = R ®s K. Let 7 be any
section of m. Consider the morphism @ — 7 : P, — K. This lifts to a S-module
homomorphism p : P, — K, because P; is projective. We set o = 7 + p. |

Proof. — (of proposition 33): We begin to prove the statement on the exactness of
(43) under the additional assumption that p-S = 0. On each term of the sequence
(43) we consider the filtration by Igren ,», ®w (r)P. Since P is projective the associated
graded object is
Irm/IRm+1 ®wr) P — (Irgr,m/IR®Rm+1) Qwr) P — -
Applying the assumption p - R = 0 we may rewrite this as
R ®ym,r P/IrRP 2 R®s R ®pym g P/[IRP= -+

The symbol p™ indicates, that the tensor product is taken with respect to the m-th
power of the Frobenius endomorphism. The last sequence comes from a usual descent
datum on R ®,m r P/IrP and is therefore exact, except for the first place. Now
we will get rid of the assumption p - S = 0. We consider any ideal a C S such that
p-a=0. Let us denote by a bar the reduction modulo p (i.e. R = R/pR etc.), and

by a dash the reduction modulo a.
We have an exact sequence

0—>a®R®R---®R—>R®R®---®R—- R ®3 R ® s @R —0
aRQRTI R Qrp+—ar1 @ -+ Qrp
An obvious modification of the complex (43) yields a complex
(44) W(O®R)®W(R)P —é-l—-—> W(a®R®R)®W(R)P L SRR
where the factor a is untouched in the definition of ¢;.
We set P = W(R) Qw(r) P. Then the complex (44) identifies with the complex
— ) — — = 6

given by the induced descent datum on P. Since p-a =p .S = p-R = 0 the argument
before applies to show that (45) is exact except for the first place. Now an easy
induction argument using the exact sequence of complexes

0— W(aegR ") Owa@ P — W(R®™) @wr) P — W(R®") @w(r) P’ — 0

proves the exactness statement for the complex in the middle.
In fact our method gives slightly more, namely that we have also, for each m,
exactness of the complex of the augmentation ideals

IR@n’m QW (R) P.
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Now we set Py = keré;: (P —» W(R® R) Qw(r) P) and P§ = PoN IrP. By the
exact cohomology sequence we have a diagram with exact rows and columns.

0

|

P —_— IR®R®R ® P
R) W(R)

0 0

| |

0—» P — IRW((gR)P —  Ipgr

—o
3

(___

0—- P —W(R) ® P—W(RR®R) ® P—W(RQ®R®R) ® P
W (R) W (R) W(R

l l (R)

0— Py/P3— P/IrxP — R®RQP/InP — R®R®RQP/IxP

| | | |

0 0 0 0

By the usual descent Py/P;} is a finitely generated projective S-module. We may
lift it to a projective W(S)-module F, by lifting it step by step with respect to
the surjections Wy,41(S) — W,(S) and then taking the projective limit. By the
projectivity of ¥ we obtain a commutative diagram

F\ /Po

Py/P}

From the upper horizontal arrow we obtain a map W(R) ®w (s) F' — P, which may
be inserted into a commutative diagram

W(R) Ow(s) F — P

! l

R®s Py/P} ——— P/IP

Since the lower horizontal arrow is an isomorphism by usual descent theory we con-
clude by Nakayama that the upper horizontal arrow is an isomorphism. Comparing
the exact sequence (40) for M = F with the exact sequence (43) for N = P, we obtain
that F — P, is an isomorphism. Since also the graded sequence associated to (40) is
exact, we obtain moreover that P} = IP,. Hence the proof of the proposition 33 is
complete. d

We may define a descent datum for 3n-displays. Let S be a ring, such that p is
nilpotent in S and let S — R be a faithfully flat morphism of rings. We consider the
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usual diagram (compare (41)):

q12
q1

R—_R®sRI¥ R®sR®s R

q2 q23

—_—

Let P = (P,Q, F,V~!) be a 3n-display over R. We denote the 3n-displays obtained
by base change by g;P etc.. Then a descent datum on P relative to R — S is an
isomorphism of 3n-displays

a: 7P — ¢3P,

such that the cocycle condition holds, i.e. the diagram (42) is commutative if the
letter p is replaced by g and the letter IV is replaced by P. Clearly for any 3n-display
Po over S we have a canonical descent datum ap, on the base change Py r over R.

Theorem 37. — The functor Py — (Po,r, ap,) from the category of displays over S to
the category of displays over R equipped with a descent datum relative to S — R is an
equivalence of categories. The same assertion holds for the category of 3n-displays.

Proof. — Let (P,a) be a display over R with a descent datum relative to S — R.
We define a W (S)-module P, and a S-module K, such that the rows in the following
diagram are exact

0 > Py > P 9 )W(R@S R) ®W(R)P

o T

0—— Ko—— P/Q — s Res Ren P/Q

Here the maps § are given by the descent datum o as explained above. That we
have also a descent datum on P/Q follows just from our assumption that « is an
isomorphism of displays and therefore preserves Q. We claim that the map Py —
Ky is surjective. Indeed, since R — S is faithfully flat, it suffices to show that
R®s Py/IsPy — R®s Ky is surjective. But this can be read of from the commutative
diagram:

W(R) Rw(s) Po—» R®s Py/IPy —— R®s Ky

| | |

P » P/[IP ———» P/Q

Note that the vertical arrows are isomorphisms by proposition 33 or the usual descent
theory.
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Let us denote by Qo the kernel of the surjection Py — K. Then we obtain a
commutative diagram with exact rows and columns:

0 0 0
0 > Qo - — Q2
0 y Py > }D » W(R®s R) ®w(r) P = p3P

0 —— Py/Qo —— P/Q —— R®s R®r (P/Q) = ¢3(P/Q)

~ ~ hd

0 0 0

Here Q2 and p3 P are parts of the display ¢g5P = (p3 P, Q2, F, V1) which is obtained
by base change.

To get a display Po = (Po, Qo, F, V1) we still have to define the operators F' and
V1. First since o commutes with F' by assumption we have a commutative diagram

P . mp

F| |F

p—S P

This shows that F' induces a map on the kernel of é:
F: Po _— Po

Secondly a commutes with V~!, i.e. we have a commutative diagram

Q
Q1 — Q2
V—l lv—l
* [&] *
piP —— p3P
Recalling the definition of § one obtains a commutative diagram
[
Q > Q2

A

P——p3P=W(R®s R) Qwr) P-
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Hence we obtain V~!: Qo — P, as desired. Finally we need to check the nilpotence
condition. Since the maps V~! and F are compatible with Py < P, the same is true
for V# by the characterization of lemma 10. Hence we have a commutative diagram

Py > P

ve| [v#

W(S) ®Fw(s) Po —— W(R) @rw(r) P

The nilpotence follows now from the injectivity of the map
S/pS ®w, ,w(s) Po — R/pR ®w,, w(r) P
and the form (14) of the nilpotence condition. O

1.4. Rigidity. — Our next aim is a rigidity theorem for displays in the sense of
rigidity for p-divisible groups. Let S be a ring, such that p is nilpotent in S. Assume
we are given an ideal a C S with a divided power structure v, ([BO] 3.1). We set
apn(a) = (p™—1)!vpn(a). We may “divide” the n—th Witt polynomial w,,(Xo, ..., X,)
by p™:

(47) W;l(XO, .o ,Xn) = Qpn (Xo) —+ ap"_l(Xl) + -+ Xn_

Let us denote by a™ the additive group [],cy a. We define a W (S)-module structure
N

on al:

&lao, a1 - -] = [wo(€)ao, wi(£)a1,...], where & € W(S), [ao,ai,...] € a.
The w), define an isomorphism of W (.S)-modules:

log : W(a) — a¥

(48) a = (a0, ar, a2 ---) — [wh(a), wi(@),...]

We denote the inverse image log™'[a,0,...,0,...] simply by a € W(a). Then a is an
ideal of W (S).

By going to a universal situation it is not difficult to compute what multiplication,
Frobenius homomorphism, and Verschiebung on the Witt ring induce on the right
hand side of (48):

[ao,al, oo ][bo, bl, .. ] = [aobo,palbl, e ,piaibi, . ]
Hlag, a1, . ..] = [pa1,paz, ... .pai, . . .|
V[ao,al,.. ] = [0,&0,&1,. oy Qgy . ]

The following fact is basic:

Lemma 38. — Let (P,Q,F,V~1) be a display over S. Then there is a unique exten-
sion of the operator V~1:

V-l W((@P+Q— P,
such that V~1aP = 0.
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Proof. — Choose a normal decomposition
P=LoT.

Then W(a)P + Q = oT & L ® IsT. We define V! using this decomposition. To
finish the proof we need to verify that V—'aL = 0. But “a = 0, since the Frobenius
map on the right hand side of (48) is

Flug, w1, . ..] = [pu1, pus, - . .-

O

Lemma 39. — Let S be a ring, such that p is nilpotent in S. Let a C S be an
ideal with divided powers. We consider two displays P = (P,Q,F, V™) and P’ =
(P',Q',F, V1) over S. Then the natural map

(49) Hom(P,P’) — Hom(Ps/q, ’Pfg/a)

is injective. Moreover let M be a natural number, such that " =0 for any a € a.
Then the group p™ Hom(PS/u,’Pg/a) lies in the image of (49).

Proof. — As explained above the map V~! : Q' — P’ extends to the map V™1 :
W(a)P' + Q' — P', which maps W(a)P’ to W(a)P'. Let u : P — P’ be a map of
displays, which is zero modulo a, i.e. u(P) C W(a)P'. We claim that the following
diagram is commutative:

P v > W (a)P'

(50) V#J T(V—l)#
W(S) ®Fr,ws) P 1oy W(S) ®@pws) W(a)P’

Indeed, since P = W(S)V~1Q, it is enough to check the commutativity on elements of
the form wV ~1l, wherel € Q. Since V#(wV 1) = w®I. the commutativity is readily
checked. Let us denote by 1 ®p~ u : W(R) Qp~ wr) P = W(R) Qr~ w(r) W(a)P’
the map obtained by tensoring. Iterating the diagram (50) we obtain

(51) (V™ N#*Q @py w)(VV#) =u
By the nilpotence condition for each numberM, there exists a number IV, such that
VN#(P) C Is,m ®pn w(s) P.

But since Is - W(a) = 0 for big M, we obtain that the left hand side of (51) is zero.
This proves the injectivity.

The last assertion is even true without the existence of divided powers. Indeed,
it follows from the assumption that p” W (a) = 0. Let now @ : Pg/q — P4 /q De a
morphism of displays.
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For x € P let us denote by T € W(S/a) ®w (s) P its reduction modulo a. Let
y € P’ be any lifting of 4(T). Then we define

v(z) =pM - y.
Since pM W (a) = 0 this is well-defined. One checks that v is a morphism of displays
P — P’, and that 7 = pM7. O

Proposition 40. — Let S be a ring such that p is nilpotent in S. Let a C S be a
nilpotent ideal, i.e. aV = 0 for some integer N. Let P and P’ be displays over S. The
the natural map

Hom(P,P') — Hom(Ps/q,Ps/q)
is injective, and the cokernel is a p-torsion group.

Proof. — By induction one restricts to the case, where a? = 0. Then we have a
unique divided power structure on a, such that y,(a) = 0 for a € a. One concludes
by the lemma. ad

Corollary 41. — Assume again that p is nilpotent in S and that the ideal generated
by nilpotent elements is nilpotent. Then the group Hom(P,P’) is torsionfree.

Proof. — By the proposition we may restrict to the case where the ring S is reduced.
Then the multiplication by p on W(.S) is the injective map:

(s0,81,82...) > (0,85,s7...)

Therefore the multiplication by p on P’ is also injective, which proves the corollary.
O

2. Lifting Displays

In this chapter we will consider a surjective homomorphism of rings S — R. The
kernel will be denoted by a. We assume that the fixed prime number p is nilpotent
in S.

To a display over R we will associate the crystal, which controls the deformation
theory of this display in a way which is entirely similar to the deformation theory of
Grothendieck and Messing for p-divisible groups.

2.1. The main theorem. — We begin by a lemma which demonstrates what we
are doing in a simple situation.

Lemma 42. — Let S — R be as above and assume that there is a number N, such that
a¥ =0 for any a € a. Let (P;, F;) for i = 1,2 be projective finitely generated W (S)-
modules P;, which are equipped with F-linear isomorphisms F; : P; — P;,. We set
P, = W(R) ®w (s) Pi and define F-linear isomorphisms F,:P; > P, by Fi(£E®zx) =
F¢ ® Fyx, for ¢ € W(R),x € P;.
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Then any homomorphism @ : (Py,F1) — (P2, F2) admits a unique lifting o :
(P, F1) = (P, F2).
Proof. — First we choose a lifting ag : Py — P>, which does not necessarily commute
with the F;. We look for a W (S)-linear homomorphism w € Homyy (g (P, W(a)P,),
such that
(52) Fry(op+w) = (a0 + W) F1.
Since @ commutes with F'; the f-linear map n = Frap — aoFi maps P; to W(a)P;.
The equation (52) becomes

wky — Fow =1,
or equivalently
(53) w — FF(W(S) @pws) w)(FF) ™ = n*(FF) 7.
We define now a Zp-linear endomorphism U of Homy gy (P1, W (a)P) by
Uw = Ff(W(S) ®pw(s) w)(F )~

Then U is nilpotent. Indeed for this it suffices to show that F is nilpotent on W(a)P;.
Clearly we need only to show that the Frobenius ¥ is nilpotent on W (a). Since p is
nilpotent an easy reduction reduces this statement to the case, where p-a = 0. It is
well-known that in this case the Frobenius on W (a) takes the form

Flag,a1,...,a4...) = (ab,af,...,al,...).
Since this is nilpotent by assumption the operator U is nilpotent, too.
Then the operator 1 — U is invertible, and therefore the equation (53)
(1 —V)w = g#(Ff)™"
has a unique solution. O
Corollary 43. — Assume that we are given an ideal ¢ C W (a), which satisfies Fc C ¢
and a W(S)-module homomorphism ag : Py — P, which satisfies the congruence
Frao(z) = ag(Fiz) mod cPs.
Then we have oo = o9 mod cPs.

Proof. — One starts the proof of the lemma with o given by the assumption of the
corollary and looks for a solution w € Homyy (g)(P1, cPz2) of the equation (52). a

Theorem 44. — Let S — R be a surjective homomorphism of rings, such that p is
nilpotent in S. Assume the kernel a of this homomorphism is equipped with divided
powers. Let P be a display over R and let P1 and P2 be liftings to S. Let us denote
by Q\i the inverse image of Q by the map P; — P fori =1,2. Let V™! : Q\i — P;
be the extension of the operator V~! : Q; — P; given by the divided powers. Then
there is a unigque isomorphism o : (Pl,C/jl,F, V- — (Pg,@g, F, V1Y), which lifts the
identity of P.
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Proof. — The uniqueness follows from the proof of lemma 39. Indeed one has only
to observe that the commutative diagram (50) still makes sense. By assumption we
have pM - a = 0 for some number M. We make an induction on the number N to
show the following assertion:

There exists a W(S)-linear lifting a : P, — P, of the identity such that

Fo(z) = a(Fz) mod pV"W(a) forz e P,

(54) Vla(y) = a(V='y) mod p"W(a) forye Q.

We note that the divided powers give us an isomorphism [],, w',, : W(a) ~ a". From
this we see that
FW(a) C pW(a),  Is-W(a) C pW(a).
In order to have a start for our induction, we consider the equations (54) to be fulfilled
in the case N = 0 for any W (S)-linear lifting @. Hence we may assume that we have
already constructed a W (S)-linear homomorphism ay, which lifts the identity and
satisfies (54). To prove the theorem we have to construct a W (S)-linear lifting o'
of the identity, which satisfies (54) with N replaced by N + 1. We choose a normal
decomposition P, = L; & T and we put Ly = an(L1) and T> = any(71). Then
Py = Lo & T, will in general not be a normal decomposition for the display Ps. But
we can replace the display P2 by the display (P, L2 + IsTh, F,V ~1), which is defined
because Lo + IgTy C Qg. Hence we may assume without loss of generality that
Py = Ly + T5 is a normal decomposition.
For i = 1,2 we consider the f-linear isomorphisms

U1=‘/1_1+F,,L,,GBTZ—>PI

Then we define a to be the unique W(S)-linear map P; — P5, lifting the identity
which satisfies

(55) a(Uz) = Uza(x), for z € P;.

One readily verifies that oy satisfies this equation modulo p™ W (a). By the corollary
to the lemma 42 we obtain:

(56) a=ay mod pNW(a)

We will verify that o commutes with F' modulo pV+1W (a). We verify this for elements
ly € Ly and t; € T; separately. We write a(l;) = lz + t2, where lo € Ly and t2 € T.
Since an(l;) € Ly we conclude from the congruence (56) that t2 = 0 mod p™Y W (a).
Therefore we obtain

Ft; =0 mod pV W (a).
Also since V-1(W(a)P2) C W(a) Pz, we find
V7t =0 mod pVW(a).
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Now we can compute:
57) a(V7) = a(Uily) = Uza(ly) = Ve + Fit,
=V U, =Vla(l) — V", mod pVHWi(a).
If we multiply the last equation by p, we obtain
a(Fly) = Fa(l;) modulo pVt'W(a), forl; € L;.

To treat the elements in Th we write a(t1) = l5 + t5. The same argument as before
now yields I, =0 mod p™” W (a). Since our operator V! is f-linear on Q- and since
l5 is a sum of elements of the form ¢ - y, where ¢ € pV W (a) and y € L}, we obtain

VU, =0 mod pVt1W(a).
Now we compute as above:
a(Ft;) = a(Uit)) = Usa(t) = V1, + Ft)
= Fty, = Fa(t,) — Fl, = Fa(t;) mod pV W (a).
Altogether we have proved
(58) a(Fz) = Fa(z) mod pVT'Wi(a), forxz € P;.
From this equation we conclude formally
(59) a(V7ly)=V-la(y) mod pVT'W(a) forye IsP;.

Indeed, it is enough to check this congruence for y of the form V¢-z. Since V—1(Véx) =
£Fz, we conclude easily by (58). The following equation holds because both sides are
Zero:

(60) a(Vly)=Vv7la(y) fory€a-P.

The equation (57) shows that o does not necessarily commute with V= on L; mod-
ulo pN*+1W (a). Indeed, the map L; > Ly @ To 2 T, factors through p¥ W(a)Ts.
Let us denote by 1 the composite:

n: Ly — pVW(a)T vz, pNW(a) P,
Then we may rewrite the formula (57) as
(61) a(V7) = Vv~ la(l) —n() mod pVN W (a).
We look for a solution o’ of our problem, which has the form
o =a+w,
where w is a W(S)-linear map

(62) w: P — pNW(a)Ps.
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First of all we want to ensure that the equation (58) remains valid for «’. This is
equivalent with

w(Fz) = Fw(z) mod pN*1W(a) for z € P;.

But the right hand side of this equation is zero mod p™V*1W (a). Hence o satisfies
(58), if
w(Fz) =0 mod pN ' W(a).

We note that any W (S)-linear map (62) satisfies trivially w(FL;) = w(pV~'L,) =
pw(V™1L;) =0 mod pV*+'W(a). Hence o/ commutes with F© mod pV W (a), if w
mod pV*t1W (a) belongs to the W (.S)-module

(63) Hom(Py /W (S)FTy, p"W(a)/p" W (a) Qw(s) Pz)-

Moreover o/ commutes with V—! mod pN t1W (a), if w satisfies the following congru-
ence

(64) w(V=) =V~ lw(l) =n(l1) mod pVT'W(a), forl; € L.
Indeed, we obtain from (64)
(Vi) =Vl (y) mod pV*T'W(a), forye Qs,

because of (61) for y € L, and because of (59) and (60) for y € IsP; +aP;. Hence our
theorem is proved if we find a solution w of the congruence (64) in the W (.S)-module
(63).

The map V! induces an linear isomorphism

V_l : L1 —_ P]/W(S)FT].
Hence we may identify the W (.S)-module (63) with
(65) Homp_jinear(L1, P W(a)/pV W (a) @w (s) P2),
by the map w +— wV L.
We rewrite now the congruence (64) in terms of @ = wV ~!. The map V~1w is in
terms of W the composite of the following maps:
) pr v#

Li — P, 2 W(S)V-L, ——— W(S) @rw(s) In

(66) l&j#
V—l
pVW(a)/pNTIW (a) Qu(s) P2 ¢—— p" W (a)/p" W (a) @w (s) P2

The map ¢ in this diagram is the canonical injection. The map pr is the projection
with respect to the following direct decomposition

P, =W(S)V™'L, @ W(S)FT.
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Finally the lower horizontal -linear map V! is obtained as follows. The divided
powers provide an isomorphism (compare (48)):

pNW(a)/p" W (a) = (pVa/p" )"
Using the notation [ag, @1, ..., an,...] for a vector of (pVa/pV+1a)N, the map V1! is
given by:

V~ao,a1,...]®z = [a1,a2,...] ® Fz.
Let us denote by B = V# o pr o 1 the composite of the upper horizontal maps in the
diagram (66). Then we may write

V-lw =V 15#B.

We define a Z-linear operator U on the space

(67) Homp_ hnear(Ll pNW(a)/pN+1W(a)W(S)P2)’
by
(68) Uw =V~ 1o#B.

Hence the equation (64) which we have to solve now reads as follows:
(1-U)o=n modpN+W(a).

Here 1 denotes the identity operator on the group (67) and @ and 7 are considered as
elements of this group. Clearly this equation has a solution @ for any given 7, if the
operator U is nilpotent on (67).

To see the nilpotency we rewrite the space (67). We set D; = P;/IsP; + pP;, =
S/pS @uw, w(s) Pi, and we denote the image of @Q; in this space by D}. Then our
group (67) is isomorphic to

HomF‘robenius(D% ) pNW(a)/pN+1W(a) ®S/PS D2)’

where Hom denotes the Frobenius linear maps of S/pS-modules. Now the operator
U is given by the formula (68) modulo pW (S) + Is. But then locally on Spec S/pS,
the operator B, is just given by the matrix B of (15). Hence the nilpotency follows
from (15). O

2.2. Triples and crystals. — Let R be a ring such that p is nilpotent in R, and
let P = (P,Q,F,V~1) be a display over R. Consider a pd-thickening S — R with
kernel qa, i.e. by definition that p is nilpotent in S and that the ideal a is equipped with
divided powers. In particular this implies that all elements in a are nilpotent. We
will now moreover assume that the divided powers are compatible with the canonical
divided powers on pZ, C Z,.
A P-triple T = (P, F,V~1) over § consists of a projective finitely generated W(S)-

module P which lifts P, i.e. is equlpped with an isomorphism W(R) Ow(s) P~ P.
Hence we have a canonical surjection P — P with kernel W(a)P Let us denote
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by Cj the inverse image of Q. Moreover a triple consists of two f-linear operators of
W (S)-modules F : P — P and V~!: Q — P. The following relations are required:

V1(Vwz) = wFz, forwe W(S),we P.
V-1aP) =0
Here a C W(S) is the ideal given by the divided powers (48).

There is an obvious notion of a morphism of triples. Let o : P, — P2 be a
morphism of displays. Let 7; respectively 75 be a P;-triple respectively a Ps-triple
over S. An a-morphism & : P, — P is a homomorphism of W (S)-modules which
lifts @ and which commutes with F' and V~!. We note that &(@1) C Q2. Therefore
the requirement that & commutes with V~! makes sense. With this definition the
P-triples over S form a category, where P is allowed to vary in the category of displays
over R. We call it the category of triples relative to S — R.

Let us now define base change for triples. Let ¢ : R — R’ be a ring homomorphism.

Let S — R respectively S’ — R’ be pd-thickenings. Assume that we are given a
homomorphism of pd-thickenings:

Y

S ——— g

<69> Lo

Let 7 be a P-triple over S as before. Let Pgr be the display obtained by base
change from P. Then we define a Pgrs-triple 7g: over S’ as follows. We set Ty =
(W(S") Qw(s) P, F,V~1) with the following definition of F and V. The operator
F is simply the flinear extension of F' : P — P. The operator V! on @’ is uniquely
determined by the equations:

V3iwey) =FfweVly, foryecQweW(S)

VIiYwe®zr) =we® Fz, forz € P

Vi a®z) =0, for a € o’ C W(d').

Here a’ is the kernel of S’ — R’ with its pd-structure.
Let S — R be a pd-thickening and P be a display over R. Let 7 be a P-triple

over S. By theorem 44 it is determined up to unique isomorphism. We can construct
all liftings of P to a display over S as follows. We consider the Hodge filtration of P.

Let L be a direct summand of P /1 s P, such that the filtration of S-modules

(71) L CPJIsP
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lifts the filtration (70). We call this a lifting of the Hodge filtration to 7. If we denote
by Q L C P the inverse image of L by the projection P—P /1 sP we obtain a display
(P,Qr,F,V~1). By theorem 44 we conclude:

Proposition 45. — The construction above gives a bijection between the liftings of the
display P to S and the liftings of the Hodge filtration to T .

We will now formulate an enriched version of theorem 44.

Theorem 46. — Let o : P, — P2 be a morphism of displays over R. Let S — R be a
pd-thickening and consider for i = 1,2 a P;-triple T; over S. Then there is a unique
a-morphism of triples & : Ty — Ts.

Proof. — To prove the uniqueness we may assume a = 0. Then we consider the
diagram 50 with P respectively P’ replaced by P; respectively P, and u replaced by
&. There is a map V# on P which is uniquely determined by

V#F(wV ly) =wey, forweW(S),ye Q.

Its existence follows by choosing a lifting of the Hodge filtration of P to 7. With
these remarks the arguments of lemma 39 apply, and show the uniqueness. To show
the existence we first consider the case where a is an isomorphism. By choosing liftings
751 respectively 732 of P; respectively Py to S this case is easily reduced to theorem
44. The general case is reduced to the first case by considering the isomorphism of
displays:

PieP—P1®P2 ,
(z,y) — (z, () +y)
where x € P, and y € Ps. O

Remark. — This theorem extends trivially to the case where S is a topological ring
as in definition 13. More precisely let R be as in the last theorem, and let S — R
be any surjection, such that the kernel a is equipped with divided powers. If p is not
nilpotent in S this is not a pd-thickening in our sense (compare section 2.2). Assume
that there is a sequence of sub pd-ideals ...a, D an+1 ..., such that p is nilpotent in
S/a, and such that S in complete and separated in the linear topology defined by the
ideals a,. Then the theorem above is true for the surjection S — R. We note that S
is a p-adic ring. We will call S — R a topological pd-thickening. We are particularly
interested in the case where S has no p-torsion.

Let us fix S — R as before. To any display P we may choose a P-triple 7p(S). By
the theorem P — Tp(S) is a functor from the category of displays to the category of
triples. It commutes with arbitrary base change in the sense of (69). If we fix P we
may view S — Tp(S) as a crystal with values in the category of triples. We deduce
from it two other crystals.
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Let X be a scheme, such that p is locally nilpotent in Ox. Then we will consider
the crystalline site, whose objects are triples (U,T,d), where U C X is an open
subscheme, U — T is a closed immersion defined by an ideal J C O, and d is a
divided power structure on 7. We assume that p is locally nilpotent on T', and that
the divided powers é are compatible with the canonical divided power structure on
the ideal pZ, C Z,. The reason for this last condition, which was not necessary in
theorem 46 will become apparent later. Let W (O%”*) be the sheaf on the crystalline
site, which associates to a pd-thickening U — T the ring W (I'(T, Or)). A crystal in
W (O%”®)-modules will be called a Witt crystal.

Sometimes we will restrict our attention to the crystalline site which consists of
pd-thickenings (U, T, §), such that the divided power structure is locally nilpotent in
the sense of [Me] Chapt. III definition 1.1. We call this the nilpotent crystalline site.

Let P be a display over R. Then we define a Witt crystal p on SpecR as
follows. It is enough to give the value of p on pd-thickenings of the form Spec R’ —
Spec S’, where Spec R’ — Spec R is an affine open neighbourhood. The triple over S’
associated to Py is of the form

Tp,, (S") = (P,F,V~1Y).
We define
(72) Kp(Spec R’ — Spec §’) = P.

For the left hand side we will also write Kp(S’).

Definition 47. — The sheaf Kp on the crystalline situs of Spec R is called the Witt
crystal associated to P. We also define a crystal of O°Y*-modules on Spec R by

Dp(S') = Kp(S')/IsK(S").

Dp is called the (covariant) Dieudonné crystal.

More generally we may evaluate these crystals for any topological pd-thickening in
the sense of the last remark. If (S, a,) is a topological pd-thickening we set:
Kp(S) = lim Kp(R/an)
73 "
™ Dp(S) = lim Dp (R/ar)
n

The Witt crystal and the Dieudonné crystal are compatible with base change. This
means that for an arbitrary homomorphism of pd-thickenings (69) we have canonical
isomorphisms:

Kpr, (S") = W(S') @w(s) Kr(S)

(74) Dp,,(8") ~ 5 ®s Dp(S).
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This follows from the definition of the Pgs-triple 7g.. The R-module Dp(R) is iden-
tified with P/IrP and therefore inherits the Hodge filtration

(75) DL(R) C Dp(R).

The proposition 45 may be reformulated in terms of the Dieudonné crystal.
Theorem 48. — Let S — R be a pd-thickening. Consider the category C whose objects
are pairs (P, E), where P is a display over R, and E is a direct summand of the
S-module Dp(S), which lifts the Hodge filtration (75). A morphism ¢ : (P,E) —
(P’, E') in the category C is a morphism of displays ¢ : P — P’, such that the induced

morphism of the associated Dieudonné crystals (definition 47) maps E to E’. Then
the category C is canonically equivalent to the category of displays over S.

The description of liftings of a display P over R is especially nice in the following
case: Let S — R be surjection with kernel a, such that a? = 0. Then we consider the
abelian group:

(76) Hom(D5x(R),a ®r (Dp(R)/Dp(R)))

We define an action of this group on the set of liftings of P to S as follows. T'wo
liftings correspond by theorem 48 to two liftings E; and E5 of the Hodge filtration. We
need to define their difference in the group (76). Consider the natural homomorphism:

E, C Dp(S) — Dp(S)/Ez
Since E; and Ej lift the same module D} (R) the last map factors through
(77) E; — a(Dp(S)/E>).

The right hand side is canonically isomorphic to a @ (Dp(R)/DL(R)), since a? = 0.
Hence the map (77) may be identified with a map:

u: Dp(R) — a®r Dp(R)/Dp(R)
We define E; — F2 = u. It follows immediately that:
(78) B ={e—u(e)|e€ Ei},
where 2;@ € aDp(S) denotes any lifting of u(e). This proves the following

Corollary 49. — Let P be a display over R. Let S — R be a surjective ring homo-
morphism with kernel a, such that a?> = 0. The action of the group (76) on the set of
liftings of P to a display over S just defined is simply transitive. If Py is a lifting of
P and u an element in (76) we denote the action by Po + u.

Using example 1.17 it is easy to give a description of Py + u in the situation of
the last corollary. Let a C W(a) be the subset of all Teichmiiller representatives of
elements of a. If we equip a with the divided powers a,(a) = 0 this agrees with our
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definition after equation (48). We restrict our attention to homomorphisms a : Py —
aPo C W(a)P and consider the display defined by (27):

Foxz = Fx — a(Fzx), forze€ Py

(79) Vily=V-ly —a(V-1ly), fory e Qo.

Then there is an element w in the group (76) such that:

It is easily described: There is a natural isomorphism aPy & a ® g P/IrP. Hence «
factors uniquely through a map:

a:P/IrP — a®pr P/IxP.

Conversely any R-module homomorphism @ determines uniquely a map a. Let u be
the composite of the following maps:

(81) u:Q/IgrP C P/IrP > a®p P/IrP — a®p P/Q.
Then the equation (80) holds. To see this consider the isomorphism :
71 (Po, Qo, Fa, V1) — (Po, Qo, F, V1),
which exists by theorem 46 . Using the relations:
FaPy =V~ 'aPy =0, o®>=0,

it is easily verified that 7(z) = z + a(z) for z € P,. It follows that P, is isomorphic
to the display (Po, 7(Qo), F, V™). Since

7(Qo) = {z + a(z)|z € Qo}

the equation (80) follows with the w defined above (81).

Next we define the universal deformation of a display. Let S — R be a surjection
of rings, such that the kernel is a nilpotent ideal a. For a display P over R, we define
the functor of deformations of P :

Def'p (S )

as the set of isomorphism classes of pairs (73, t), where P is a display over S and
L:P — Pg is an isomorphism with the display obtained by base change.

We will consider the deformation functor on the following categories Aug, _,p. Let
A be a topological ring of type (16). The ring R is equipped with the discrete topology.
Suppose we are given a continuous surjective homomorphism ¢ : A — R.

Definition 50. — Let Aug,_,p be the category of morphisms of discrete A-algebras
s : S — R, such that ¥g is surjective and has a nilpotent kernel. If A = R, we will
denote this category simply by Augg.
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A nilpotent R-algebra A is an R-algebra (without unit), such that NV = 0 for a
sufficiently big number N. Let Nilg denote the category of nilpotent R-algebras. To
a nilpotent R-algebra N we associate an object R|N| in Augp. As an R-module we
set RIN| = R & N. The ring structure on R|N| is given by the rule:

(r1 ®n1)(r2 ® n2) = (r172 ® ring +reng + ning) forn;, € N, r; € R.

It is clear that this defines an equivalence of the categories Nilg and Augp. An R-
module M is considered as an element of Nilgr by the multiplication rule: M2 = 0.
The corresponding object in Augp, is denoted by R|M|. We have natural fully faithful
embeddings of categories

(R — modules) C Augp C Augy_,r

Let F be a set-valued functor on Aug,_,p. The restriction of this functor to the
category of R-modules is denoted by tr and is called the tangent functor. If the
functor tz is isomorphic to a functor M — M Qg tr for some R-module tg, we call
tr the tangent space of the functor F' (compare [Z1] 2.21).

Let T be a topological A-algebra of type (16) and ¥y : T — R be a surjective
homomorphism of topological A-algebras. For an object S € Aug,_,p, we denote by
Hom(T, S) the set of continuous A-algebra homomorphisms, which commute with the
augmentations ¥ and ©¥s. We obtain a set-valued functor on Augy_, g:

(82) SpfT'(S) = Hom(T, S)

If a functor is isomorphic to a functor of the type Spf T it is called prorepresentable.

We will now explain the prorepresentability of the functor Defp. Let us first
compute the tangent functor. Let M be an R-module. We have to study liftings
of our fixed display P over R with respect to the homomorphism R|M| — R. The
corollary 49 applies to this situation. We have a canonical choice for Pg:

Po = PR|M|-

Let us denote by Defp(R|M|) the set of isomorphism classes of liftings of P to R|M|.
Then we have an isomorphism :

(83) Homg(Q/IrP,M ®r P/Q) — Defp(R|M|),

which maps a homomorphism u to the display Py + u. Hence the functor Defp has a
tangent space, which is canonically isomorphic to the finitely generated projective R-
module Homg(Q/IrP, P/Q). Consider the dual R-module w = Homg(P/Q,Q/IrP).
Then we may rewrite the isomorphism (83):

Hompg(w, M) — Defp(R|M])
Hence the identical endomorphism of w defines a morphism of functors:

(84) Spf R|w| — Defp
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We lift w to a projective finitely generated A-module @. We consider the symmetric
algebra Sp(w). Its completion A with respect to the augmentation ideal is a topo-
logical A-algebra of type (16), which has a natural augmentation A — A — R. Since
the deformation functor is smooth, i.e. takes surjections S; — S2 to surjective maps
of sets, the morphism (84) may be lifted to a morphism:

(85) SpfA — Def'p

It is not difficult to show, that this is an isomorphism using the fact that it induces
by construction an isomorphism on the tangent spaces (compare [CFG]). It is easy to
describe the universal display over PU"V over A. Let u : Q/IrP — w ®g P/Q the
map induced by the identical endomorphism of w. Let o : P — w ®g P/Q be any
map, which induces u as described by (81). The we obtain a display P, over R|w|.
For PU"V we may take any lifting of P, to A.

Let us assume that the display P is given by the equations (9). In this case the
universal deformation is as follows. We choose an arbitrary lifting (&;;) € Glr(W(A))
of the matrix (a;;). We choose indeterminates (tx;) for k = 1,...d, l =d+1,...h.
We set A = Afty;]. For any number n we denote by E,, the unit matrix. Consider
the following invertible matrix over Gl (A):

Eq [tw] y
(36) (%5 ) )
As usual [tx] € W(A) denotes the Teichmiiller representative. This matrix defines by

(9) display PU"V over the topological ring A. The the pair (A, P""V) prorepresents
the functor Defp on the category Aug,_, g.

2.3. Witt and Dieudonné crystals. — Our next aim is to explain how the Witt
crystal may be reconstructed from the Dieudonné crystal.

The ideal Ir C W(R) will be equipped with the divided powers (see [Gr] Chapt.
IV 3.1):

(87) ap(Vw) = pP~2V(wP), for w € W(R).

The morphism wg : W(R) — R is a topological pd-thickening, in the sense of the
remark after theorem 46, because (87) defines a pd-thickenings wo : W,,(R) — R. We
note that the last pd-thickenings are nilpotent, if p # 2.

If we evaluate a crystal on Spec R in W(R) we have the topological pd-structure
above in mind (compare (73)).

More generally we may consider a pd-thickening S — R, where we assume p to be
nilpotent in S. Let a C S be the kernel. The divided powers define an embedding
a C W(S), which is an ideal of W(S) equipped with the same divided powers as
a C S. The kernel of the composite W(S) 22 S — R is the orthogonal direct sum
Is @ a. Since we have defined divided powers on each direct summand, we obtain a
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pd-structure on the kernel of:
(88) W(S) — R.

Again this induces pd-thickenings W,,(S) — R. Therefore me may consider (88) as
a topological pd-thickening, and evaluate crystals in W (S).

In the case p # 2 the divided powers on the kernel of W,,(S) — R are nilpotent, if
the divided powers on the ideal a were nilpotent.

Proposition 51. — Let S — R be a pd-thickening. There is a canonical isomorphism
Kp(S) = Dp(W(S)).

This will follow from the more precise statement in proposition 53.

For later purposes it is useful to note that this proposition makes perfect sense if
we work inside the nilpotent crystalline site.

To define the isomorphism of proposition 51 we need the following ring homomor-
phism defined by Cartier:

(89) A W(R) — W(W(R)).

It is defined for any commutative ring R. In order to be less confusing we use a hat
in the notation, if we deal with the ring W (W (R)).
The homomorphism A is functorial in R and satisfies

(90) () =T"¢, £ W(R).

As usual these properties determine A uniquely. We leave the reader to verify that
the equation:

(91) W (wn)(A(©) =7,
holds too.

Lemma 52. — The following relations hold:

AFE) = FAE©) = WENAE),
AYE) =Y (AE) = [V€,0,0,...] € W(Ig)
Here on the right hand side we have used logarithmic coordinates with respect to the

divided powers on Ig.

Proof. — We use the standard argument. By functoriality we may restrict to the
case where R is torsion free (as Z-module). Then W (R) is torsion free too. Hence it
is enough to show that for each integer n > 0 the equations of the lemma hold after
applying w,. This is readily verified. O
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Proposition 53. — Let S — R be a pd-thickening with kernel a, and let P =
(P,Q,F,V~1) be a display over R. Let T = (P,F,V~1) be the unique (up to
canonical isomorphism) P-triple over S. Consider the pd-thickening W (S) — R with
kernel Is @ a. Let T denote the unique P-triple related to this pd-thickening. Then
T is of the form

T = (W(W(S)) ®aws) P, F, V),

where the operators F' and V=1 are uniquely determined by the following properties:
(92) FE®z)=Te@Fz, EecWW(S)),zecP
Vi€ey) =TEevly, yeQ
Vv i(Yéwa) =€ Fa.
Here as usual _@ denotes the inverse image of Q@ by the morphism P— P.
The triple T provides the isomorphism of proposition 51:
(93) Kp(S) = P =W(S) ®a, (W(W(S)) ®a,w(s) P) = Dp(W(S5))

Proof. — Let o : W(S) — R be the pd-thickening (88). It follows that from (91) that
W(W(S)) ®a,w(s) P = P is a lifting of P relative to o. We have homomorphisms

PP P,

where the first arrow is induced by W (wo) : W(W(S)) — W (S5). Let Q be the inverse
image of @ in P.
_ Wg cho~ose a normal decomposition P = L & T, and we lift it to a decomposition
P =L&T. Then we have the decomposition
(94) Q=L IsT®adl.
The divided power structure on the ideal Is®a C W (S) induces an embedding of this
ideal in W (W (S)). We will denote the images of Is respectively a by Is respectively
d. The analogue of the decomposition (94) for the pd-thickening W (S) — R gives for
the inverse image of Q:
(95) mHQ)=WW(S) ©® Lolys © Tels ® Tod

AW(S) AW (S) AW(S) AW (S)
By the definition of 7 the operator V! must be defined on 7~(Q) and it must be
a lifting of V—! on P.

Let us assume for a moment that V~! exists as required in the proposition. We
claim that this implies that V! vanishes on the last two direct summands on (95).
To see that V~! vanishes on Ig ® a,w(s) T, we remark that by lemma 52 any element
of Is may be written in the form AVE) =Y A(E), for € € W(S). Hence it suffices to
show that for t € T R

VHAME - VA ®t) =0.
But this follows from the equation (92).
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Let a € a C W(S) be an element. The same element considered as element of
a c W(W(S)) will be denoted by a. We have the following lemma, which we prove
later.

Lemma 54. — We have A(a) = a.

Hence V71(@®t) = V-1(1®at) = 1 ® V~lat = 0, by the second equation of (92)
for y = at. Now we see from the decomposition (95) that the operator V=1 from the
triple 7 is uniquely determined by the requlrements (92). Moreover we can check now
that V=1 (if it exists) is a lift of V= : Q — P relative to W(wo) : W(W(S)) — W(S).
In fact our proof of the uniqueness shows that 71"1(Q) is generated by all elements
of the form § ® vy, for 5 € W(W(S)) and y € Q and of the form § ® z, for x € P.
Since W(wg) commutes with ¥ and V, we see from (92) that V! is indeed a lift. It
remains to show the existence of a V! as asserted in the proposition.

To prove the existence of V!, we define an f-linear operator V! on ﬂ‘l(@). On
the first direct summand of (95) it will be defined by the second equation of (92), and
on the second direct summand by the third equation of (92). On the last two direct
summands of (95) we set V~! equal to zero. We only have to check, that the last two
equations of (92) hold with this definition. We will write down here only some parts
of this routine calculation. Let us verify for example that the second equation of (92)
holds for y € IsT. We may assume that y is of the form y = Ynt, where n € W(S)
and ¢t € T. Then we have to decompose & £V nt according to the decomposition (92):

EaVnt=2n("n)-Eot=(a(n) - am) Eot+ AmEst

Here the first summand is in the third direct summand of (95) and the second sum-
mand is in the second direct summand of the decomposition (95). The definition of
V~1! therefore gives:

-1 (?@ y) v (Yam-Eot)
—v2 (T (amT g i) = amEe Fr
=FeonFt="EoVv-1 (Vi) =TEo vy

Hence the second equation of (92) holds with the given definition of V=1 for y € I sT.
For y € L this second equation is the definition of V~! and for y € aT the lemma 54
shows that both sides of the equation

1 (Feoy) =Ea Fy
are zero. Because we leave the verification of the third equation (92) to the reader we

may write modulo the lemma 54: O

Let us now prove the lemma 54. The ideal W(a) C W(S) is a pd-ideal, since it
is contained in the kernel a @ Is of (88). One sees that W (a) inherits a pd-structure
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from this ideal. One checks that in logarithmic coordinates on W (a) this pd-structure
has the form:
aplao, ai, . ..] = [ap(ao), PP Vay(ar),. .., p" P Vay(as),...]

where ap(a;) for a; € a denotes the given pd-structure on a.
On W(a) the operator F becomes divisible by p™. We define an operator #F"
on W(a) as follows:

plnF" : W(a) — W(a)

[a07a'17a'2 . '] L [a‘n7an+1) An+2, - - ']
Since W(a) C W(S) is a pd-ideal, we have the divided Witt polynomials
Wy, : W(W(a)) — W(a)

If a € a C W(a) the element @ € @ C W (W (a)) used in the lemma 54 is characterized
by the following properties

wo(@) =a, W, (a)=0 forn>0.
Therefore the lemma 54 follows from the more general fact:

Lemma 55. — Let S be a Z,-algebra and a C S be a pd-ideal. Then the canonical
homomorphism

A W(a) — W(W(a))

satisfies

~ 1 pn

w, (A (a)) = FF a, forae€ W(a),n>0.
Proof. — One may assume that S is the pd-polynomial algebra in variables ag, a1, . . .
over Zjy. Since this ring has no p-torsion the formula is clear from (90) O

Corollary 56. — Under the assumptions of proposition 53 let ¢ : W(R) — S be a

homomorphism of pd-thickenings. Then the triple T = (P, F,V~1) may be described
as follows: Let § be the composite of the homomorphisms

w
(96) §: W(R) £, W (W (R)) We) | wW(S)
This is a ring Qomomorphz’sm, which commutes with F.
We define P = W(S) @swr) P. Then P is a lifting of P with respect to the
morphism S — R. For the operator F on P we take the F-linear extension of the

operator F' on P. Let Q C P be the inverse image of Q. Finally we define V1 : Q —
P to be the unique F-linear homomorphism, which satisfies the following relations.

Vi3lwey) =fueV-ly, weW(S),yeQ
(97) V3iYwer) =we Fz, weW(S),zeP
V1l a®z)=0 a€acC W(S).
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In particular we obtain the following isomorphisms:

Kp(S) = W(S) ®w(r) Kr(R)

Dp(S) = S @wr) Kpr(R).
Proof. — We apply proposition 53 to the trivial pd-thickening R — R, to obtain the
triple 7. Then we make base change with respect to ¢ : W(R) — S. O

We will now see that the isomorphism of proposition 51 (compare (93)) is compat-
ible with Frobenius and Verschiebung.

Let R be a ring such that p- R = 0. For a display P over R we have defined
Frobenius and Verschiebung.

Frp:P —P® Verp: PP — P
They induce morphisms of the corresponding Witt and Dieudonné crystals:

(98) Frp, : Dp — Dpw), Frip:Kp — Kpw

(99) Verp, : Dpw — Dp, Verg, : Kpw — Kp

Let us make the morphisms more explicit. We set P = (P,Q,F,V~!). Let S - R
be a pd-thickening, such that p is nilpotent in S. We denote by 7 = (P, F,V~1) the
unique P-triple over S. The unique P®)-triple over S is given as follows

7@ = (W (8) @rwi(s) P, F, vy,

where F' and V! will now be defined:
Fé(®z)=Tt® Fz, forfeW(S),ze P.

The domain of definition of V! is the kernel @(”) of the canonical map

W(S) ®pw(sy P — R ®rrob,r P/Q,
which is induced by W(S) % S§ — R. The operator V™! on QW is uniquely
determined by the following formulas

Vl(E®y) =TeeVly, forfeW(S),yeQ
(100) V1 (V¢e®z) =¢® Fu, reP
v-1 (a RFwW(S) 13) =0.

Even though it makes the text long, we do not leave the verification of the existence
of V! to the reader: We take a normal decomposition P =L &T. Then we obtain
the decompositions
@ =LaIsT ®aT
QW =W(S)®pws) LOIs ®rw(sy T ® a®@pwsy T

We define the operator V! on @(P) by taking the first formula of (100) as a formula
on the first direct summand, the second formula on the second direct summand and
so on. Then we have to verify that V~! defined on this way satisfies (100). To verify
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the first formula (100) it is enough to check the cases y € L,y € IsT and y € aT
separately. For y € L the assertion is the definition of V=1 and for y € aT both sides
of the equation become zero. Therefore we may assume y = Vnz, for n € W(S) and
z € T. We have

§® Ve = pn ® z.
Now in the ring W(Z,) = W (W (Fp)) we have the equation
p—[p0,0---]=A"1)-[V1,0---0) = YAl = V1.
Since Z, — S is a pd-morphism the same equation holds in W(S). We obtain
pén®@z = ([p,0---0]+ 1) N z.
Since [p,0---0jén® z € a ® T we obtain by the definition of V!
Viipénezs) =V ("1-tnes) =v 1 (YF(Enez) ="(¢n) @ Fx
=FeenFz="cee Vv (Vnz).

This proves the assertion. The verification of the last two equations of (100) is
done in the same way, but much easier.

Hence we have proved the existence of V1. It follows that 7(® is a P(®)-triple.

To the triple 7 = (P, F,V 1) there is by lemma 1.5 an associated W (S)-linear
map

(101) V# . P — W(S) ®prws) P,
which satisfies the relations

V#F(wVly) =wey, for y € Q,w € W(S)
V#(wFz) =p-w® x.

Indeed, to conclude this from lemma 1.5 we complete 7 to a display (]3, Q,
F,V~1) and note that Q = Q + aP.
Then we claim that (101) induces a map of triples:

(102) Fro:T —T®

We have to verify that the morphism (101) commutes with F and V~!. Let us do the
verification for V—!. The assertion is the commutativity of the following diagram:

~ V# = ) ~
Q—— QP c W(S) ®rw(s) P

V—ll va—l
V#

P — W(S) ®r,w(s) P
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We take any y € @ and we write it in the form
m
y=> &V 7lz,
i=1

for & € W(S) and 2; € Q. Then we compute
VEFVTly) =1®y
m m
Vi (VvHy) = V_I(Z& ® Zi) =Y faevia=1®y
=1 =1
We leave to the reader the verification that
F# . W (S) QFrw(S) P—P
induces a morphism of triples
Verr : TW — T

Then Frs and Verr are liftings of Frp and Verp and may therefore be used to
compute the Frobenius and the Verschiebung on the Witt crystal and the Dieudonné
crystal:

Proposition 57. — Let R be a ring, such that p- R = 0. Let P be a display over R.
We consider a P-triple T = (13 F,V~1) relative to a pd-thickening S — R. Then
the Frobenius morphism on the Witt crystal Frx,(S) : Kp — Kpx) (S) is canonically
identified with the map V# : P W (S) ®F,w (s) P, and the Verschiebung morphzsm
Veri, (S) : Kpw (S) = Kp(S) is canonically identified with F# : W(S) ® r,w (s) P
P. The Frobenius and Verschiebung on the Dieudonné crystal are obtained by taking
the tensor product with S®w, w(s)-

This being said we formulate a complement to the proposition 53.

Corollary 58. — Let us assume that p- R = 0. Then for any pd-extension S — R the
isomorphism of the proposition 53:

Kp(S) — Dp(W(9))
is compatible with the Frobenius and the Verschiebung on these crystals.

Proof. — We will check this for the Frobenius. The commutativity of the following
diagram is claimed:

Kp(S) ——— Dp(W(S))

Fr;c,,l lF TDp

Kpw (8) —— Dpw) (W(S)).

SOCIETE MATHEMATIQUE DE FRANCE 2002



182 T. ZINK

Now we take a P-triple (13, F,V 1) over S. Taking the proposition 57 into account,
we may rewrite the last diagram as follows:

B W) gWW(s) , @ P)
1 V#
v# WE@WWE) e WWE), e P)

w(s) @ 13<—W(S)‘f;?J(W(W(S'))A

® W) ® P)
F,W(S) w(S)

F,W(S)

)

It is enough to check the commutativity of this diagram on elements of the form
1V 1I(t®y), e WW(S))y €@ and V- 1(VE®z),x € P. This is easy. O

We will now study the functor which associates to a display its Dieudonné crystal
over a base R of characteristic p. In this case the Dieudonné crystal is equipped with
the structure of a filtered F-crystal. We will prove that the resulting functor from
displays to filtered F'-crystals is almost fully faithful.

Let R be a ring, such that p- R = 0, and let P be a display over R. The inverse
image of the Witt crystal Kp by the Frobenius morphism Frob : R — R may be
identified with Kpu). To see this we look at the commutative diagram:

w(s) —£ . w(s)

The vertical map is a pd-thickening by (88) and ¥ is compatible with the pd-structure.
This diagram tells us ([BO] Exercise 6.5), that

Frob® Kp(W(S)) = W(W(S)) ®w (r),ww(s) Kr(W(S5)).
The pd-morphism wq : W(S) — S gives an isomorphism
W(S) ®w (wo),w (w(s)) Frob* Kp(W(S)) = Frob* Kp(S)
Combining the last two equations we get as desired identification:
(103) Frob™ Kp(S) = W(S) ®@rw(s) Kr(S) = Kpw (5).
From this we also deduce:

Frob® Dp(S) = Dpe (S)
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Remark. — This computation of Frob™ Dp may be carried out inside the nilpotent
crystalline site, if p # 2. The point is that we need that W(S) — R is a topological
nilpotent pd-thickening, if S is a nilpotent pd-thickening. The result is the same.

Definition 59. — Let X be a scheme, such that p- Ox = 0. Let us denote by Frob :
X — X the absolute Frobenius morphism. A filtered F-crystal on X is a triple
(D, G, Fr), where D is a crystal in O%”°-modules G C Dx is an Ox-submodule of
the O x-module Dx associated to D, such that G is locally a direct summand. F'r is
a morphism of crystals

Fr:D — Frob* D = D).

We also define a filtered F-Witt crystal as a triple (IC, @, F'r), where K is a crystal
in W(O%®)-modules, Q@ C Kx is a W(Ox)-submodule, such that IxKx C Q and
Q/IxKx C Ox ®wo,w(ox) Kx is locally a direct summand as Ox-module. Fr is a
morphism of W (0O5”®)-crystals

Fr: K — K® = Frob* K.

With the same definition we may also consider filtered F-crystals (resp. F-Witt
crystals), if p # 2.

The same argument which leads to (103) shows that for any pd-thickening T «—
U — X there is a a canonical isomorphism:

K®)(T) = W(Or) @pw(or) K(T)

From a filtered F-Witt crystal we get a filtered F-crystal by taking the tensor product
O%"*®w(osve)- Let R be a ring such that p- R = 0 and P = (P,Q,F,V~!) be a
display over R as above. Then we give the Witt crystal Xp the structure of a filtered
F-Witt crystal, by taking the obvious @, and by defining Fr : Kp — Kp ) as the map
(98). By taking the tensor product O3 *®, wogv) We also equip the Dieudonné
crystal Dp with the structure of a filtered F' crystal.

We will say that a pd-thickening (resp. nilpotent pd-thickening) S — R is liftable,
if there is a morphism of topological pd-thickenings (resp. topological nilpotent pd-
thickenings) S’ — S of the ring R, such that S’ is a torsionfree p-adic ring. We prove
that the functors K and D are “fully faithful” in the following weak sense:

Proposition 60. — Let R be a Fp-algebra. Assume that there exists a topological pd-
thickening S — R, such that S is a torsionfree p-adic ring.

Let Py and P2 be displays over R. We denote the filtered F-crystal associated to
Pi by (D;, Gi, Fr;) for i = 1,2 and by (K;,Qi, Fr;) the filtered F-Witt crystal.

Let o : (D1,G1, Fr1) — (D2,Ga, Fry) be a morphism of filtered F-crystals. Then
there is a morphism ¢ : Py — P2 of displays, such that the morphism of filtered
F-crystals D(¢) : (D1,G1,Fr1) — (D2,G2, Fry), which is associated to ¢ has the
following property:
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For any liftable pd-thickening S’ — R, we have
(104) as: = D(p)s
The similar statement for the filtered F'- Witt crystals is also true.

Remark. — The result will later be used to show that the functor BT of the intro-
duction is fully faithful under the assumptions of the proposition. In fact we will use
the following variant of the proposition: Assume that p # 2 and that we are given
a topological nilpotent pd-thickening, such that S is a torsionfree p-adic ring. Then
it is enough to have a morphism « on the nilpotent crystalline site to conclude the
existence of ¢, such that for any liftable nilpotent pd-thickening S’ — R the equality
(104) holds.

Proof. — First we prove the result for the filtered F-Witt crystals. Let (ﬁ',, F,v—Y
be the P;-triple over S for ¢ = 1,2. We may identify K;(S) with P, and Fry(S)
with the morphism V# : PZ — W(S) ®r,w(s) P Then we may regard ag as a
homomorphism of W(.S)-modules

ag ﬁl — ﬁz,
which commutes with V#:
(105) V#as = (1® as)V*.
Since a g respects the filtrations ; and Q2, we get

as(Q1) C Qo
Because the ring S is torsionfree we conclude from the equations F# . V# = p and
V#.F# = = p, which hold for any display, that the maps F# . W(S) ®Frw(s) P, — P,
and V# : P, — W(S) @r,w(s) P; are injective. Hence the equation
(106) F*(1® as) = asF#*
is verified by multiplying it from the left by V# and using (105). We conclude that as
commutes with F. Finally as also commutes with V~! because we have pV~! = F
on Q.

We see from the following commutative diagram
P _@s | Py

! !

p, —%E, p,
that ar induces a homomorphism of displays and that ag is the unique lifting of ag
to a morphism of triples. This proves the proposition in the case of filtered F-Witt
crystals. Finally a morphism 8 : D; — D3 of the filtered F-crystals also provides a
morphism a : K; — K3 of the Witt crystals by the proposition (53), which commutes
with F'r by the corollary (58). It is clear that « also respects the filtrations. Hence
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the assertion of the theorem concerning filtered F-crystals is reduced to the case of
filtered F-Witt crystals. O

2.4. Isodisplays. — Let R be a ring and let a C R be an ideal, such that p is
nilpotent in R/a. We assume that R is complete and separated in the a-adic topology.
In this section we will consider displays over the topological ring R with its a-adic
topology (see definition 13).

We consider the ring Wo(R) = W(R) ®z Q. The Frobenius homomorphism ¥ and
the Verschiebung ' extend from W (R) to Wg(R).

Definition 61. — An isodisplay over R is a pair (Z, F'), where Z is a finitely generated
projective Wo(R)-module and
F:T—17

is an F-linear isomorphism.

Let us assume for a moment that R is torsionfree (as an abelian group). Then we
have a commutative diagram with exact rows

00— Ig — WR) — R — 0

! ! !

0 — Ip®Q — Wo(R) — R®Q —— 0,

where the vertical maps are injective. In particular W(R) N Ir ® Q = Ig.

Definition 62. — Let R be torsionfree. A filtered isodisplay over R is a triple
(Z,E, F), where (Z,F) is an isodisplay over R and F C Z is a Wg(R) submodule,
such that

(i) IrTCECT

(ii) E/IrZ C Z/IRZ is a direct summand as R ® Q-module.

Example 63. — Let P = (P,Q, F,V 1) be a 3n-display over R. Obviously F extends
to an f-linear homomorphism F : PQQ — P ® Q.

The pair (P®Q, F) is an isodisplay. Indeed, to see that F' is an *-linear isomorphism
we choose a normal decomposition P = L& T. We present F' : P — P as a composite

of two morphisms
pidr @idr Ve F
—_— _—

LT LeT LaT.

The last morphism is already an f-linear isomorphism and the first morphism becomes
an linear isomorphism, if we tensor by Q.

Example 64. — 1f R is torsionfree, we get a filtered isodisplay (P ® Q,Q ® Q, F).
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Example 65. — Let a C R be an ideal, such that R is complete and separated in the
a-adic topology. We assume that pR C a C R.

Let k be a perfect field, such that kK C R/a. Then we find by the universality of
Witt vectors a commutative diagram

wk) —L— R

(107) l l

k —— R/a

The map 6 : W (k) 3 W (W (k)) Wie) W (R) commutes with . Hence if we are given

an isodisplay (NN, F') over k, we obtain an isodisplay (Z, F') over R if we set
T = Wo(R) ®s,wory N, F(E®z)="¢Q Fx.

We will write (Z, F') = Wo(R) ®s,wq k) (NN, F).

Let Qisgr be the category of displays over R up to isogeny. The objects of this
category are the displays over R and the homomorphisms are Homg;sq (P, P’) =
Hom(P,P’) ® Q. We note that the natural functor (Displays)r — Qisgr is by corol-
lary 41 faithful if the nilradical of R/pR is nilpotent. It is clear that the construction
of example 63 provides a functor:

(108) Qisgr — (Isodisplays)r
Proposition 66. — If p is nilpotent in R, the functor (108) is fully faithful

Proof. — The faithfulness means that for any morphism of displays o : P — P’, such
that the induced map aq : Po — F is zero, there is a number N, such that pNa =0.
This is obvious. To prove that the functor is full, we start with a homomorphism of
isodisplays ag : (Pg, F') — (Fg, F'). Let Im P’ be the image of the map P’ — Fj.
Since we are allowed to multiply g with a power of p, we may assume that oy maps
Im P to Im P’. Since P is projective we find a commutative diagram:

(e 7))
(109) Pp — P}

[ .1

pP—2p
Since Fa — aF is by assumption in the kernel of P’ — Fy, we find a number N,
such that p¥ (Fa — aF) = 0. Multiplying o and ag by p", we may assume without
loss of generality that o commutes with F'. Moreover, since p is nilpotent in P’/IgP’
we may assume that a(P) C IrP’ and hence a fortiori that o(Q) C Q’. Finally since
pV~1 = F on Q it follows that pa commutes with V1. Therefore we have obtained
a morphism of displays. O
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Let us now consider the case of a torsionfree ring R. Then we have an obvious
functor

(110) Qisgr — (filtered Isodisplays)g.
Proposition 67. — Let R be torsionfree. Then the functor (110) is fully faithful.

Proof. — Again it is obvious that this functor is faithful. We prove that the functor
is full.

Let P and P’ be displays over R. Assume that we are given a morphism of the
corresponding filtered isodisplays

ap : (Pg,Qq, F) — (Pé, Qb, F).
We have to show that ayg, if we replace it possibly by p™¥ayg, is induced by a homo-
morphism
a:(P,Q,F,V™Y) — (P,Q,F,V ).
The proof of proposition 66 works except for the point where the inclusion a(Q) C Q'
is proved. But this time we already know that a(Q) C Qg- We choose finitely many

elements z1,...,Tym € Q, whose images generate the R-module Q/IrP. Since it
suffices to show that a(z;) € Q’, if we possibly multiply o by p" we are done. O

Definition 68. — An isodisplay (resp. filtered isodisplay) is called effective, if it is in
the image of the functor (108) (resp. (110)).

Proposition 69. — Let R be torsionfree. Let a C R be an ideal, such that there exists
a number N, such that a¥ C pR and pN € a. Let (I1,F) and (I2, F) be effective
isodisplays over R. Then any homomorphism &o : (Z1,F)rja — (Z2,F)rja lifts
uniquely to a homomorphism oo : (Z1, F) — (I, F).

Proof. — We choose displays P; and P2 over R together with isomorphisms of isodis-
plays (P; g, F) ~ (Z;, F)fori = 1,2. By the proposition 66 we may assume that @
is induced by a morphism of displays @ : P; r/a — P2 ,r/a- Indeed, to prove the
proposition it is allowed to multiply & by a power of p.

Next we remark, that for the proof we may assume that a = p - R. Indeed, let
S — T be a surjection of rings with nilpotent kernel and such that p is nilpotent in S.
Then the induced map Wg(S) — We(T) is an isomorphism and hence an isodisplay
on S is the same as an isodisplay on T'. Applying this remark to the diagram

R/aR — R/a+pR «— R/pR,

we reduce our assertion to the case, where a = pR.

Since pR C R is equipped canonically with divided powers the morphism of dis-
plays @ : Py r/pr — Po,r/pr lifts by theorem 46 uniquely to a morphism of triples
(P, F,V~!) — (P, F,V~!) which gives a morphism of isodisplays g : (P1g,F) —
(P2,Q, F'). This shows the existence of ayp.
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To prove the uniqueness we start with any lifting o : (Z1,F) — (Z2, F) of @p.
Since it is enough to show the uniqueness assertion for pV @, and some number N,
we may assume that ag(P;) C P;. Since P; and P, are torsionfree as abelian groups
it follows that ag commutes with F' and with V~1, which is defined on @1 Cc P
resp. @2 C P, taken with respect to R — R/pR. Hence ag is a morphism of triples
(P, F,V~1) — (P, F,V~1), which is therefore uniquely determined by the morphism
of displays @ : Py r/pr — P2,R/pR- O

We will now explain the period map. Let us fix an effective isodisplay (N, F') over
a perfect field k. We consider the diagram (107) and make the additional assumption
that a® C pR for some number t. We consider the category M(R) of pairs (P,r),
where P € Qisgr and r is an isomorphism 7 : Pr/q g — (N, F)g/a in the category of
isodisplays over R/a. By the proposition 69 any homomorphism between pairs (P, )
is an isomorphism and there is at most one isomorphism between two pairs.

The period map will be injection from the set of isomorphism classes of pairs (P, r)
to the set Grassy,x) IV (R®Q), where Grassy, )N is the Grassmann variety of direct
summands of the Wg(k)-module N.

The definition is as follows. The lemma below will show that the isodisplay
Wao(R) ®s5,wek) (N, F) is effective. Hence by the proposition 69 there is a unique
isomorphism of isodisplays, which lifts r

7 : (Po, F) — Wo(R) ®swqk) (N, F).
The map
Wo(R) ®s,wek) N . Po — Po/Qq
factors through the map induced by wyg
Wao(R) ®s,wok) N — Ro ®s,wek) N-

Hence we obtain the desired period:

(111) Rg ®s5,wok) N — Po/Qo

Hence if Iso M(R) denotes the set of isomorphism classes in M (R) we have defined
a map

Iso M(R) — Grassw, )N (Rq)-
This map is injective by the proposition 67.

Now we prove the missing lemma.

Lemma 70. — Let (N, F) be an effective isodisplay over a perfect field k (i.e. the slopes
are in the interval [0,1]). Then in the situation of the diagram (107) the isodisplay
Wo(R) ®s,Wo(k) (N, F) is effective.
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Proof. — One can restrict to the case R = W(k) and p = id. Indeed, if we know in
the general situation that Wo(W(k)) ®a,wek) (IV, F) is the isocrystal of a display
Po, then p, Py is a display with isodisplay Wo(R) ®s wek) (IV, F). In the situation
p =id let(M, @, F, V1) be a display with the isodisplay (IV, F'). Then the associated
triple with respect to the pd-thickening W (k) — k is the form (W(W(k)) ®a,w k)
M, F, V1), where V~! is given by (92). This triple gives the desired display if we
take some lift of the Hodge-filtration of M/pM to M. The isodisplay of this display
is (Wo(W (k) ®a,wek) N, F). O

Finally we want to give an explicit formula for the map (111). The map 7! is

uniquely determined by the map:

(112) p: N — Py,

which is given by p(m) = 7-1(1 ® m), for m € N. This map p may be characterized
by the following properties:

(i) p is equivariant with respect to the ring homomorphism ¢ : Wg(k) — Wo(R).
(ii) p(Fm) = Fp(m), for m € N
(iii) The following diagram is commutative:

Py —— Wo(R/a) ®wex) N

x T
N
We equip Py with the p-adic topology, i.e. with the linear topology, which has as

a fundamental system of neighbourhoods of zero the subgroups p*P. Because W (R)
is a p-adic ring, P is complete for this linear topology.

(113)

Proposition 71. — Let pg : N — P be any d-equivariant homomorphism, which makes
the diagram (113) commutative. Then the map p is given by the following p-adic limit:

p = lim FipoF~".
12— 00
Proof. — We use p to identify Pp with Wo(R) ®s,wy k) IV, i.e. the map p becomes
m— 1®m, for m € N. We write pp = p + . Clearly it is enough to show that:
(114) lim FaF~%m) =0, form € N.
22— 00

Since p and pp make the diagram (113) commutative, we have a(N) C Wo(a) ®s,wq (k)
N. We note that Wg(a) = Wo(pR).

We choose a W (k)-lattice M C N, which has a W (k)-module decomposition M =

@®M;, and such that there exists nonnegative integers s,r; € Z with F°*M; = p™i M;.
We take an integer a, such that

a(M) C p*W(pR) ®sw k) M.
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It suffices to prove (114) for elements m € M;. We compute for any number u:
(115) F“a(F~"*m) € p~ " F*a(Mj) C p* ™" F**(W(pR) Qs,w k) M).
But using the logarithmic coordinates for the pd-ideal pR we find:
fW(pR) = W(p°R) = pW (pR).
This shows that the right hand side of (115) is included in
p* VIt W (pR) Qs,w (k) M.

Since N is an effective isodisplay we conclude s > r; for each j. This proves that
F¥saqF~"$(m) converges to zero if u goes to co.

More generally we can consider the limit (114), where ¢ runs through a sequence
1 = us + ¢ for some fixed number q. By the same argument we obtain that this limit
is zero too. O

2.5. Lifting homomorphisms. — Consider a pd-thickening S — R with kernel
a. We assume that p is nilpotent in S.

We consider two displays P; = (P;,Q;, F,V~1!) for i = 1,2 over S. The base
change to R will be denoted by P; = P; r = (P;,Q;, F,V™!). Let : P, — P2 be a
morphism of displays. It lifts to a morphism of triples:

(116) p: (P, F, V™) — (P, V™Y
We consider the induced homomorphism:

Obst @ : Q1/IsPr —— Pi/IsPL —2 Py/IsPy — Po/Qs
This map is zero modulo a, because B(Q;) C Q,. Hence we obtain a map:
(117) Obstp: Q1/IsPr — a®s P2/Q2
Clearly this map is zero, iff @ lifts to a morphism of displays P; — P2

Definition 72. — The map Obst @ above (117) is called the obstruction to lift @ to S.

This depends on the divided powers on a by the definition of ¢.

The obstruction has the following functorial property: Assume we are given a
morphism a : Py — Ps of displays over S. Let @ : P — P3 be its reduction over R.
Then Obst @@ is the composite of the following maps:

Obst @ 1
Q:1/1sP 2 a®s P2/Q: 199, 42 P3/Qs
We will denote this fact by:
(118) Obst ap = a Obst @
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In the case a2 = 0 we have an isomorphism a ®g5 P2/Q2 = a ®r P2/Q,. Hence the
obstruction may be considered as a map:

(119) ObSt—(ﬁtai/IRﬁl —)Q®R—F2/§2
In this case the equation (118) simplifies:
(120) Obsta® = a@Obst®

Let S be a ring, such that p-.S = 0 for our fixed prime number p. Let S — R be a
surjective ring homomorphism with kernel a. We assume that a? = 0. In this section
we will use the trivial divided powers on a, i.e. a(a) =0 for a € a.

Let us consider a third ring S, such that p- S=0 Let S — Sbea surjection with
kernel b, such that b? = 0. Agam we equip b with the trivial divided powers.

Assume we are given liftings P; over S of the displays P; over S for i = 1,2. The
morphism p% : P; — Pg lifts to the morphism pyp : P; — P, of dlsplays Hence we
obtain an obstruction to lift py to a homomorphism of displays Py — Pa:

Obst(py) : Ql/IsPl — Pg/Qg.

We will compute this obstruction in terms of Obst®. For this we need to define two
further maps: The operator V~! on P; induces a surjection

(121) (VO#: 8 ®pop.5 @1/IsPL — Pi/IzP + W(S)FP;.

Here we denote by Frob the Frobenius endomorphism of §. The map (121) is an
isomorphism. To see this it is enough to verify that we have on the rlght hand side

a projective S-module of the same rank as on the left hand side. Let P = L& T
be a normal decomposition. Because pS = 0, we have W(S)FL C pW (S)P C Iz sP-
Since we have a decomposition P = W(S)V~1L @ W(g)Ff, one sees that the right
hand side of (121) is isomorphic to W (S)V~1L/IzV~'L. This is indeed a projective
S-module of the right rank.

The ideal b is in the kernel of Frob. Therefore the left hand side of (121) may be
written as S ®Frob,s Q1/IsP1. We consider the inverse of the map (121)

V# . P /IzP, + W(S)FP; — S ®prob,s @1/Is Py,
which we will also consider as a homomorphism of W(g)-modules
(122) V#: P — 5 ®rob,s Q1/IsPi.

Now we define the second homomorphism. Since b? = 0, the operator F' on 132 /I 5132
factors as follows:

By/IsP; » By/I5P;

\/

Py /IsP;
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The module Q; /1 5132 is in the kernel of F. Hence we obtain a Frobenius linear

map
F*: P/Q2 — Pa/I5Ps,
whose restriction to a(P2/Q2) induces
F®: a(P2/Q2) — b(P2/I5P,).

If we use our embedding b C W (b), we may identify the target of Fb with b- P, C
W (b)P,. Let us denote the linearization of F® simply by
(123) F# : §®Frob,s a(Pz/Qz) — b.ﬁ2

Proposition 73. — The obstruction to lift pp : Py — P2 to a homomorphism of dis-
plays P1 — P2 is given by the composition of the following maps:

=, = # S®Obstp ~
Q1/1IsP LA S ®Frob,s Q1/1s Py R LN S ®Frob,s a(P2/Q2)
|F#
b(P2/Qx2)

Here the horizontal map is induced by the restriction of the map (122) to Q1 /I 5?‘1,
and the map F# is the map (123) followed by the factor map bPy — b(P2/Q2).

Before giving the proof, we state a more precise result, which implies the proposi-
tion.

Corollary 74. — The morphzsm of dzspla,ys pp : P1 — P2 lifts by theorem 46 to a
morphism of triples 1,/) (P1, F,V™l) — (Pg, F,V~1). This morphism may be explicitly
obtained as follows. We define w : P, — bP; C W(b)P2 to be the composite of the
following maps

o S®Obstp ~ F# =
P, —— S QFrob,s Q1/IsPy 22O, S ®Frob,s a(P2/Q2) —— bP;.

Then we have the equation _
Y =pp+w,
where @ : Py — P» is any W (S)-linear map, which lifts ¢ : P, — Ps.
We remark that pp depends only on ¢ and not on the particular lifting @.

Proof. — It is clear that the proposition follows from the corollary. Let us begin with
the case, where P is an isomorphism. We apply the method of the proof of theorem
44 to pp.
We find that pg commutes with F'.
(124) F(pp) = (pp)F
Indeed, since ¢ commutes with F', we obtain
F3(z) — p(Fz) € W(b)Ps.
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Since p - W(b) = 0, we obtain (124). We have also that pp(Q1) C Q2.

We need to understand how much the commutation of p and V! fails. For this
purpose we choose normal decompositions as follows. Let P, =L,9T5 be any normal
decomposition. We set Lo = B(L) and To = B(T1). Since P is an isomorphism we
have the normal decomposition Py = Lo®T. We take liftings of these decompositions
to normal decompositions

Ph=L&Th and P,=LyTn.
Finally we lift the last decomposition further to normal decompositions
P=LoT and Po=LyoTo.
‘We write the restriction of ¢ to L; as follows:
e(l1) = A1) + (), A1) € La, p(ly) € W(a)Tz

Since a? = 0, we have Ig - W(a) = 0 and the Witt addition on W(a) is the usual
addition of vectors. Let us denote by a,, the S-module obtained from a via restriction
of scalars by Frob™ : S — S. Then we have a canonical isomorphism of S-modules

W(G)Tz o~ H a, Qs Tz/Isz
n>0

Hence p is a map

M Ll/IsLl — H a, Qs T2/IST2.
n>0

‘We denote by u,, its n — th component. Then
Mo : Ll/IsLl —a®g T2/I5T2

may be identified with the obstruction 7 = Obst .
Since ¢ commutes with V~! we have

(125) e(V7Hh) = V7IA(l) + V™ u(l).
Let us denote by ¢ the kernel of the map S — R. We choose any lifting 7 : L, —
W (c) P2 of the Frobenius linear map:
Vlu: Ly — W(a)Ts — s W(a)Ps.

We write the restriction of ¢ to L, in the form

$=X+H,
where A : Ly — Ly and i : L; — W(a)T%. Then we obtain from the equation (125)
that

V) — (VTIX0y) +7(11)) e W(b)P,, for Iy € L.

Since pW(b) = 0, we deduce the equation

(126) p&(V) = pVIA() + o7 ().
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On the other hand we have obviously
V=gl = pV W) + FRD).
If we subtract this form (126), we get an information on the commutation of p@ and
v—L
(127) pP(V=h) = V7 ipp(h) = (b7 — FR) ().

We set u’ = p — po, with the map po defined above and consider it as a map u’ :
L1 — YW (a)T2. We choose any lifting of ' to a W(S)-linear map

7L — YW()Ts.
Then V17 is defined and is a lifting of V', since by definition V~'ug = 0.

Therefore we may take 7 = V~!i’. Hence we may rewrite the right hand side of
(127):

(128) pr — Fji = F(il' — ).
Then i — ¢’ is a lifting of the map
po : L1 — a®s (T2/IsT2) C W(a)Tx,

to a map

/7,0 . f,l — W(C)TQ
In fact the expression FJig is independent of the particular lifting fig of pg. Therefore
we may rewrite the formula (127)

(129) V=lpg(lh) — pB(V ) = Fhio(ly).
Let u C W (c) be the kernel of the following composite map:
W(c) — W(a) = H an o, H ap.
n>0 n>1

u is the ideal consisting of vectors in W (c), whose components at places bigger than
zero are in b. We see that fu C b = by C W(b). We find:

Flio(hy) € 6(By/IgP) < W (b) .

More invariantly we may express F'jig as follows.
We have a factorization:

F:ﬁz/f‘s'ﬁg >j52/1§ﬁ2
T
P/IsP,

Then F® induces by restriction a map

F®: a(Py/IsPy) — b(Py/I5P,).
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The map Fpug is the following composite map.

Ty — Ly 22 o1/ 15T5) -Eoms b(P,/I5D,).
By a slight abuse of notation we may write
Fiip = Fbpg.
We obtain the final form of the commutation rule
(130) V=lpa(lh) — pp(V L) = FPue(lh).
We want to know the map of triples
¥: (P, F,V™Y) — (P, F,V™Y),

which lifts pep.

As in the proof of 2.2 we write 1) = p@+w, where w : P, — W (b)P; is a W (S)-linear
map. The condition that ) should commute with F is equivalent to w(W(S)FT}) = 0.
We consider only these w. To ensure that V~! and J commute is enough to ensure

(131) Vi) = (V) forly € Ly.

On I §T1 the commutation follows, because 1; already commutes with F. Using (130)
we see that the equality (131) is equivalent with:

(132) w(V7h) = V() = Fouo(l)
We look for a solution of this equation in the space of W(g)— linear maps
w: Py /W(S)FT, — bo ®5 P2/IsP, C W(b) P,

Then we have V~1w(l;) = 0, by definition of the extended V~!. Hence we need to
find w, such that

(133) w(V7) = Fuo(lh).
We linearize this last equation as follows. The operator V! induces an isomorphism
(V1 : W(S) ®p 5 L1 — Pi/W(S)FT,

whose inverse will be denoted by V#.
We will also need the tensor product uy of pe with the map wp : W(S) — S:

;L6 : W(g) QF,w(S) L, — §®Frob,S a(Tz/Ist).
Finally we denote the linearization of F? simply by F#:
F# : S ®Frob,s a(P2/IsPy) — b(P2/I5P,).

Noting that we have a natural isomorphism W(§) D pw(3) Ly =2 W(S) ®w(s) L1, we
obtain the following equivalent linear form of the equation (133):

w(VH# = F# .
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It follows that the unique lifting of py to a homomorphism of triples is
Y =pf+ F*pupV#.
In this equation V# denotes the composite map
P, — P, /W(S)FT, — W(S) F,w(s) L.
This map @ induces the obstruction to lift pe:

T él/Igﬁl > ﬁl/Igﬁl _'li}_} ﬁz/[gﬁg g 132/62.

Since pp maps él to 62, we may replace 'fﬁl in the definition of the obstruction 7
by F#ugV#. This proves the assertion of the corollary in the case where % is an
isomorphism.

If ¥ is not an isomorphism we reduce to the case of an isomorphism by the standard
construction: Consider in general a homomorphism ¢ : P; — P5 of displays over S.
Then we associate to it the isomorphism

PV1:P1BEPr — P1 B P2
ThYyr— zdy+ Y(x)

If P, and P, are liftings to S as in the lemma, we denote by 1; : (ﬁl,F,V’l) —
(P2, F,V~1) the unique lifting to a homomorphism of triples. Then

W(Eey) =20 F+9F), Fech, jeb.
It follows that Obst 1 is the map
0 Obst1z: él/Igﬁl @éz/[glzz — f’l/él @f’z/ég.
Applying these remarks the reduction to the case of an isomorphism follows readily.
O

We will now apply the last proposition to obtain the following result of Keating:

Proposition 75. — Let k be an algebraically closed field of characteristic p > 2. Let
Po be the display over k of dimension 1 and height 2. The endomorphism ring Op
of Po is the ring of integers in a quaternion division algebra D with center Qp. Let
a— o fora € Op be the main involution. We fizr a € Op, such that a ¢ Z, and
we set ¢ = ordo, (a — a*). We define c(a) € N:

(@) = pH2 4 2p(i/2-1) 4 2p(i/2=2) L ... 4 2 fori even
A= 2p"El +2p(%_1)+~-+2 fori odd
Let P over k[t] be the universal deformation of Po in equal characteristic. Then o

lifts to an endomorphism of P over k[t]/t*(®) but does not lift to an endomorphism
of P over k[t]/t()+1,
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Proof. — The display Py = (Po, Qo, F, V1) is given by the structural equations
Fe, =eo
Vley = e;.
For any a € W(Fp2) we have an endomorphism ¢, of Pg, which is given by
(134) wa(e1) = aeq pa(e2) = o(a)e:

Here o denotes the Frobenius endomorphism W (F,2), and a is considered as an ele-
ment of W (k) with respect to a fixed embedding Fp2 C k.
We denote by II the endomorphism of Py defined by

(135) Ile; = ey Ilex = pe;.
The algebra Op is generated by II and the ¢,. The following relations hold:
I’ =p, e = Po(a)Il.
The display P* = (P*%,Q%, F, V1) of X over k[t] is given by the structural equations
Fe; = [tle1 + e2 , V7ley =ey.

To prove our assertion on the liftability of « it is enough to consider the following
cases:

(136) a=p.p®,a#o(a) modp,s€Z,s>0
oa=pup°ll;, a€ W), s€Z,s>0
Let us begin by considering the two endomorphisms « for s = 0. The universal

deformation P* induces by base change k[t] — k[t]/tP a display P = (P,Q, F,V~1).
Then « induces an obstruction to the liftability to S = k[t]/t?:

(137) Obsta: Q/IsP — t(P/Q),
ey —> o(a) ey

where o(a) € tk[t]/tP. To compute the obstruction, we need to find the extension of
a to a morphism of triples

a:(P,F,V™Y — (P, F, V1.
Let €;,e2 € P be defined, by
€1 =e; and e = [tler + eq.

This is a basis of P and the extended operator V! is defined on €;. We find the
equations

Fe, = ey, V_l'é'2 = €.
Then obviously a is given by the same equations as a:

(138) a(e1) = ae;, a(ez) =o(a)ey,
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respectively
(139) &(El) = U(G)EQ, a(gz) = apEl.
For the first endomorphism « of (136) we find
&(62) = 67(’52 — [t]’él) = a(a)'ég + [t]aa
= o(a)ez + [t](c(a) — a)ex
Hence the obstruction to lift o to kft]/tP is o(p.) = o(a) = (o(a) — a)t € tk[t]/tP.
For the second endomorphism « of (136) we find
a(ez) = a(ez — [t]er) = apey — [t]o(a)ez
= ape; — [t]lo(a) ([tle1 + e2) .
Hence we obtain the obstruction
0 (paIl) = o(a) = —t?0(a) € tk[t]/tP.

Now we consider the first endomorphism of (136) for s = 1. It lifts to an endomor-
phism over k[t]/t?. We compute the obstruction to lift it to k[t]/ t?*. We can apply
the lemma to the situation

k—k[t]/tP—k[t] /P
l Il Il
R s S

We set ¥ = ¢, and P = ’Ps‘i. Then we have the following commutative diagram of
obstructions

- - S ® Obst(pa) ~
(140) Q/IgP ———— S ®Frob,s Q/IsP ———— S ®¥Frob,s t(P/Q)
Obst(ppa lF "
tP(P/Q)

The first horizontal map here is computed as follows:

_ -~ - - . _ (v # _
Q/IgP —— P/IgP + W(S)FP <—(—) S ®Frob,s Q/IsP

€2+ > eq = —teg

—teq ¢ — —t ® e
We obtain that the maps in the diagram (140) are as follows

22— —tQex— —t®t(o(a) —a)ey —— —t-tP (—o(a) + a) Fe;
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Therefore we obtain for Obst(pp,):
Obst pp, = tP*! (0(a) — a) Feq = tPt%(ca — a)e; € tP (IS/Q) .

With the same convention as in (137) we write o(pyp,) = (c(a)—a)tP*2. Then we prove
by induction that p*yp, lifts to k[t]/ t?° +2(p*~1 + --- + 1) and that the obstruction
to lift it to k[t]/t?"" is (o(a) — a) - t?"+2(P°7'++1)_ For the induction step we apply
our lemma to the situation

D G AR A i S — k[e] /e —— k[t])/tr"

R S S
We set @ = p°p, over R and P = P%. Then the maps in the diagram (140) are as

follows
22— —tQe— —t® (o(a) — a)tp“+2(p"‘+--~+1)el

—t(a — o(a)) p(p*+2(p* M4 +1)) pre,
This gives the asserted obstruction for p**1¢p,:
Obst (p°*'pa) = o(a) — Q)P 2T AR g

Next we consider the case of the endomorphisms p®*@,II. In the case s = 1 we apply
the lemma to the situation

k —— k[t]/tP —— K[t]/t7",

|| H
R —— S — S

and the endomorphism @ = ,II. Then the maps in the diagram (140) are as follows:

e2— —t Q@ exs— —t ® —t20(a)e;

|

tt??aFe;

This gives Obst(pp,Il) = t>P*2a. Now one makes the induction assumption that for
even s the obstruction to lift p*p,II from k[t]/t2®"+ 41D to k[t]/t?""" is —t2("++1).
o(a) and for odd s is t2(P"++1) . g. We get the induction step immediately from the
lemma applied to the situation

k[t] /22D — kel /p*tt — K[t]/p*F2 O

We finish this section with a result of B. Gross on the endomorphism ring of the
Lubin-Tate groups. Let A be a Z,-algebra. Let S be an A-algebra.
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Definition 76. — An A-display over S is a pair (ﬁ, ¢), where P is a display over S, and
t:A— EndPisa ring homomorphism, such that the action of A on 13/ @ deduced
from ¢ coincides with the action coming from the natural S-module structure on P / é
and the homomorphism A — S giving the A-algebra structure.

Let a € A be a fixed element. We set R = S/a and R; = S/a**t!. Then we have a
sequence of surjections

S—.--—R;— R;_1—---— R=Rg

Let P; and P, be displays over S. They define by base change displays Pfi) and 'P2(i)
over R;. We set P; = P{? and P, = {0,

Assume we are given a morphism ¢ : P; — P, which lifts to a morphism ¢~ :
P Pl The obstruction to lift ¢(~1 to a morphism PO P s a
homomorphism:

Obst =1 : QY /Ir, P — (a')/(a™*?) ®@r, P5”/QF.
Clearly Obst ¢~ factors through a homomorphism:
Obst; ¢ : Q1/IRP1 S (ai)/(ai+1) Rr P2/Q2.

Proposition 77. — Assume that (732,L) is an A-display over S. Let ¢ : Py — Ps be a
morphism of displays, which lifts to a morphism Pfiﬁl) — ’PL(,i_l). Then t(a)p lifts to
a homomorphism ”Pfi) — éi)
orp>2:

and moreover we have a commutative diagram if i > 2

Obst; . )
Q1/IrPy P, (@)/(@*) ©r P2/

4 .
(141) Obstiy1 ((a)P 1‘“@“‘

(a1)/(a™) ®r P2/ Q2
Loosely said we have Obst;41(¢(a)p) = a Obst;(p).

Proof. — We consider the surjection R;1; — R;_1. The kernel a*R;,; has divided
powers if 4 > 2 or p > 2. Hence the obstruction to lift ©(*—1) to R¢+D) is defined:
Obst =1 Q(1i+1)/IR,-+1P1(i+1) — (@))/(a"*?) ®r.,., P2(z‘+1)/ng'+1)

is defined. Since ¢(a) induces on the tangent space P(+1)/Q(+1) the multiplication
by a we obtain

Obst t(a)p™V = a Obst ¢~V
This proves the proposition. O
We will now apply this proposition to the case of a Lubin—Tate display. Let K/Q,

be a totally ramified extension of degree e > 2. We consider the ring of integers
A = Og. The role of the element a in the proposition will be played by a prime
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element m € Og. For S we take the ring § = Ok ®z, W(F,). Now we take a
notational difference between 7 and its image in S, which we denote by a.

Let P = (}S,Q,F, V1) be the Lubin—Tate display over S. We recall that P =
Ok ®z, W(S), Q = kernel (O ®z, W(S) — S),and V(7 ®1—1® [a]) = 1.

Let P be the display obtained by base change over R = S/aS = F,. The operator
V! of P satisfies

Vlgt = gi 1,

where T =7 ® 1 € Og ®z, W(R). (One should not be confused by the fact that this
ring happens to be S). We note that Q = wP.

We consider an endomorphism ¢ : P — P, and compute the obstruction to lift ¢
to Ry = S/a?S:

Obsty () : Q/IrP — (a)/(a®) ®r P/Q.

The endomorphism ¢ induces an endomorphism on P/Q, which is the multiplication
by some element Liep € F,. Let us denote by o the Frobenius endomorphism of Fp.

Lemma 78. — Obst;(p) is the composition of the following maps:

Q/IrP = Q/pP _ YT pip—PlQ o~ (Liep) — Lieg, .
la
(a)/(a®) ®r P/Q

Proof. — We write

30(1) =§0+§17l’+"'+§e_171’e_1, & € W(Fp)
Applying the operator V we obtain:
(142) o(n) =F e + F et ..., fori=0,1...
By theorem 46 this ¢ admits a unique extension to an endomorphism of the triple
(P, F, V1), where PV = Ok ®z, W(R1). For the definition of the extension @
we use here the obvious divided powers on the ideal aR1 C R; = S/a?S given by
ap(a) = 0. Then we have V~1[a]P(V) = 0, for the extended V~!. Hence we find for
the triple (P(1), F, V—1) the equations:

V7 ingt =xt=l, fori>1, Fl= %

The last equation follows because the unit 7 of lemma 27 specializes in R; to 7¢/p.
Hence we can define & on P() by the same formulas (142) as ¢. In other words:

(143) P =P Q) W(R1).

This formula may also be deduced from the fact that ¢ is an endomorphism of the
display Pgr, obtained by base change via the natural inclusion R — R;.
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The map ¢ induces an Ok ®z, R1-module homomorphism
(144) QW /I, PV — PO /QM),
By definition the module on the left hand side has the following basis as an R;-module:
T—a, w2 —a? ... 7t —a°!,

where we wrote w for t® 1 € Og ®z, R1 and a for 1 ® a. We note that e Q(l) for
i > 2, because a? = 0 in R; and because Q(!) is an Og-module. By (143) and (142)
we find

Fr—a)=""tomr +F Gam? + - —a(éo+Eam+ )
= ("6 —&)a  mod QW

Since @ is an Ok ®z, W (R1)-module homomorphism we have @(7%) = 0 mod Q).
This gives the result for Obst; ¢ because {§; mod p = Lie . O

We can obtain a result of B. Gross [G] in our setting:

Proposition 79. — Let us assume that p > 2. Assume that K is a totally ramified
extension of Qp, which has degree e = [K : Qp]. We fiz a prime element m € Ok.
Let P be the corresponding Lubin—Tate display over Og. Let P = ﬁfp the display
obtained by base change via Og — F, C Fp. Let Op = End P be the endomorphism
ring. Let K be the completion of the maximal unramified extension of K with residue
class field F,. Then we have

Endﬁok/(ﬂ.m+1) =0 +70Op m>0.

Proof. — We use the notation of proposition 77, and set R; = O /(n+!). Let ¢ € Op
be an endomorphism of P. It follows from the formula (2.61) that 7™ lifts to an
endomorphism of P over O /7™, From (77) we obtain by induction:

Obstpm+1 7@ = ™ Obst; ¢,
where 7™ on the right hand side denotes the map
7™ 1 (m)/(7?) ®r P/Q — (™) /(n™*?) @R P/Q.

We recall that R = Ry = F,, by definition.
Now assume we are given an endomorphism

Y € (Og +7™0p) — (Ox + 7™ 10p).
Since 7 is a prime element of Op we have the expansion
P = [ao] + la1]m+ - + [am]m™ + .-+, where a; € Fpe.
We have a; € F,, for i < m and a,, & F,, since ¥ € Ox + 7™ +t1Op. Then we find
Obst™*! ) = Obstm41 ([@am]m™ + -+ ) = 7™ Obsty ([am]] + T[am+1] + )
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Since o(am) # am the obstruction Obsty (|am] + m|@m+1]--+) does not vanish.
Hence Obst,, 1 ¥ does not vanish. O

3. The p-divisible group of a display

3.1. The functor BI'. — Let R be a unitary commutative ring, such that p is
nilpotent in R. Consider the category Nilg introduced after definition 50. We will
consider functors F' : Nilg — Sets, such that F(0) consists of a singe point denoted
by 0 and such that F' commutes with finite products. Let us denote this category by
F. If N2 = 0, we have homomorphisms in Nilg:

N x N 2dditon, nr & —T , N, where 7€R.

The last arrow is multiplied by 7. Applying F' we obtain a R-module structure on
F(N). A R-module M will be considered as an object of Nilg by setting M? = 0.
We write tg(M) for the R-module F(M).

We view a formal group as a functor on Nilg (compare [Z1]).

Definition 80. — A (finite dimensional) formal group is a functor F : Nilp —
(abelian groups), which satisfies the following conditions.
(i) F(0) =0.

(ii) For any sequence in Nilg
0— N — Ny — N3 — 0,
which is exact as a sequence of R-modules the corresponding sequence of abelian
groups
0—>F(N1) —>F(N2) —*F(N3) —0

is exact.
(iii) The functor ¢ty commutes with infinite direct sums.
(iv) tr(R) is a finitely generated projective R-module.

Our aim is to associate a formal group to a 3n-display.
Let us denote by W(N) C W(N) the subset of Witt vectors with finitely many
non-zero components. This is a W (R)-subalgebra.
Let us fix N and set S = R|N| = R@® N. Then we introduce the following
W (R)-modules
Py = W(WN) ®wr) P C Ps
Qn = (WW) @wwr) P)NQs
Py = W(N) ®wW(R) P C Pg
Ry =Py NQs
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We will denote by Iny € W(N) resp. Iy C W(N) the W(R)-submodules ¥V W (N )
and YW (N). We note that ¥ and ¥ act also on W(N'). Hence the restriction of the
operators F : Ps — Pg and V! : Qg — Pgs define operators

F:Py— Py V7 !1:Qny — Py

F:ﬁN—>§N V—I:Q\N—-)ﬁj\[.
If we choose a normal decomposition

P=LeaT,

we obtain:
(145) QN =WWN)®wr) L& INQwwr) T

Qn = WW) ®wwr) L® Iv Qwr) T
Theorem 81. — Let P = (P,Q,F,V~1) be a 3n-display over R. Then the functor

from Nilg to the category of abelian groups, which associates to an object N' € Nilg
the cokernel of the homomorphism of additive groups:

Vv-l_id: @N‘ — }3N,
is a finite dimensional formal group. Here id is the natural inclusion @N C ﬁN. We
denote this functor be BTp. One has an exact sequence:

~ -1 __; ~
(146) 0 —— O Y =14, B, » BIp(N) —— 0.

We will give the proof of this theorem and of the following corollary later in this
section.

Corollary 82. — Let P be a 3n-display, such that there is a number N with the property
FNP C IrP. Then we have an eract sequence compatible with (146):

-1 __
0 ov L—% Py —— BTW)
Remark. — The F-nilpotence condition FV P C IgP is equivalent to the condition
that F': P — P induces a nilpotent (Frobenius linear) map R/pR®w, P — R/pR®w,
P of R/pR-modules.

0

Assume that N is equipped with divided powers, i.e. the augmentation ideal of the
augmented R-algebra R|N/| is equipped with divided powers. Then the divided Witt
polynomials define an isomorphism:

(147) [[wn:wn) — [NV
i>0
This induces a homomorphism:

(148) WWN) — @ N

i>0

(ng,nl,ng, .. ) — [w’o(no),w'l(no,nl), e ]
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To see that the homomorphism (147) takes W(N ) to the direct sum, it is enough

“n

to check, that for a fixed element n € A the expression ay(n) = ?p,;” becomes
zero, if k is big enough. But in terms of the divided powers 7,, on N this expression
is %’P—!'ypk (n). Since the exponential valuation ordp(%’;!-) tends with k to infinity, we
conclude that (148) is defined.

If we assume moreover that the divided powers on A are nilpotent in the sense
that y,«(n) is zero for big k, for a fixed n € N, the homomorphism (148) is an
isomorphism. Indeed, for the surjectivity of (148) it is enough to verify that elements
of the form [z,0,...,0,...] lie in the image, because the morphism (147) is compatible
with Verschiebung. To prove the surjectivity of (148) we may moreover restrict to
the case where p- N = 0. Indeed pN C N is a pd-subalgebra, which is an ideal in N.
Hence N'/pN is equipped with nilpotent divided powers. Therefore an induction with
the order of nilpotence of p yields the result. If p- N = 0, we see that any expression
“’—‘I;};” is zero for £ > 2 because %;ﬁ is divisible by p. But then the assertion, that
[x,0,0,...0] is in the image of (148) means that there is (ng,n1,...) € W (N) satisfies
the equations

z=ng, ap(ng)+mn1=0, op(ni)+nz2=0, ap(nz)+nz3=0---.

We have to show that the solutions of these equations:

ng = (—1)1+P+~~+p’°“ap(. cap(@)---) k>1,

where «, is iterated k-times, become zero if k is big. It is easy to see from the
definition of divided powers that ap(---(ap(z))---) and v« (x) differ by a unit in
Z(py. Hence we find a solution in W(N ), if ypr (x) is zero for big k. Hence (148) is
an isomorphism in the case of nilpotent divided powers. Assume we are given divided
powers on N. They define the embedding

(149) N — WW),

n — [n,o...O...]

where we have used logarithmic coordinates on the right hand side. If we have nilpo-
tent divided powers the image of the map (149) lies in W(N ). Then we obtain the
direct decomposition W(N) = N & VW (N).

By lemma 38 the operator V! : Qs — Ps extends to the inverse image of Q, if
N has divided powers. This gives a map

(150) VW) Qwr) P — W(N) Qwr) P.
If the divided powers on N are nilpotent, we obtain a map
(151) v-L: I/}V\(N) Qwr) P — W(N) Qw(r) P-

In fact the nilpotent divided powers are only needed for the existence of this map.
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Lemma 83. — If N has nilpotent divided powers the map (151) is nilpotent. If N has
only divided powers but if we assume moreover that FNP C IrP for some number
N, the map (150) is nilpotent.

Proof. — From the isomorphism (145) we get an isomorphism
(152) W(N) Qw(r) P = HN Ow; w(r) P
i>0

We describe the action of the operator V1 on the right hand side. Let us denote by
F; the following map
F; 1N®w,~,W(R) P ——’N®w,~_1,W(R) P, i1>1.
a@xr— a® Fzx

If we write an element from the right hand side of (152) in the form [uo, u1,uz2,...],u; €
N ®w, w(r) P, the operator V=1 looks as follows:

(153) V_'I[U(),'ul, . ] = [F]'ul, quz, cee ,Fiu,' e ]
In the case where the divided powers on A are nilpotent, we have an isomorphism

(154) WWN) @w(r) P — BN S, wir) P

Since V! on the right hand side is given by the formula (153), the nilpotency of V~1
is obvious in this case.

To show the nilpotency of V~! on (152), we choose a number r, such that p”- R = 0.
Then we find w;(I,) - N C p"N = 0, for any ¢ € N. By our assumption we find a
number M, such that FMP C I,.P. This implies Fj . - ... Fiyp = 0 and hence the
nilpotency of V1. |

Corollary 84. — Let P be a 3n-display over R. For any nilpotent algebra N' € Nilg
the following map is injective

V=l —id: Qn — Py
Proof. — We remark that the functors A — ISN and N — @N are exact in the sense

of definition (80) (ii). For Qu this follows from the decomposition (145).
Since any nilpotent A admits a filtration

0=ANgCNLC---CN;, =N,

such that A? C N;_1, we may by induction reduce to the case N'? = 0. Since in this
case N’ may be equipped with nilpotent divided powers, we get the injectivity because
by the lemma (83) the map V™! —id : W(N) ® P —» W(N) ® P is an isomorphism.

O
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Corollary 85. — Let P be a 3n-display over R, such that FINP C IrP for some
number N, then the map
V™l —id: Qxy — Pn
s injective.
The proof is the same starting from lemma (83).

Proof of theorem (81) and its corollary. — For any 3n-display P we define a functor
G on Nilg by the exact sequence:

~ -1 __j ~ ~
0 > QN 4 id Py » GIW) — 0.

If P satisfies the assumption of corollary (85) we define a functor G by the exact
sequence:

0 QN vi-id Py —— GWN) —— 0.

We verify that the functors G and G satisfy the conditions (i) — (iv) of the definition
(80). It is obvious that the conditions (i) and (ii) are fulfilled, since we already
remarked that the functors N +— Qs (resp. Qn ) and N — Pu (resp. Py ) are
exact.

All what remains to be done is a computation of the functors ¢t and t5. We do
something more general.

Let us assume that A is equipped with nilpotent divided powers. Then we define
an isomorphism, which is called the exponential map

(155) expp : N ®r P/Q — G(N).
It is given by the following commutative diagram.
(156) 0 On » Py +y N ®r P/Q ———0
R
0 » Qnr V_l_igﬁ,v » GIN) ———— 0.

If N2 = 0, we can take the divided powers 7% = O for ¢ > 2. Then the exponential
map provides an isomorphism of the functor t5 with the functor M — M ®r P/Q
on the category of R-modules. Hence the conditions (iii) and (iv) of definition 80 are
fulfilled. If the display P satisfies the condition FV - P C IrP for some number N,
we may delete the hat in diagram (156), because the middle vertical arrow remains
an isomorphism by lemma (83). In fact in this case we need only to assume that A/
has divided powers. We get an isomorphism

(157) exp: N ® P/Q — G(N).

It follows again that G(N') is a finite dimensional formal group. The obvious
morphism G(N) — G(N) is a homomorphism of formal groups, which is by (155)
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and (157) an isomorphism on the tangent functors t5 — tg. Hence we have an
isomorphism G = G, which proves the theorem 81 completely. O

Corollary 86. — The functor P — BI'p commutes with base change. More precisely
ifa: R— S is a ring homomorphism base change provides us with a display a, P and
a formal group a.BI'p over S. Then we assert that there is a canonical isomorphism:

o.BIp = BT, p

Proof. — In fact for M € Nilg we have the obvious isomorphism:
W(M) ®w(R) P W(M) Qw(s) W(S) QW (R) P = W(M) Aw(s) o, P
This provides the isomorphism of the corollary. O

Proposition 87. — Let R be a ring, such that pR = 0, and let P be a display over R.
Then we have defined a Frobenius endomorphism (29):

(158) Frp :P — PP,

Let G = BI'p be the formal group we have associated to P. Because the functor BI'
commutes with base change we obtain from (158) a homomorphism of formal groups:

(159) BI'(Frp): G — G®.
Then the last map (159) is the Frobenius homomorphism Frg of the formal group G.

Proof. — Let N’ € Nilg be a nilpotent R-algebra. Let Ny € Nilg be the nilpotent
R-algebra obtained by base change via the absolute Frobenius Frob : R — R. Taking
the p-th power gives an R-algebra homomorphism

(160) Fray : N — Ny

The Frobenius of any functor is obtained by applying it to (160). In particular the
Frobenius for the functor W is just the usual operator

P WWN) — W) = WN).
From this remark we obtain a commutative diagram:

W(N) Qwwry P —— GWN)
(161) F@idp | | Fra

W (Np)) ®w(r) P ——— G(Nip)

The left lower corner in this diagram may be identified with /I/I?(.N' ) ®rw(r) P =
w ®w(r) P(®). All we need to verify is that for £ € W(N) and z € P the elements
Ft gz € WN) Rrw(r) P and £ @ V¥#z € W(WN) ®w(r) PP have the same image
by the lower horizontal map of (161). Since P is generated as an abelian group by
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elements of the form uV !y, where y € Q and u € W(R), it is enough to verify the
equality of the images for z = uV ~!y. But in W(N)®p,w(r) P we have the equalities:
feeuly ="t eV ly=v"1(uey)

The last element has the same image in G(NV,)) as £u ® y, by the exact sequence
(146). Hence our proposition follows from the equality:

E@VH#FuVly) =tu®y
We note that here the left hand side is considered as an element of W W (R) P,
while the right hand side is considered as an element of W ® pw (gr) P- a

Proposition 88. — Let R be a ring, such that pR = 0. Let P be a display over R.
N

Then there is a number N and a morphism of displays v : P — P®") such that the

following diagram becomes commutative:

p—2 p

Frgl /
p™)

Proof. — By (29) F'rp is induced by the homomorphism V# : P — W(R)®r,w (r) P-
First we show that a power of this map factors through multiplication by p. By the
definition of a display there is a number M, such that VM# factors through:

(162) VM# . P — Ip @pm wr) P

Hence the homomorphism V(M+1# js given by the composite of the following maps:

(163)
Vv# W(R) @ VM#
P Y W(R) @i P LD

» W(R) @F,w(r) Ir ®rm w(r) P

!

W (R) QFM+1,w(r) P
Here the vertical arrow is induced by the map W(R) ® p,w(r) Ir — W(R) such that
& ® ¢ — £¥¢. We note that this map is divisible by p., because there is also the map
k: W(R) ®Frw(r) Ir = W(R) given by £ ® Yn — ¢&n. Composing the horizontal
maps in the diagram (163) with £ we obtain a map vo : P — W(R) ®pm+1 w(r) P,
such that vop = V(M+tD#_ For any number m we set v, = V™#~y. Then we have
Ymp = V(MAm+1)#,

Secondly we claim that for a big number m the homomorphism ~,, induces a
homomorphism of displays. It follows from the factorization (162) that yasr respects
the Hodge filtration. We have to show that for m > M big enough the following ¥
-linear maps are zero:

(164) Fvp — Ym F, V—I'Ym - 'YmV_l
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These maps become 0, if we multiply them by p. But the kernel of multiplication by
p on W(R) Qpm wr) P is W(a) ® pm w(r) P, where a is the kernel of the absolute
Frobenius homomorphism Frob : R — R. Because W(a)Ir = 0, we conclude that the
composite of the following maps induced by (162) is zero:

W(a) ®pm wr) P — W(a) ®m wr) Ir @ w(r) P — W(R) @pm+m w(r) P

Hence 7y2pr commutes with F and V~! and is therefore a morphism of displays. This
is the morphism ~ we were looking for. ]

Applying the functor BI" to the diagram in the proposition we get immediately that
BT'p is a p-divisible group. If p is nilpotent in R a formal group over R is p-divisible,
iff its reduction mod p is p-divisible. Hence we obtain:

Corollary 89. — Let p be nilpotent in R, and let P be a display over R. Then BI'p is
a p-divisible group.

We will now compute the Cartier module of the formal group BT’». By definition
the Cartier ring Epg is the ring opposite to the ring Hom(W, W). Any element e € Eg
has a unique representation:

e= Z V™ an,m]F™,
n,m>0

where a, ,, € R and for any fixed n the coefficients a, , = 0 for almost all m. We
write the action e : W(N) — W(AN) as right multiplication. It is defined by the
equation:

(165) ue= 3 V"([anm]("w))

m,n>0

One can show by reducing to the case of a Q-algebra that ¥ u = 0 for big n. Hence
this sum is in fact finite.

Let G be a functor from Nilg to the category of abelian groups, such that G(0) = 0.
The Cartier module of G is the abelian group:

(166) M(G) = Hom(W,G),
with the left Eg-module structure given by:
(ed)(u) = p(ue), &€ M(G), ue W(N), e € Eg

Let P be a projective finitely generated W (R)-module. Let us denote by Gp the
functor N — W (N) Qw (r) P.- Then we have a canonical isomorphism :

(167) Egr QW (R) P — Hom(W, GP) = M(Gp)

An element e ® x from the left hand side is mapped to the homomorphism u —
ue®zx € W(N) ®w(r) P.
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Proposition 90. — Let P = (P,Q, F,V 1) be a 3n-display over R. By definition (146)
we have a natural surjection of functors Gp — BI'p. It induces a surjection of Cartier
modules:

(168) Er ®w(r) P — M(BI'p)

The kernel of this map is the Eg-submodule generated by the elements FQx —1Q Fz,
forx € P,and VRVly—1Qy, fory € Q.

Proof. — We set G% = Gp and we denote by G,,_;.l the subfunctor N — @N- Let
us denote the corresponding Cartier modules by MY respectively M,‘,l. By the first
main theorem of Cartier theory, we obtain from (146) an exact sequence of Cartier
modules:

(169) 0 — Mz! 22, MY — M(BIp) — 0

We have to compute pp explicitly. Using a normal decomposition P = L & T we
may write:

G;l(./\f) = W(N) Qwr) L& TN Qwwmr) T
The Cartier module of the last direct summand may be written as follows:

ErF @wm) T — Hom(W,T ®w gy T)

1
(170) eFt— (u— ueF ®t)

From this we easily see that M,,T,1 C M% is the subgroup generated by all elements
eF ® x, where e € Eg and by all elements e ® y, where e € Eg and y € Q.
The map V™! : G5! — G% is defined by the equations:

V3l u®@y) =uV eV ly, uew, MyeQ

171
(171) Vi uF®z) =u® Fz, z€P

Hence on the Cartier modules V~! — id induces a map pp : Mz' — M$, which
satisfies the equations:

pp(eFR@z)=e®@ Fr —eFQux, zeP
(172) 1
pr(e®@y) =eVaVly—ey, ye@
This proves the proposition. O
3.2. The universal extension. — Grothendieck and Messing have associated to a

p-divisible group G over R a crystal Dg, which we will now compare with the crystal
Dp, if P is a display with associated formal p-divisible group G = BT'(P).

Let us first recall the theory of the universal extension [Me] in terms of Cartier
theory [Z2].

Let S be a Z,-algebra and L an S-module. We denote by C(L) = [];2, V*L, the
abelian group of all formal power series in the indeterminate V' with coefficients in L.
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We define on C(L) the structure of an Eg-module by the following equations

g(ivizi) = i Viwn(€)li, for € € W(S),li € L

i;:oo 'L'°=°0

V(Z Vili) =Y vty
i=0 =0

F( i Vi) = i ViTipl,
=0 i=1

The module C(L) may be interpreted as the Cartier module of the additive group
of L:

Let L+ be the functor on the category Nilg of nilpotent S-algebras to the category
of abelian groups, which is defined by

L*W) = W ®s L)*.
Then one has a functor isomorphism:
N@sL = WWN)®gs C(L)
nel — [n] ® VO

Consider a pd-thickening S — R with kernel a. Let G be a p-divisible formal group
over R and M = Mg = M(G) be its Cartier module (166), which we will regard as
an Eg-module.

Definition 91. — An extension (L, N) of M by the S-module L is an exact sequence
of Eg-modules

(173) 0— C(L)y— N — M —0,

such that N is a reduced Eg-module, and aN C V°L, where a C W(S) C Eg is the
ideal in W (.S) defined after (48).

Remark. — We will denote V°L simply by L and call it the submodule of exponentials
of C(L) respectively N. A morphism of extensions (L, N) — (L', N’) consists of a
morphism of S-modules ¢ : L — L’ and a homomorphism of Eg-modules u : N — N’
such that the following diagram is commutative

0 —— C(L) N > M 0
¢t L
0o —— CL) > N’ M 0

More geometrically an extension as in definition 91 is obtained as follows. Let G be
a lifting of the p-divisible formal group G to a p-divisible formal group over S, which
may be obtained by lifting the display P to S. Let W be the vector group associated
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to a locally free finite S-module W. Consider an extension of f.p.p.f. sheaves over
Spec S:

(174) 0—W-—E—G-—0

The formal completion of (174) is an exact sequence of formal groups (i.e. a sequence
of formal groups, such that the corresponding sequence of Lie algebras is exact).
Hence we have an exact sequence of Cartier modules.

0 — C(W)— Mg — Mgz — 0,

E being the formal completion of F.
We have aMp ~ a ®s LieE. We let L = W + aLieFE as submodule of LieE or
equivalently of M. Since L is killed by F' we obtain an exact sequence

0— C(L) — Mz — Mg — 0,

which is an extension in the sense of definition 91. Conversely we can start with a
sequence (173). We choose a lifting of M /V M to a locally free S-module P. Consider
any map p making the following diagram commutative.

(175) N/VN —— M/VM

]

P

Let W = kerp. Then L = W + a(N/V N) as a submodule of LieN. The quotient of
N by C(W) is a reduced Es-module and hence the Cartier module of a formal group
G over S, which lifts G. We obtain an extension of reduced Eg-modules

0 — C(W) — N — Mg —0,
and a corresponding extension of formal groups over S
0—Wt—E-—G—0.
Then the push—out by the natural morphism W+ — W is an extension of fp.pf

sheaves (174).

These both constructions are inverse to each other. Assume we are given two
extensions (W, E, G) and (W1, E1, G1) of the form (174). Then a morphism between
the corresponding extensions of Cartier modules in the sense of definition 91 may be
geometrically described as follows. The morphism consists of a pair (u,vr), where
u: E — FE; is a morphism of f.p.p.f. sheaves and vg : Wz — W; , a homomorphism
of vector groups over R. The following conditions are satisfied.
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1) We have a commutative diagram for the reductions over R:

0 —— Wgr —— FEg G 0
[v [ ||
0 —— Wi p —— Ey1r G, 0

2) For any lifting v : W — W, of vg to a homomorphism of vector groups the map:

v — UIW W, — El
factors through a linear map W — a ® LieE; :

W — (a® LieEl)/‘ '_GEB_» El.
Here the second map is given by the natural inclusion of Cartier modules C(aMg ) C
Mg, or equivalently by the procedure in Messing’s book [Me] (see [Z2]). This dictio-
nary between extensions used by Messing and extensions of Cartier modules in the
sense of definition 91, allows us to use a result of Messing in a new formulation:

Theorem 92. — Let S — R be a pd-thickening with nilpotent divided powers. Let
G be a formal p-divisible group over R. Then there exists a universal ertension
(LUmV NURVY of G by a S-module L™V,

Then any other extension (L, N) in sense of definition 91 is obtained by a unique
S-module homomorphism L™V — L.

Proof. — This is [Me] Chapt. 4 theorem 2.2. O
Remark. — The definition of the universal extension over S is based on the exponen-
tial map

exp : (a ® LieE)" — E”,

which we simply defined using Cartier theory and the inclusion a C W (S) given by
the divided powers on a. In the case of a formal p-divisible group it makes therefore
sense to ask whether Messing’s theorem 92 makes sense for any pd-thickening and not
just nilpotent ones. We will return to this question in proposition 96

Since we consider p-divisible groups without an étale part, this theorem should
be true without the assumption that the divided powers are nilpotent. This would
simplify our arguments below. But we don’t know a reference for this.

The crystal of Grothendieck and Messing deduced from this theorem is defined by
Dg(S) = LieNvniv,

Lemma 93. — Let S — R be a pd-thickening with nilpotent divided powers. Let P =
(P,Q,F,V~1) be a display over R. By proposition 44 there exist up to canonical
isomorphism a unique triple (P, F,V =), which lifts (P,F,V~'), such that V! is
defined on the inverse image @ chP of Q.
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Then the universal extension of BT (P) is given by the following exact sequence of
Es-modules

(176) 0 — C(Q/IsP) — Es ®ws) P/(F®z —1® Fz), 5 — M(P) — 0,

where the second arrow maps y € @ to VeV ~ly—1®vy, and the third arrow is given
by the canonical map P — P.

Proof. — By [Z1] the Es-module N in the middle of the sequence (176) is a reduced
Cartier module, and the canonical map P - Es Qw(s) P z — 1 ® x provides an
isomorphism P/IsP ~ N/VN.

Let us verify that the arrow C(Q/IsP) — N in the sequence (176) is well-defined.
Clearly y — V ® V~ly — 1 ® y is a homomorphism of abelian groups @ — N. The
subgroup sf’ is in the kernel:

VoV Wur—-19Vwr =V owFr -1 Ywz

=VuwF®zrz—1Q Ywr="

wzr —1® Ywz =0,
for w € W(S),z € P.

Moreover one verifies readily that F(V ® V7ly —1®y) = 0 in N. Then the
image of @ — N is in a natural way an S-module, @/ IsP — N is an S-module
homomorphism, and we have a unique extension of the last map to a Eg-module
homomorphism

C(Q/IsP) — N.
We see that (176) is a complex of V-reduced Eg-modules. Therefore it is enough to
check the exactness of the sequence (176) on the tangent spaces, which is obvious.

We need to check that (176) is an extension in the sense of definition 91, i.e.
a-N C Q/ I sP where Q/ IsP is regarded as a subgroup of N by the second map of
(176) and a C W (S) as an ideal.

Indeed, let a € a, z € P and £ = 3 V[§;]FY € Es. Then af @z = a Y, [£o;]F’ ®
z=1®a} [£;]F’z. Hence it is enough to verify that an element of the form 1 ® ax
is in the image of @ — N. But we have

VeV lar—-1®azr =—-1® az.
It remains to be shown that the extension (176) is universal. Let
0 —> C(Luniv) SN Nuniv SN M(P) —0

be the universal extension. For any lifting of M (’P) to a reduced Cartier module M
over S, there is a unique morphlsm Nuniv __, M which maps L"™V to a - M. Let L
be the kernel of LUV — aM. Then it is easy to check that

(177) 0— C(L) — N — M —0
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is the universal extension of M. Hence conversely starting with a universal extension
(177) of M, we obtain the universal extension of M over S as

0 — C(f + aNuniv) . Nuniv — M — 0,

where the sum L + aN"niv s taken in LieNUniv,
Now let Q C Q be an arbitrary W (S)-submodule, such that P = (P,Q, F,V~1) is
a display. By the consideration above it suffices to show that

(178) 0 — C(Q/IsP) — N —s M(P) — 0

is the universal extension of M (73) over S. In other words, we may assume R = S.
Starting from the universal extension (177) for M=M (73), we get a morphism
of finitely generated projective modules L — é/ IsP. To verify that this is an iso-
morphism it suffices by the lemma, of Nakayama to treat the case, where S = R is a
perfect field. In this case we may identify M (’P) with P. The map P — Eg Ow(s) P,
x — 1 ® z induces the unique W (S)[F]-linear section o of
o

— ~ x/\_v
0 — C(Q/IsP) —> N — p——0,

such that Vo(z) — o(Vz) € Q/IsP (compare [Z1], 2, 2.5 or [Ra-Zi] 5.26). The
extension is classified up to 1somorphlsm by the induced map o : PN /V N. Since
this last map is P— P/ IsP the extension is clearly universal. O

Our construction of the universal extension (176) makes use of the existence of the
triple (P, F, V~1). If we have a pd-morphism ¢ : W(R) — S, we know how to write
down this triple explicitly (corollary 56). Hence we obtain in this case a complete
description of the universal extension over S only in terms of (P,Q, F,V~1). Indeed,
let @90 be the inverse image of Q/IP be the map

S ®@wwr) P — RQwr) P.
Then the universal extension is given by the sequence
(179) 00— C(@V,) — Es ®@w(r) P/(F®z—1® Fx)gep — M(P) — 0,

where the tensor product with Eg is given by 6, : W(R) — W(S) (compare (96)).
The second arrow is defined as follows. For an element 3§ € ZZP we choose a lifting
Y € Qy, C W(S) ®w(r) P. Then we write:

1®y € Es ®w(s) (W(S) ®w(r) P) = Es ®w(r) P

With this notation the image of ¥ by the second arrow of (179) is V ® V‘P—ly -1®y.
One may specialize this to the case of the pd-thickening S = W,,(R) — R, and
then go to the projective limit W(R) = lim W (R). Then the universal extension
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over W(R) takes the remarkable simple form:

(180) 0 — C(Q) — Ewr @wwr) P/(FRx -1 Fx)sep — M(P) — 0
y— VeaVly-1ey

3.3. Classification of p-divisible formal groups. — The following main theorem

gives the comparison between Cartier theory and the crystalline Dieudonné theory of

Grothendieck and Messing.

Theorem 94. — Let P = (P,Q, F,V~1) be a display over a ring R, such that p is
nilpotent in R. Let G = BI'(P) be the associated formal p-divisible group. Then
there is a canonical isomorphism of crystals on the crystalline site of nilpotent pd-
thickenings over Spec R:
Dp = D¢

It respects the Hodge filtration on Dp(R) respectively Dg(R).

Let S — R be a pd-thickening with nilpotent divided powers. Assume we are given
a morphism W(R) — S of topological pd-thickenings of R. Then there is a canonical
isomorphism:

S ®w(r) P = Dea(S).

Remark. — We will remove the restriction to the nilpotent crystalline site below
(corollary 97).

Proof. — In the notation of lemma 93 we find Dp(S) = P/IsP and this is also the
Lie algebra, of the universal extension of G over S, which is by definition the value of
the crystal Dg at S. |

Corollary 95. — Let S — R be a surjective ring homomorphism with nilpotent kernel.
Let P be a display over R and let G be the associated formal p-divisible group. Let
G be a formal p-divisible group over S, which lifts G. Then there is a lfting of P
to a display P over S, and an isomorphism BT(P) — G which lifts the identity

Moreover let P’ be a second display over R, and let o : P — P’ be a morphism.
Assume we are given a lifting P’ over S of P'. We denote the associated formal
p-divisible groups by G respectively G'. Then the morphism « lifts to a morphism of
displays P — P, iff Bl'(a) : G — G’ lifts to a homomorphism of formal p- divisible
groups G — G'.

Proof. — Since S — R may be represented as a composition of nilpotent pd-thicke-
nings, we may assume that S — R itself is a nilpotent pd-thickening. Then the left
hand side of the isomorphism of theorem 94 classifies liftings of the display P by
theorem 48 and the right hand side classifies liftings of the formal p-divisible group
G by Messing [Me] Chapt V theorem (1.6). Since the constructions are functorial in
P and G the corollary follows. O
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Proposition 96. — Let P be a display over R. Let S — R be a pd-thickening with
nilpotent kernel a. Then the extension of lemma 93 is universal (i.e. in the sense of
the remark after Messing’s theorem 92).

Proof. — We denote by G the formal p-divisible group associated to P. Any lifting
G of G to S gives rise to an extension of Mg in the sense of definition 91:

0~—>C(CIM5)—>M5——>Mg-—-*O
With the notation of the proof of lemma 93 we claim that there is a unique morphism
of extensions N — Mg. Indeed, the last corollary shows that G is the p-divisible
group associated to a display 73(5) which lifts the display P. Hence 5(6’) is of the
form (13, é, F, V1), where (15, F,V~1) is the triple in the formulation of lemma 93.
But then the description of the Cartier module Mg in terms of the display gives
immediately a canonical morphism of Cartier modules N — Mg. Its kernel is C(L),
where L is the kernel of the map ﬁ/ Isﬁ — Lie 5, i.e. the Hodge filtration determined
by G. This shows the uniqueness of N — Mx.
Now let us consider any extension:

0—C(Ly)) — N; — M(P)—0

Using the argument (175), we see that there is a lifting GofG , such that the extension
above is obtained from

0 — C(Uy) — Ny — Mgz — 0.
Let é C P be the display which corresponds to G by the last corollary. Then by

lemmma 93 the universal extension of M Glis:

0 — C(Q/IsP) — N — Mgz — 0

This gives the desired morphism N — N;. It remains to show the uniqueness. But
this follows because for any morphism of extensions N — N; the following diagram

is commutative:
N ——— N

l l

Indeed we have shown, that the morphism of extensions N — Mg is unique. O

Remark. — Let P be the display of a p-divisible formal group G. Then we may
extend the definition of the crystal Dg to all pd-thickenings S — R (not necessarily
nilpotent) whose kernel is a nilpotent ideal, by setting:

D (S) = LieEs,

where Es is the universal extension of G over S, which exist by the proposition above.
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This construction is functorial in the following sense. Let P’ be another display over
R and denote the associated formal p-divisible group by G’. Then any homomorphism
a : G — G’ induces by the universality of the universal extension a morphism of
crystals:
D(a) : Dg — Dg-.

Corollary 97. — If we extend Dg to the whole crystalline site as above, the theorem
94 continues to hold, i.e. we obtain a canonical isomorphism of crystals:

(181) Dp — Dg
Proof. — This is clear. O

Proposition 98. — The functor BT from the category of displays over R to the category
of formal p-divisible groups over R is faithful, i.e. if P and P’ are displays over R,
the map
Hom(P,P’) — Hom(BI'(P), BI'(P'))

s injective.
Proof. — Let P = (P,Q,F,V~!) and P’ = (P',Q',F,V~!) be the displays and G
and G’ the associated p-divisible groups. Assume « : P — P’ is a morphism of
displays. It induces a morphism a : G — G'.

But the last corollary gives a back if we apply to a the functor ID:

Dg(W(R)) — Dg/(W(R)). O

Proposition 99. — Let p be nilpotent in R and assume that the set of nilpotent elements
in R form a nilpotent ideal. Then the functor BT of proposition 98 is fully faithful.

We need a preparation before we can prove this.

Lemma 100. — Let P and P’ be displays over R. Let a : G — G’ be a morphism of
the associated p-divisible groups over R. Assume that there is an injection R — S of
rings, such that ag : Gs — GY% 1is induced by a morphism of displays B : Ps — Pg.
Then a is induced by a morphism of displays o : P — P’.

Proof. — The morphism W (R) — R is a pd-thickening. By the corollary 97 a induces
amap « : P — P’, namely the map induced on the Lie algebras of the universal exten-
sions (180). Therefore a maps Q to Q'. By assumption the map 8 = W(S) Qw ) o :
W(S) ®w(r) P — W(S) ®w(r) P’ commutes with F and V ~!. Then the same is true
for o because of the inclusions P C W(S) ®w ) P, P’ C W(S) ®w(r) P’. Hence o
is a morphism of displays. By proposition 98 BT () is a. O

Proof of the proposition. — If R = K is a perfect field, the proposition is true by
classical Dieudonné theory. For any field we consider the perfect hull K ¢ KPef and
apply the last lemma. Next assume that R = [],c; K; is a product of fields. We
denote the base change R — K; by an index i. A morphism of p-divisible groups
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G — @', is the same thing as a family of morphisms of p-divisible groups G; — G,
over each K. Indeed, one can think of G in terms of systems of finite locally free
group schemes. Then one needs only to observe that any finitely generated projective
module L over R is of the form [] L;, since it is a direct summand of R™. Next one
observes that the same statements are true for morphisms of displays P — P’, because
W(R) = [ W(K;) etc. Hence the case where R is a product of fields is established.
Since a reduced ring may be embedded in a product of fields we may apply the lemma
to this case. The general case follows from corollary 95 if we divide out the nilpotent
ideal of nilpotent elements. O

We now give another criterion for the fully faithfulness of the functor BI', which
holds under slightly different assumptions.

Proposition 101. — Let R be an F-algebra. We assume that there exists a topological
pd-thickening (S, a,) of R, such that the kernels of S/a, — R are nilpotent, and such
that S is a p-adic torsion free ring.

Then the functor BI' from the category of displays over R to the category of p-
divisible formal groups is fully faithful.

Proof. — Let P; and Ps be displays over R, and let G; and G2 be the p-divisible
formal groups associated by the functor BI'. We show that a given homomorphism of
p-divisible groups a : G; — G2 is induced by a homomorphism of displays P; — Ps.

The homomorphism a induces a morphism of filtered F-crystals ap : Dg, — Dg, on
the crystalline site. Since we have identified (corollary 97) the crystals ID and D on this
site, we may apply proposition 60 to obtain a homomorphism ¢ : P; — P5 of displays.
We consider the triples (P, F, V~1) and (P, F, V1), which are associated to P; and
P2, and the unique lifting of ¢ to a homomorphism 5 of these triples. Then Dg, (S) is
identified with ﬁ, /1 sﬁi for i = 1,2. Let E; g and Ey g be the universal extensions of
G1 and G2 over S. By the proposition loc.cit. the homomorphism ap(S) : Lie E; ¢ —
Lie E; s coincides with the identifications made, with the homomorphism induced by
¢:

¢: P /IsP, — P/IsP

Let us denote by b : G; — G2 the homomorphism BI'(¢). Then by theorem 94 b
induces on the crystals the same morphism as ¢.

The two maps E; s — Eg s induced by a and b coincide therefore on the Lie
algebras. But then these maps coincide because the ring S is torsionfree. Hence we
conclude that a and b induce the same map E; p — Eg g, and finally that a =b. O

Proposition 102. — Let k be a field. Then the functor BI' from the category of dis-
plays over k to the category of formal p-divisible groups over k is an equivalence of
categories.
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Proof. — By proposition 99 we know that the functor BT is fully faithful. Hence
we have to show that any p-divisible formal group X over k is isomorphic to BI'(P)
for some display P over k. Let £ be the perfect closure of k. Let X = X, be the
formal p-divisible group obtained by base change. By Cartier theory we know that
X = BI'(P) for some display P over £.

Now we apply descent with respect to the inclusion ¢ : £ — ¢. Let g; and g2 be
the two natural maps £ — £ ®; £. Let X; respectively P; be the objects obtained by
base change with respect to g; for ¢ = 1,2. Our result would follow if we knew that
the functor BT is fully faithful over £ ®x ¢. Indeed in this case the descent datum
X, = X, defined by X would provide an isomorphism P; = P,. This isomorphism
would be a descent datum (i.e. satisfy the cocycle condition) because by proposition
98 the functor BT is faithful. Hence by theorem 37 it would give the desired display
P over k.

By proposition 101 it is enough to find a topological pd-thickening S — £®; ¢, such
that S is a torsion free p-adic ring. We choose a Cohen ring C of £ and embedding
C — W(¥) [AC] IX, §2, 3. Then we consider the natural surjection:

(182) W) @c W) — £ Qi £

The ring A = W () ®c W (£) is torsionfree because W (¢) is flat over C. The kernel of
(182) is pA. We define S as the p-adic completion:

S =lim A/p™A.
Then S is a torsionfree p-adic ring, such that S/pS = £ ®y £. This follows by going to
the projective limit in the following commutative diagram:
A/pnA —E A/ptiA —— A/pA ——— 0

! l |-

0 —— A/prt — 2 AprA — 5 A/pA —— 0

0

But with the canonical divided powers on pS the topological pd-thickening S — £®x ¢
is the desired object. (]

Theorem 103. — Let R be an excellent local ring or a ring such that R/pR is of finite
type over a field k. Then the functor BT is an equivalence from the category of displays
over R to the category of formal p-divisible groups over R.

Proof. — We begin to prove this for an Artinian ring R. Since BT is a fully faithful
functor, we need to show that any p-divisible group G over R comes from a display
P. Let S — R be a pd-thickening. Since we have proved the theorem for a field, we
may assume by induction that the theorem is true for R. Let G be a p-divisible group
over R with BT'(P) = G. The liftings of G respectively of P correspond functorially
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to the liftings of the Hodge filtration to
Dp(S) =Da(S).

Hence the theorem is true for S.

More generally if S — R is surjective with nilpotent kernel the same reasoning
shows that the theorem is true for S, if it is true for R.

Next let R be a complete noetherian local ring. We may assume that R is reduced.
Let m be the maximal ideal of R. We denote by G, the p-divisible group Gg/mn»
obtained by base change from G. Let P, be the display over R/m™, which correspond
to Gn. Then P = limP, is a 3n-display over R. Consider the formal group H
over R which belongs to the reduced Cartier module M (P). Since P, is obtained
by base change from P and consequently M (P,) from M (P) too, we have canonical
isomorphisms H,, & G,. Hence we may identify H and G. Clearly we are done, if
we show the following assertion. Let P = (P, Q, F, V1) be a 3n-display over R, such
that M (P) is the Cartier module of a p-divisible formal group of height equal to the
rank of P. Then P is nilpotent.

Indeed, it is enough to check the nilpotence of Ps over an arbitrary extension
S D R, such that p-S = 0 (compare (15)). Since R admits an injection into a finite
product of algebraically closed fields, we are reduced to show the assertion above in
the case, where R is an algebraically closed field. In this case we have the standard
decomposition

P — pnil g pet
where Pril is a display and P°t is a 3n-display with the structural equations
V7 le, =e;, fori=1,...,hA.
Then
M(P°) = QhBl Egrei/(Ve; — €;),
i=

is zero, because V — 1 is a unit in Eg. We obtain M (P) = M (P") = P !, Hence the
height of the p-divisible group G is rankrP™!. Our assumption heightG = rankrP
implies P = P, This finishes the case, where R is a complete local ring.

Next we consider the case, where the ring R is an excellent local ring. As above
we may assume R is reduced. Then the completion R is reduced. Since the geometric
fibres of Spec R— Spec R, are regular, for any R-algebra L, which is a field, the ring
R® r L is reduced. Hence if R is reduced, so is R ®Rr R. Consider the diagram:

14
N ﬁ :1 ﬁ Qr ﬁ
P2

Let G be a p-divisible formal group over R. It gives a descent datum on p*G = Gp:

a: p{Gﬁ — p3Gp.

ASTERISQUE 278



THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 223

We find a display P over E, such that BT(ﬁ) = Gg. Since the functor BT is fully
faithful over R® RE by proposition 99 the isomorphism a is induced by an isomorphism
a: p’{ﬁ — pEZE
From the corollary 98 it follows that « satisfies the cocycle condition. By theorem
37 there is a display P over R, which induces (73, a). Since the application of the
functor BT gives us the descent datum for G, it follows by the usual descent theory

for p-divisible groups, that BI'(P) = G.

Finally we consider the case of a finitely generated W (k)-algebra R. We form the
faithfully flat R-algebra S = [] Rm, where m runs through all maximal ideals of R.
Then we will apply the same reasoning as above to the sequence

Pl
R—S _____, S®grS.
P2

We have seen, that it is enough to treat the case, where R is reduced. Assume further
that Spec R is connected, so that G has constant height.

We see as in the proof of proposition 99, that to give a p-divisible group of height ~
over [] Ry, is the same thing as to give over each Ry, a p-divisible group of height h.
The same thing is true for displays. (One must show that the order N of nilpotence
in (15) is independent of m. But the usual argument in linear algebra shows also in
p-linear algebra that N = h — d is enough.) Since each ring R, is excellent with
perfect residue field, we conclude that Gg = BI'(ﬁ) for some display P over S. We
may apply descent if we prove that the ring S ® g S is reduced. This will finish the
proof. Let us denote by Q(R) the full ring of quotients. Then we have an injection

(1 Bn) @5 (I] Be) — (T1@ (Bw)) ®acm (TT @ (Bm))

The idempotent elements in Q(R) allows to write the last tensor product as

&%) ((Hm Q (Rm/pRn)) ®qr/pr) ([ @ (Rm/PRm)))
L]

We set K = Q(R/pR). Then we have to prove that for any index set I they are no
nilpotent elements in the tensor product

(I %) ex (I1%)

But any product of separable (= geometrically reduced) K-algebras is separable,
because [] commutes with the tensor product by a finite extension F of K. O

4. Duality

4.1. Biextensions. — Biextensions of formal group were introduced by Mumford
[Mu]. They may be viewed as a formalization of the concept of the Poincaré bundle in
the theory of abelian varieties. Let us begin by recalling the basic definitions (loc.cit.).
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Let A, B, C be abelian groups. An element in Ext'(B ®" C, A) has an interpreta-
tion, which is similar to the usual interpretation of Ext!(B, A) by Yoneda.

Definition 104. — A biextension of the pair B, C by the abelian group A consists of
the following data:
1) A set G and a surjective map

n:G— BxC

2) An action of A on G, such that G becomes a principal homogenous space with
group A and base B x C.

3) Two maps

+5:GxpG— G +4¢c:GxcG— G,

where the map G — B used to define the fibre product, is the composite of «
with the projection B x C' — B, and where G — C' is defined in the same way.

One requires that the following conditions are verified:

(i) The maps of 3) are equivariant with respect to the morphism A x A — A given
by the group law.

(i) The map +p is an abelian group law of G over B, such that the following

sequence is an extension of abelian groups over B:

0—-BxA— G T3BxC-0
bxa — a+0g(b)

Here Op : B — G denotes the zero section of the group law +5 and a + 05(b)
is the given action of A on G.

(tic) The same condition as (itg) but for C.

(i) The group laws +p and +¢ are compatible in the obvious sense:

Let z;; € G,1 < i,j < 2 be four elements, such that prg(z;1) = pre(z:2) and

prc(z1,i) = prc(zz,;) for i = 1,2. Then
(z11 +B T12) +c (21 +B T22) = (T11 +C T21) +B (T12 +C T22)-
Remark. — The reader should prove the following consequence of these axioms:
OB(bl) +c 03(()2) = OB(b1 =+ bz)
The biextension of the pair B,C by A form a category which will be denoted by
BIEXT!(B x C, A). If A — A’ respectively B’ — B and C’ — C are homomorphism
of abelian groups, one obtains an obvious functor
BIEXT!(B x C, A) — BIEXT!(B’' x C’, A").

Any homomorphism in the category BIEXT!(B x C, A) is an isomorphism. The
automorphism group of an object G is canonically isomorphic of the set of bilinear
maps

(183) Bihom(B x C, A).
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Indeed if « is a bilinear map in (183), the corresponding automorphism of G is given

by g — g+ a(n(g)).
If b € B, we denote by G} or Gpxc the inverse image of b x C by . Then +p
induces on G the structure of an abelian group, such that

0—A—G,—C—0

is a group extension. Similarly one defines G, for c € C.

A trivialization of a biextension G is a ”"bilinear” section s : B x C — G, i.e.
wos = idgxc, and s(b,—) for each b € B is a homomorphism C — G}, and s(—,c)
for each ¢ € C is a homomorphism B — G¢. A section s defines an isomorphism of
G with the trivial biextension A x B x C.

We denote by Biext'(B x C, A) the set of isomorphism classes in the category
BIEXT!(B x C, A). It can be given the structure of an abelian group (using cocycles
or Baer sum). The zero element is the trivial biextension.

An exact sequence 0 — B; — B — By — 0 induces an exact sequence of abelian
groups

0 — Bihom(B; x C, A) — Bihom(B x C, A) — Bihom(B; x C, A) N
Biext! (B3 x C, A) — Biext!(B x C, A) — Biext!(B; x C, A)

The connecting homomorphism § is obtained by taking the push—out of the exact
sequence

00— B XxXC—BxC— By xC —0,

by a bilinear map « : By x C — A. More explicitly this push-out is the set A x B x C
modulo the equivalence relation:

(a,b1 +b,¢) = (a + a(br,c),b,c), a€ A,be BceC,b, € By

If0 - A; - A — A — 0 is an exact sequence of abelian groups, one obtains an
exact sequence:

0 — Bihom(B x C, A;) — Bihom(B x C, A) — Bihom(B x C, Az) -
Biext! (B x C, A;) — Biext! (B x C, A) — Biext!(B x C, A3)

We omit the proof of the following elementary lemma:

Lemma 105. — If B and C are free abelian groups, one has
Biext!(B x C, A) = 0.

This lemma, gives us the possibility to compute Biext! by resolutions:
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Proposition 106. — (Mumford) Assume we are given exact sequences 0 — K; —
Ko —> B —-0and 0 — Ly —» Ly - C — 0. Then one has an eract sequence of
abelian groups
BihOI’n(Ko X Lo,A) — Blhom(K() X Ll,A) X Bihom(K1xL1,A) Bihom(K1 X Lo,A)
— Biext!(B x C, A) — Biext' (K x Lo, A)

Proof. — One proves more precisely that to give a biextension G of B x C together
with a trivialization over Ky x Lg:

G——BxC
K() X Lo
is the same thing as to give bilinear maps £ : Ko x L1 — Aand p : Ky X Lg — A,
which have the same restriction on K; x L,. We denote this common restriction by
p: Ky x L — A.
Using the splitting Op of the group extension
00— A— Gpxo — B —0,

we may write
(184) S(ko,ll) = OB(bo) +§(k0,ll), for kg € Ko,ll € Ll,

where by is the image of ko in B and £(ko,l1) € A. This defines the bilinear map £.
Similarly we define p:

(185) s(k1,l0) = 0c(co) + p(k1,lo),

for k1 € K; and lg € Lo, where ¢y € C is the image of [y. Clearly these maps are
bilinear, since s is bilinear. Since 05(0) = 0c(0) their restrictions to K3 x L, agree.

Conversely if £ and p are given, one considers in the trivial biextension A x Ky X Lg
the equivalence relation

(a,ko + k1,lo + 1) = (a+ &(ko, 1) + p(k1, lo) + &(k1, l1), Ko, lo)-

Dividing out we get a biextension G of B x C by A with an obvious trivialization.
O

The following remark may be helpful. Let [y € L be an element with image c € C.
We embed K; — A x Ko by k1 — (—p(k1,10),k1). Then the quotient (A x Ko)/ K1
defines the group extension 0 - A —- G, — B — 0.

Corollary 107. — There is a canonical isomorphism:

Ext!(B @' C, A) — Biext' (B x C, A).
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Proof. — If B and C are free abelian groups one can show that any biextension is
trivial (see (105)). One considers complexes K, = ---0 — K; — Ko — 0--- and
L,=---0 > Ly — Ly — 0--- as in the proposition, where Ky and Lo are free
abelian groups. In this case the proposition provides an isomorphism

(186) H'(Hom(K, ® L., A)) = Biext! (K x L, A).

Let T, =---0—>Ty, T, - Ty — 0--- be the complex K, ® L,. Then the group
(186) above is simply the cokernel of the map

(187) Hom(TpA) — Hom(71/Im T3, A).

Let ---P;, —» --- - P, -» K; — 0 be any free resolution. We set Py = Kp and
consider the complex P, =-.-- — P, — --- P, — Py — 0. The same process applied
tothe L's yields Q, = -+ — Q1 — -+ = Q; — Qo — 0. Let T = P, ® Q.. Then the
complex

O—*Tl/]:mfz —>T0 —_>

is identical with the complex
0 — T/ ImTy — To —> -~
Therefore the remark (187) yields an isomorphism

H'(Hom(K, ® L., A)) ~ H'(Hom(P, ® Q., A)) = Ext'(B ®" C, A). O

The notion of a biextension has an obvious generalization to any topos. This theory
is developed in SGA7. We will consider the category Nilg with the flat topology. To
describe the topology it is convenient to consider the isomorphic category Augp (see
definition 50). Let (B,€¢) € Augp be an object, i.e. a morphism € : B — R of R-
algebras. We write Bt = Kere for the augmentation ideal. We will often omit the
augmentation from the notation, and write B instead of (B, ¢).

If we are given two morphisms (B,e) — (A4;,g;) for i = 1,2, we may form the
tensorproduct:

(A1,€1) ®(B,e) (A2,€2) = (A1 ®B, A2,€1 @ €2).

This gives a fibre product in the opposite category Augp’:

Spf A; XSpf B Spf Asx = Spf(A1 RB Ag).
Via the Yoneda embedding we will also consider Spf B as a functor on Nilg:
Spf B(N) = HomNﬂR(B"',N).
We equip Augp® with a Grothendieck topology. A covering is simply a morphism
Spf A — Spf B, such that the corresponding ring homomorphism B — A is flat. We
note that in our context flat morphisms are automatically faithfully flat. We may
define a sheaf on Aug®’® as follows.
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Definition 108. — A functor F' : Auggp — Sets is called a sheaf, if for any flat homo-
morphism B — A in Augg the following sequence is exact.

F(B) —» F(A) 3 F(A®p A).

Recall that a left exact functor G : Nilg — (Sets) is a functor, such that G(0)
consists of a single point, and such that each exact sequence in Nilg

0— N — N2 — N3 —0
induces an exact sequence of pointed sets
0 — GWN1) — G(N2) — G(N3),

i.e. G(N7) is the fibre over the point G(0) C G(N3). It can be shown that such a
functor respects fibre products in Nilg. We remark that any left exact functor on
Nilg is a sheaf.

A basic fact is that an exact abelian functor on Nilg has trivial Cech cohomology.

Proposition 109. — Let F : Nilg — (Ab) be a functor to the category of abelian groups,
which is exact. Then for any flat morphism B — A in Augp the following complex
of abelian groups is exact

F(B) > F(A) 3 F(A®p A)= F(A®p A®p A) -+

Proof. — Let N be a nilpotent B-algebra and B — C be a homomorphism in Augg.

then we define simplicial complexes:

(C*(N,B — A),6"
(188)

(cr(C,B — A),0m)

for n > 0.

We set
C"(N,B—- A =NQpARp---QB A

C"(C,B—>A)=CQRpAQp---QB A,
where in both equations we have n + 1 factors on the right hand side. The operators
o7 : C"~1 — C" for i = 0,...,n are defined by the formulas:

0 (z®a® Ran-1)=(2Q®a® - Q®a;—1®1®a; - Qan_1),

where z € N orz € C.

One knows that the associated chain complexes with differential 6™ = Y (—1)*67
are resolutions of N respectively C, if either B — A is faithfully flat or B — A has a
section s : A — B. In the latter case one defines

s"CT — O Ls"(rRa® - Qan) =25(a0) a1 ® -+ @ an.

ASTERISQUE 278



THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 229

If one sets C~! = N respectively C~! = C and 63 : C~1 — C%,03(z) = z ® 1, one
has the formulas:

non idgn-1, fori=0
(189) 07" = {0?_‘113"‘1, fori>0 and n>1.

Let us extend the chain complex (C™, ™) by adding zeros on the left:
08 - 60% CO 51 , 62 R

(190) 0—---—0—C! ct c? — ...

Since by (189) we have s"6™ + 6"~ 1s"~1 = idgn-1, we have shown that this complex
is homotopic to zero.

If F : Nilg — (Ab) is a functor we can apply F to the simplicial complexes (188),
because 67 are R-algebra homomorphisms. The result are simplicial complexes, whose
associated simple complexes will be denoted by

(191) C™"(N,B — A,F) respectively C™(C,B — A, F).

Let us assume that B — A has a section. Then the extended complexes C"(F'),n €
Z are homotopic to zero by the homotopy F'(s™), since we can apply F' to the relations
(189).

Let now F be an exact functor and assume that B — A is faithfully flat. If N2 = 0,
each algebra C™(N, B — A) has square zero. In this case the 6™ in (190) are algebra
homomorphisms. Therefore we have the right to apply F' to (190). This sequence is
an exact sequence in Nilg, which remains exact, if we apply F. Hence the extended
complex C*(N,B — A, F),n € Z is acyclic if N2 = 0.

Any exact sequence 0 — K — M — N — 0 is Nilg, gives an exact sequence of
complexes.

0—C*"(K,B— A F)— C*"(M,B— A, F) — C*"(N,B — A F) — 0.
Hence C™(N, B — A, F) is acyclic for any N € Nilg. Finally let a C B be the kernel
of the augmentation B — R. Then one has an exact sequence of complexes:

(192) 0 - Cc™(a,B— A, F)—>C"(B,B— A,F)—>C"*(B/a,B/a— A/a,F) — 0

The augmentation of A induces a section of B/a = R — A/a. Hence the last complex
in the sequence (192) is acyclic. Since we have shown C"(a, B — A, F) to be acyclic,
we get that C"(B,B — A, F) is acyclic. This was our assertion. O

We reformulate the result in the language of sheaf theory.

Corollary 110. — An ezact functor F : Nilg — (Ab) is a sheaf on the Grothendieck
topology T = Augp’®. For each covering Ty — T in T the Cech cohomology groups
HY(T,/T»,F) are zero for i > 1. In particular an F-torsor over an object of T is

trivial.
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By SGAT7 one has the notion of a biextension in the category of sheaves. If F, K, L
are abelian sheaves a biextension in BIEXT!(K x L, F) is given by an F-torsor G
over K X L and two maps tx : G Xk G — G and tr : G x; G — G, which satisfy
some conditions, which should now be obvious. If F' is moreover an exact functor,
then any F torsor is trivial. Hence in this case we get for any N € Nilg, that G(N)
is a biextension of K(N) and L(N) is the category of abelian groups. This is the
definition Mumford [Mu] uses.

4.2. Two propositions of Mumford. — We will now update some proofs and
results in Mumford’s article. We start with some general remarks. Let F' be an exact
functor. Let G = H be any F-torsor is the category of sheaves on 7. If H = Spf A is
representable we know that  is trivial and hence smooth because F' is smooth. (The
word smooth is used in the formal sense [Z1] 2.28.) If H is not representable, 7 is still
smooth since the base change of G by any Spf A — H becomes smooth.

More generally any F'-torsor over H is trivial if H is prorepresentable in the fol-
lowing sense:

There is a sequence of surjections in Aug R:

— o= Apy1 — Ap - — Ay,
such that
(193) H =1im Spf A;.

Then 7 has a section because it has a section over any Spf A; and therefore over H
as is seen by the formula:

Hom(H, G) = lim Hom(Spf A;, G)
Hence we have shown:

Lemma 111. — Let F : Nilg — (Ab) be an exact functor. Then any F-torsor over a
prorepresentable object H is trivial.

For some purposes it is useful to state the first main theorem of Cartier theory in
a relative form. From now on R will be a Z,)-algebra.

Let B be an augmented nilpotent R-algebra. In order to avoid confusion we will
write Spfp B instead of Spf B in the following. Let G : Nilg — (Sets) be a left exact
functor. There is an obvious functor Nilg — Nilg. The composite of this functor
with G is the base change Gpg.

Assume we are given a morphism 7w : G — Spfp B, which has a section o :
Spfr B — G. Then we associate to the triple (G, , o) a left exact functor on Nilp:

Let £ € Nilg and let B|L| = B & L be the augmented B-algebra associated to it.
Then B|L| is also an augmented R-algebra, with augmentation ideal B* & L. Then
we define the restriction Resg G(L£) of G to be the fibre over o of the following map

Homgypt,, B(Spfr B|L|,G) — Homgpt, B(Spfr B, G).
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The functor G — Resp G defines an equivalence of the category of triples (G, 7, o)
with the category of left exact functors on Nilg. We will call the triple (G, 7,0) a
pointed left exact functor over Spfg. It is useful to explain this formalism a little
more.

Let us start with a left exact functor F on Nilg. Then F x Spf B = Spf B is
naturally a pointed functor over Spf B. The restriction of this pointed functor is Fz:

Resp(F x Spf B) = Fp.
Suppose that the B-algebra structure on £ is given by a morphism ¢ : Bt — L.

Then we have also a map of augmented R-algebras B|L| — R|L|, which is on the
augmentation ideals ¢ +id; : BY & £ — L.

Lemma 112. — Let ¢ : Bt — L be a morphism in Nilg. Via ¢ we may consider L
as an element of Nilg. Then Resp G(L) may be identified with the subset of elements
of G(L), which are mapped to ¢ by the morphism

7e : G(L) — Hom(B™, L).

Proof. — Consider the two embeddings of nilpotent algebras ¢z : £ — BT & L =
B|L|*, () =0® 1 and tg+ : BY - BT @ L = B|L|*,.p+(b) = b 0. Let us denote
by Go(B* @ L) C G(B* @ L) = Hom(Spf B|L|,G) the fibre at o of the map
(194) Hom(Spf, B|L|,G) — Hom(Spfy B, G)
We have an isomorphism in Nilg:
Bt*@L = Bt xL

bdlr— bx (pb)+1)
Let G(B* ® £) — G(L) be the map induced by Bt & L — L,bd 1 — p(b) + 1.
It follows from the isomorphism (195) and the left exactness of G, that this map
induces a bijection G, (Bt @ £) = G(L). Hence we have identified G(L) with the

fibre of (194) at o. It remains to determine, which subset of G(L) corresponds to
Homgps g(Spf B|L|, G). But looking at the following commutative diagram

(195)

G(B* & L) ———— G(L)

TB+aL l lﬂ'c

Hom(B*, B* @ £) —— Hom(B*, L)

LB+t > P

we see that this subset is exactly the fibre of wz at . O

Conversely given a functor H : Nilg — (Sets), such that H(0) = {point}. Then
we obtain a functor G : Nilg — (Sets) by:

G(N)=‘p: U

. HW,), N eNilg,
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where N, is N considered as a B-algebra via ¢. Then we have a natural projection
7 : G(N) — Hom(B*,N), which maps H(N,,) to ¢. The distinguished point in each
H(N,) defines a section o of .

In particular our remark shows that a group object in the category of arrows
G — Spf B, such that G is a left exact functor on Nilg is the same thing as a left
exact functor H : Nilg — (Ab).

In Cartier theory one considers the following functors on Nilg:
DN) =N, AW)=(1+tN}t])*, forN € Nilg.

Here t is an indeterminate. The functor D is considered as a set valued functor, while
A takes values in the category (Ab) of abelian groups. We embed D into A by the
map n — (1 —nt) for n € N.

Theorem 113 (Cartier). — Let G 5 H be a morphism of Sfunctors on Nilg. Assume
that G is left exact and has the structure of an abelian group object over H. The
embedding D C A induces a bijection.

Homgroups/H(K X H» G) I Hompointedfunctors/H (D X H, G) .

Proof. — If H is the functor H(N) = {point}, N € Nilg this is the usual formulation
of Cartier’s theorem [Z1]. To prove the more general formulation above, one first
reduces to the case H = Spf B. Indeed to give a group homomorphism AxH—G
over H is the same thing as to give for any morphism Spf B — H a morphism
A x Spf B — Spf B x g G of groups over Spf B.

Secondly the case H = Spf B is reduced to the usual theorem using the equivalence
of pointed left exact functors over Spf B and left exact functors on Nilpg. O

The following map is a homomorphism of abelian functors:

AWN) — W),

1 )
(199 TI(L = @it?) — (2p0, Ty, Ty - )

If we compose this with D C K, we obtain an inclusion D C W.
Let R be a Q-algebra. Then the usual power series for the natural logarithm
provides an isomorphism of abelian groups:

log : AN) = (1 +tNTt))T — tN]H

The formula 51(2121 niti) = Enpktpk. defines a projector € : tN[t] — tNT]t].

Then Cartier has shown that €; induces an endomorphism of A over any Zp)-algebra.
Moreover the homomorphism (196) induces an isomorphism:

~ —

€1A W.

R

‘We use this to embed W into A.
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Mumford remarked that Cartier’s theorem provides a section x of the natural
inclusion

(197) Homgroups/H (W X Ha G) — Hompointed functors /H(W X H, G)
Indeed, let « : WxH — Gbea map of pointed set-valued functors. We define
k(a) : A x H — G to be the unique group homomorphism, which coincides with o on

D x H (use theorem 113 ). We get () as the composition of K(a) with the inclusion
W xHCAXH.

Proposition 114. — Let F : Nilg — (Ab) be an ezxact functor. Then
Ext'(W,F) =0,
where the Ext-group is taken in the category of abelian sheaves on T .

Proof. — By the remark (193) a short exact sequence 0 — F — G — W — 0 has a
set—theoretical section s : W — G. Then k(s) splits the sequence. O

Remark. — It is clear that this proposition also has a relative version. Namely in the
category of abelian sheaves over any prorepresentable sheaf H in 7. we have:

Extyoups/ (W x H, F x H) =0,

if H is prorepresentable. Indeed consider an extension
(198) 0— FxH—G-">WxH—0.

Then G is an F torsor over W x H and hence trivial. Let o be any section of 7. Let
us denote by ¢ : H — W x H and sg : H — G the zero sections of the group laws
relative to H. We obtain a morphism sg —ot: H — F. Let pr, : W x H — H be
the projection. Then we define a new section of = by

(199) Onew = 0 + (SG’ - 0'1') pPra .

Then onew is a morphism of pointed functors over H, i.e. it respects the sections sg
and . Hence we may apply the section k of (197) to opew. This gives the desired
section of (198).

If G : Nilg — (Ab) is any functor, we set
(200) Gt(N) = Ker(G(N) — G(0)).
Because of the map 0 — A we obtain a functorial decomposition
GWN) = GT(WN) @ G(0),

which is then respected by morphisms of functors. If GG is in the category of abelian
sheaves we find:
EXthb(Wa G) = EXt‘l‘lb(Wa G+)a

which vanishes if Gt is exact.
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Cartier’s theorem applies to an abelian functor G, such that G is left exact:
Hom(A, G) ~ Hom(A, G*) ~ G* (X R[X]),

where the Hom are taken in the category of abelian functors on Nilg. If F,G are
abelian sheaves on 7, the sheaf of local homomorphisms is defined as follows:

Hom(F,G)(At) = Hom(Fa,G4), A€ AugR.
Hom(F,G)*(A") = Ker(Hom(F4,Ga) — Hom(Fgr, Gr)).
Cartier’s theorem tells us that for a left exact functor G:
Hom(A, G)(A+) = G(X A[X])
Hom™* (A, G)(A+) = G(X A+ [X])

In particular the last functor Hom™ (K, G) is exact if G is exact. Using the projector
€1 we see that Hom™* (W, G) is also exact.

(201)

(202)

Proposition 115 (Mumford). — Let F' be an exact functor. Then
Biext!(W x W, F) = 0.
Proof. — We strongly recommend to read Mumford’s proof, but here is his argument

formulated by the machinery of homological algebra. We have an exact sequence
(SGAT):

0 — Ext!(W,Hom(W, F)) — Biext!(W x W, F) — Hom(W,Ext' (W, F)).

The outer terms vanish, by proposition (114) and because the functor Hom™ (W, F)
is exact. O

Our next aim is the computation of Bihom(W x W, @m) Let us start with some
remarks about endomorphisms of the functors W and W.

Let R be any unitary ring. By definition the local Cartier ring Er relative to p
acts from the right on W (N'). Explicitly this action is given as follows. The action of
W(R):

(203) WW) x W(R) — W),

is induced by the multiplication in the Witt ring W (R|N|). The action of the operators
F|V € Eg is as follows

(204) nF ="n, nV="n,

where on the right hand side we have the usual Verschiebung and Frobenius on the
Witt ring. An arbitrary element of Eg has the form 372, V*& + 3252, pi FJ, &, pj €
W (R), where lim p; = 0 in the V-adic topology on W(R) (see corollary 8). We may
write such an element (not uniquely) in the form: ) V"a,, where a,, € W(R)[F].

By the following lemma we may extend the actions (203) and (203) to a right action
of Eg on W(N).
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Lemma 116. — For any n € W(N) there exists a number r such that ¥ n = 0.

Proof. — Since n is a finite sum of elements of the form V" [n], n € N it suffices to
show the lemma for n = [n]. This is trivial. O

We note that in the case, where p is nilpotent in R there is a number r, such that
F"W(N) = 0. Hence in this case the Cartier ring acts from the right on W(N).
We write the opposite ring to Eg in the following form:

o ] o0
(205) ‘Br=1{ > Vi&i+ > uiF?| & p; € W(R),limé& =0

=1 =0

The limit is taken in the V-adic topology. The addition and multiplication is defined
in the same way as in the Cartier ring, i.e. we have the relations:

(206) FV=p, VEF=VY¢ Fe=FTeF, ¢v=vFe
Then we have the antiisomorphism
t: ER I t]ER,

which is defined by t(F) = V, t(V) = F and t(¢) = & for £ € W(R). The ring 'Eg

acts from the left on W(N):
Fn="n, Vn= Vn.

It is the endomorphism ring of W by Cartier theory.

We define Eg to be the abelian group of formal linear combinations of the form:

(207) Er = {Z Vigi+ > piFI }
i=1 3=0

There is in general no ring structure on Er, which satisfies the relations (206). The
abelian group *Eg is a subgroup of Er by regarding an element from the right hand
side of (205) as an element from the right hand side of (207). Obviously the left action
of *Eg on W(N ) extends to a homomorphism of abelian groups

(208) Er — Hom(W,W).

We will write this homomorphism as
nr—un

since it extends the left action of Eg. We could also extend the right action of Eg:
n — nu.

Of course we get the formula
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The first theorem of Cartier theory tells us again that (208) is an isomorphism. By
the remark after lemma (116), it is clear that in the case where p is nilpotent in R
the homomorphism (208) extends to a homomorphism:

(209) Er — End(W)

The reader can verify that there exists a ring structure on Er that satisfies (206), if
p is nilpotent in R. In this case the map ¢t : Eg — !Eg extends to an antiinvolution
of the ring Eg. Then (209) becomes a homomorphism of rings.
By Cartier theory we have an exact sequence:

55 (F—1) — hex =
(210) 00— WWN) ——WW) —— Gn(N) —0
The second arrow is the right multiplication by (F — 1) € Eg, and hex is the so called
Artin-Hasse exponential. For the following it is enough to take (210) as a definition
of G,. But we include the definition of hex for completeness. It is the composition
of the following maps (compare (196)):

211) W) =5 6 AW) € AWN) = 1+ V) 2=1 1+ M0)%.

It is easy to produce a formula for hex but still easier if one does not know it. The
verification of the exactness of (210) is done by reduction to the case of a Q-algebra
N. We will skip this.

Proposition 117. — The Artin-Hasse exponential defines an isomorphism of abelian
groups:
(212) s : W(R) — Hom(W,G,,)

An element & € W (R) corresponds to the following homomorphism s : W — Gm. If
u € W(N), we have:
¢ (u) = hex(€ - u).

Proof. — This is a well-known application of the first main theorem of Cartier theory
of p-typical curves. Let [X] = (X,0...0...) be the standard p-typical curve in
W(X K[X]). We have to show that hex(§ - [X]) gives exactly all p-typical curves of
G if € runs through W(R). We set vm = hex([X]). This is the standard p-typical
curve in G,,. It satisfies F~,, = ~m by (210). By definition of the action of the
Cartier ring on the p-typical curves of @m we have:

hex(£[ X]) = £vm.
If ¢ = S Vi[&]F? as elements of Eg we obtain:
Erm = Z Vi[gi]')/m-
=0

These are exactly the p-typical curves of @m. O

ASTERISQUE 278



THE DISPLAY OF A FORMAL p-DIVISIBLE GROUP 237

From (200) we deduce the following sheafified version of the proposition:

Corollary 118. — The homomorphism (212) gives rise to an isomorphism of functors
on NilR.'
s : W(N) — Hom(W,Gm)t (V).

We are now ready to classify the bilinear forms Bihom(W X W,@m). To each
u € Er we associate the bilinear form 3,:

W) x WN) — W) x W) 29 5o BeX . 6 V)
&€ xn — u x 7 —  (u)n
Proposition 119. — We have the relations:

ﬂu(£7 77) = ﬂ"u('rh 5)
hex(&u)n = hex &(un).

Proof. — Clearly the second relation implies the first one. For u € W (R) we have
(éu)n = €(un). Hence the assertion is trivial.
First we do the case u = F":

hex(¢F)n = hex Vén = hex V(¢7n) = hex(¢Fn)F = hex£™n = hex£(Fn).
The fourth equation holds because:
hex(W(N)(F — 1)) =0
Secondly let u = V:
hex(£V)n = hex F¢n = hex V(¥¢n) = hex£Vn = hex£(Vn).

jeasd . o0 .
Finally we have to treat the general case u = Y_ V*w; + Y w_;F". For a finite sum
i=1 i=0
there is no problem. The general case follows %rom the following statement:
For given £,n € W(N) there is an integer myg, such that for any w € W(R):
hex(EwF™)n = 0, hex(¢§V™w)n = 0.

Indeed, this is an immediate consequence of lemma 116. O
Proposition 120 (Mumford). — The map:
Er — Bihom(W x W,Gm),
u > Bu(§,n) = hex(§u)n

is an isomorphism of abelian groups.

(213)

Proof. — One starts with the natural isomorphism.

Bihom(W x W,@m) ~ Hom(/W?, Hom"'(W,Gm)).
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The sheaf Hom™ (/W,@m) is easily computed by the first main theorem of Cartier
theory: Let A = R@® N be an augmented nilpotent R-algebra. Then one defines a
homomorphism:

(214) W(N) — Hom™ (W, Gn)(N) C Hom(Wa,Gm,,),

as follows. For any nilpotent A-algebra M the multiplication A/ x M — M induces
on the Witt vectors the multiplication:

WWN) x W(M) — W(M).

Hence any w € W(N) induces a morphism W (M) — G (M), € — hexwé. Since by
the first main theorem of Cartier theory:

W(A) — Hom(Wa,Gm,,),

is an isomorphism. One deduces easily that (214) is an isomorphism. If we reinterpret
the map (213) in terms of the isomorphism (214) just described, we obtain:

(215) Er — Hom(W,W)

u+— (£ &u)
But this is the isomorphism (208). O
4.3. The biextension of a bilinear form of displays. — After this update of

Mumford’s theory we come to the main point of the whole duality theory: Let P and
P’ be 3n-displays over R. We are going to define a natural homomorphism:
(216) Bil(P x P’,Gm) — Biext! (BTp x BTp:.Gp)

Let (, ) : P x PP — W(R) be a bilinear form of 3n-displays (18). For A/ € Nilg
this induces a pairing
(217) (,): Py x Pl — W),
(Compare chapter 3 for the notation). More precisely, if x = £ @ u € Py =
W(N)®wr) Pand 2’ =& ®@u’ € Py = W(N)®w(r) P, weset (¢, ) = £&'(u,u’) €
W (N), where the product on the right hand side is taken in W(R|N]).

To define the biextension associated to (217), we apply a sheafified version propo-
sition 106 to the exact sequences of functors on Nilg:

~ -1 _ 3
0—"QNV id

0 ‘_"@5\/‘ u ﬁ//\f — BTp/(N) — 0.
The proposition 106 Eombined with proposition 115, tells us that any element in
Biext!(BTp x BTp/,G,,) is given by a pair of bihomomorphisms
o @Nx ﬁ]\/ — @m(N)
Qg 13N>< @5\/ - @m(N),

Py — BTp(N) — 0
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which agree on Qn x ij
In the following formulas an element y € Qs is considered as an element of Pxs by
the natural inclusion id. We set
a1(y,z’) = hex(V~ly,2’), forye On, 7' € ﬁ,’v-

(218) ’ ’ D )
az(z,y’) = —hex(z,y’), forz € Py, y € Q-

We have to verify that a; and ag agree on @ A X @j\,, i.e. that the following equation
holds:

a(y, VY —y) = (VY —y,y).
This means that:
hex(V™y, V7l —¢') = —hex(V ™1y — y,7/),
which is an immediate consequence of (1.14):
hex(V ™1y, V7 1y') = hex (V™ 1y, V~1y') = hex(y, v').
We define the homomorphism (216) to be the map which associates to the bilinear

form (, ) € Bil(P x P’,G) the biextension given by the pair ay, ag.

Remark. — Consider the biextension defined by the pair of maps 3; : @ A X 13/'\/ —
W(N) and B2 : Py x Q) — Wi defined as follows:

Bi(y,z") = hex(y, z'), y €Qw, o' € Py

Ba(z,y') = —hex(z, V7 ly), z¢€ Py, y € Q.

We claim that the biextension defined by (219) is isomorphic to the biextension de-
fined by (218). Indeed by the proposition 106 we may add to the pair (81, 82) the
bihomomorphism

(219)

hex(, ): Py x Py — Gm(N)
obtained from (217). One verifies readily:
:81 (y7 .'l,’,) + hex(V‘ly - Y, xl) = al(y, 1‘/)
Ba(z,y') + hex(z, V™ ly —¢') = aa(y, ¥).
Remark. — Let G —— B x C be a biextension by an abelian group A, with the
relative group laws +p and +¢. Let s: Bx C — C x B, (b,¢) — (c,b) be the switch
of factors, and set 7° = son. Then (G, 7%, +¢,+g) is an object in BIEXT(C x B, A).

We will denote this biextension simply by G*. Let us suppose that B = C. Then we
call a biextension G symmetric if G and G*® are isomorphic.

Let us start with the bilinear form

(,):PxP — Gn.

SOCIETE MATHEMATIQUE DE FRANCE 2002



240 T. ZINK

We denote by G the biextension, which corresponds to the pair (218) of bihomomor-
phisms a; and ag. Clearly the biextension G* corresponds to the pair of bihomomor-
phisms of : @5\/ x Py — W(N) and ol Aj’v x Qn — W(N), which are defined by
the equations:

(220) i (y',z) = az(z,y’) = —hex(x,y’)
a3(x’,y) = ou(y,z’) = hex(Vy,z')
If we define a bilinear form:

(,)3:’P’><P—-+gm,

by (2',z)s = (z,z'), we see by the previous remark that the biextension defined
by (220) corresponds to the bilinear form —(z’,z)s. We may express this by the
commutative diagram:

Bil(P x P',G) —— Biext!(BTp x BTp,Gm)

| |
Bil(P' x P,G) —— Biext!(BTp: x BTp,Gum)
Let P = P’ and assume that the bilinear form ( , ) is alternating, i.e. the cor-

responding bilinear form of W(R)-modules P x P — W(R) is alternating. Then it
follows that the corresponding biextension G in Biext!(BTp x BTp, G,,) is symmetric.

4.4. The duality isomorphism. — Assume we are given a bilinear form ( , ) :
P x P’ — G, as in definition 18. Let G = BTp and G’ = BTp/ be the formal
groups associated by theorem 81. The Cartan isomorphism Biext!(G x G ,@m) =
Ext'(G &Y ¢/,Gm) = Ext' (G, RHom(G', G,,)) provides a canonical homomorphism

(221) Biext!(G x G’,G,n) — Hom(G, Ext' (G, Gm)).
Let us describe the element on the right hand side, which corresponds to the biex-
tension defined by the pair of bihomomorphisms o; and ap given by (218). For this

purpose we denote the functor N — 13/\/ simply by 13, and in the same way we define
functors @, P’,@’. We obtain a diagram of sheaves:

~ ~ (VTP —id)* ~ A ~
Hom(F, Gm)(———> Hom(Q',Grm) — Ext'(G',Gyn) — 0
(222) a]_T Taz
A (V-1 —id) A
0 — Q > P — G >0

Hence (V! —id)* is the homomorphism obtained from V~!—id : Q' — P’ by applying
the functor Hom(—, @m) The horizontal rows are exact. The square is commutative
because the restriction of a; to Q X @’ agrees with the restriction of oy in the sense of
the inclusions defined by V! —id. Hence (222) gives the desired G — Ext'(G’,Gm).
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The functors in the first row of (221) may be replaced by their *-parts (see (200)).
Then we obtain a diagram with exact rows:

Horn(lﬁ”,(f?rm)+ _+EQIL(§',@m)+ —_’_IIJ_X_tl(C'"a@m)Jr >0

w T 1

0 » Q > p > G — 0

The first horizontal arrow in this diagram is injective, if P’ is a display. Indeed, the
group G’ is p-divisible and by the rigidity for homomorphisms of p-divisible groups:

(224) Hom(G',G,)* = 0.

Remark. — Let P’ be a display. The following proposition 121 will show that the
functor Ext'(G’,G,,)* is a formal group. We will call it the dual formal group. The
isomorphism (226) relates it to the dual display.

By the corollary 118 one obviously obtains an isomorphism
(225) W(N) ®w(r) Pt — Hom(P,Gnm)* (V).

Here P* = Homy (g)(P,W(R)) is the dual W(R)-module. Therefore the functor
Hom(P',G,,)* is exact, and the first row of (223) is by proposition 109 exact in the
sense of presheaves, if P’ is a display.

Proposition 121. — Let P be a display and Pt be the dual 8n-display. By definition
19 we have a natural pairing

(,):’PtxP——>g,

which defines by (216) a biextension in Biext'(BTp: x BTp,G,,). By (221) this
biextension defines a homomorphism of sheaves

(226) BTp. — Ext'(BTp,Gm)*
The homomorphism (226) is an isomorphism.

Proof. — In our situation (223) gives a commutative diagram with exact rows in the
sense of presheaves:

0—— Hom(ﬁ, @m)"' — HO_IIKQ\, @m)+ B MI(G, @m)+ »0

S

0 ;\,@t ;ﬁt > Gt — 0.

Here we use the notation G = BTp, G* = BTp:. Let us make the first commutative
square in (227) more explicit.
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The bilinear pairing
(228) W(N) @w(ry P x WN) @w(my P — Gm(N),
£zt x URT — hex(&u(z?, )
provides by the corollary 118 an isomorphism of functors
(229) W(N) ®w(r) P* — Hom(P, Grm)* (V).

In order to express Hom(@, @m)+ in a similar way, we choose a normal decomposition
P = L@T. Let us denote by L* = Homy (g)(L, W(R)) and T* = Homy (g (T, W(R))
the dual modules. In terms of the chosen normal decomposition the dual 3n-display
Pt = (P, Q% F,V~!) may be described as follows.
We set Pt = P*,Qt = T* @ IgrL*. Then we have a normal decomposition
P =L'o T
where L' = T* and Tt = L*. To define F and V~! for P? it is enough to define
Flinear maps:
vl:Lt — P F:T'— P.
We do this using the direct decomposition
P=W(R)V 'Le W(R)FT.
For zt € Lt = T* we set:

(V-lzt, wFy) = wF(z',y), weW(R),yeT
(V-lzt, wV~1lz) =0, z € L.

For yt € T* = L* we set:

(Fy*,wFy) =0, yeT
(Fyt,wV~lz) = wFf ({y,z), =z € L.

The bilinear pairing:

WWN) ®ewr T* x WN) @pwry T — Gm(N)
Rzt xu®y — hex(¢uF(x?, y))

defines a morphism
(230) W(N) ®@rwr T — Hom(W @Fpw(r) T, Gm)t(N),

where W ®Frw(r) T denotes the obvious functors on Nilg. The right hand side of
(230) may be rewritten by the isomorphism:

(231) Ivewm T — WN) @rwr T
u@yr— u®y
The pairing (228) induces an isomorphism:

(232) WN) ®wr) L™ — Hom(W ®wr) L, Gm)t (V)
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Taking the isomorphisms (230), (231) and (232) together, we obtain an isomorphism
of functors

Hom(Q, Gm)*WN) = WN) ®pw(r) T ® WAN) @w(r) L*
= W(N) RF,W(R) L' W(N) ®W(R) T!.

(233)
We use the decomposition Pt = W(R)V 1Lt @ W(R)FT" to rewrite the isomor-
phism (229)

Hom(P,Gp)t (V) = W(N) @w(ry W(R)V L @ W(N) ®w(r) W(R)FT*
~WWN)®rwr) L' ® WN) @rwr) T

(234)

Here an element £ ® ! @7 ®y* from the last module of (236) is mapped to £V !zt &
nFyt from the module in the middle.
We rewrite the first square in (227) using the isomorphism (233) and (234):

V—l —id)*
W(N)®F, L' @ WN) ®F, T" -(———ILW(N) RF LLOoWWN)RT*

(235) alT - Taz

W) ® Lt @ WN) @, T ———9 s W(N) @ Lt @ WN) & Tt

In this diagram all tensor products are taken over W (R). We have to figure out what
are the arrows in this diagram explicitly. We will first say what the maps are and
then indicate how to verify this.

(236) oz = — (F® idpe @idW(N>®w<R>T*)
&, = F e idp¢ EBidW(N)®F,W(R)Tt

The upper horizontal map in (235) is the map (V™! — id)* = Hom(V~! — id, Gp) :
ﬂm(f’, @m) — m(@,@m). We describe the maps (V~1)* = M(V_l,@m) and
id* = Hom(id,G,,). Let £ @' dn @ y* € WN) @rw L' @ W(N) @pw T* be an
element. Then we have:

(237) (VHY'¢ersraony)=Etez' 0 ey

Finally the map id* is the composite of the map (V~1)# & F# : W(N) ® p,w(r) L' ®
WN)Qrwr) T — W(N)Qw(r) P with the extension of —&; to the bigger domain
W(N) Qw(ry Pt = WN) ®w(r) L' ® W(N) Qw(r) T*. We simply write:

(238) id* = —ap (V"H)* @ F#).

If one likes to be a little imprecise, one could say (V~1)* =id and (id)* = V1.
Let us now verify these formulas for the maps in (237). @, is by definition (218)
the composition of V=1 : Q4% — Pji, with the inclusion P}, ¢ W(N) ®w ) P! =
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Hom(P,G,,)* (NV). Hence by the isomorphism (234) which was used to define the
diagram (235) the map a; is:

- o~ VL (V-
1 Q4 WWN pt
ay: Qn — W( )W‘%R)

# @ F#
WWN) ® L'eWWN) o T
~ F,W(R) F,W(R)
Clearly this is the map given by (236).

Consider an element u®z* € W(N)®w gy Lt. This is mapped by &; to an element
in Hom(Q,G)t(N) = Hom(I ®w(r) T, Gm)"(N) & Hom(W ®@w(r) L, Gm)*T(N),
whose component in the second direct summand is zero and whose component in the
first direct summand is given by the following bilinear form @s:

t VvV, 1

a(u @zt Vu' ® y) = — hex "v/u(zt,y) = — hex u'Fuf(t

z,y).

Hence the image in the first direct summand is equal to the image of fu ® z* by the
homomorphism (230).
Next we compute the map:

(V=H* : WN) @w(r) P* ~ Hom(P,Gm)*t (N) — Hom(Q, G,)t (V).

Let use denote by ( , )p the bilinear forms induced by the homomorphism (230)
respectively (232). Let 6® 2* € W(N) Qw (r) P* be an element, and let 0@z dv Ry €

W(N) ®W(R) L& W(N) BF,W(R) T ~ W(N) QW (R) L& TN W (R) T = @N Then
we have by definition of (V~1)*:

(239) (VHY*(0®2"),u®z+v®y), =hex0 u(z", V') + hex v (z*, Fy).
Since we use the isomorphism (234) we have to write § ® 2* in the form £ ® V1t +
n® Fy', where £,n € W(N),z* € Lt,y* € Tt. Then we find for the right hand side
of (239):
(240) hex¢Fu(V~lzt, Vi) + hex fv(V ~lxt, Fy)

+ hex nFu(Fy*, V™ 'z) + hex nu(Fy*, Fy)

By definition of the dual 3n-display the first and the last summand of (240) vanish.
Using (20) we obtain for (240):

hex £vF(2ty) + hex nfuf(yt, z) = hex £vF(xt, y) + hex Vnu(y®, ).

Since this is equal to the left hand side of (240), we see that (V~1)*(éQV ~lxt+neFyt)
is the element in Hom(Q, Gr)* (V) induced by:

3 ®.’L‘t + VT) (024 yt € W(N) ®F,W(R) L'e W(N) ®W(R) T

This is the assertion (237).
Finally we compute id*. By the isomorphisms (229) and (233) the map id* identifies
with a map

(241) id* : W(N) ®w(r) P! — W(N) ®F,W(R) L'® W(N) W (R) T!
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The assertion of (238) is that this map is the extension of —a3 , if we identify the
left hand side of (241) with W(N) ®w(r) L' ® W(N) ®w (r) T* using our normal
decomposition.

Let @zt D@y € WN) Qu(r) L' ® WN) Qw(r) T* and uRrzd®WwRyY €
W(N’) ®wr) L & T Qwr) T = O m for some N-algebra M. We obtain:

id"¢tertony) (u®zd Vv ®y) = hex(£Vv(zt, y) + hexnu(y’, z)
= hex UF{F(wta y) + hex 77U<yt’ u>3

which proves that

d*(¢@s' +n®y’) ="t +ney.
Altogether we have verified that the diagram (235) with the maps described coincides
with the first square in (227). We may now write the first row of the diagram (227)
as follows:

V-)yx —id*
0-W ® Lol ® Tt—(——l—l—>W ® LiteWwW ® T
F,W(R) W (R) F,W(R) W(R)

!

Ext'(G,G,)*

l

0

Here we wrote W and I for the functors N — W(N) and N +— Inr. We also used the
isomorphism (231) to replace W Q@ p.w (r) T by I Qw gy T*. The map (V~1)* is just
the natural inclusion.

We know from (227), that Ext'(G, @m)+ is an exact functor on Nilg. We will now
compute the tangent space of this functor.

Let us assume that A is equipped with a pd-structure. Then the logarithmic
coordinates (48) define an isomorphism of W (R)-modules

N @ Iy =~ W(N).

(242)

Hence we have an isomorphism of abelian groups:
N @wr) T @ Iy Qwr) T* = WN) @wr) T*.
We extend id* to an endomorphism of W(N) ® p,w(r) L' @ W (N) Qw (r) T" by setting:
id*(V @wr) T*) = 0.

We claim that id* is then a nilpotent endomorphism. First we verify this in the
case, where p- N = 0. Then we have FW(N) = 0 and therefore the map &, is
zero on the first component. It follows from (238) that the image of id* lies in
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0BWN)@w ) T" C WN)®pwr) LE@W(N)Qw(r)T*. Via the natural inclusion
and projection id* induces an endomorphism

id3, : WN) Qw(ry T* — WWN) Qw(r) T".
By what we have said it is enough to show that id3, is nilpotent. The endomorphism
F:P=L'eTt— P =Lt T,
induces via inclusion and projection an endomorphism
p: Tt — T,
By the formula (238) we find for id3,:
id3, ((n+€) @ y") = £ @ p(y"),

where n € N, & € W(N), and y* € T*. But since P is a display the 3n-display P? is
F-nilpotent, i.e. there is an integer r, such that ¢"(T%) C IgT*. Since W(N)-Ig =0

it follows that (id3,)” = 0. In the case where pA\ is not necessarily zero, we consider
the filtration by pd-ideals

0=p"NCp ™ 'NcC- - CN.
Since the functors of (242) are exact on Nilg an easy induction on r yields the nilpo-
tency of id* in the general case. This proves our claim that id* is nilpotent if p- N = 0.
Since (V~1)* is the restriction of the identity of
WWN) @pwr) L' ® WWN) @w(r) T

it follows that (V~1)* — id* induces an automorphism of the last group. One sees
easily (compare (156)) that the automorphism (V~1!)* —id* provides an isomorphism
of the cokernel of (V~1)* with the cokernel of (V~1)* —id*. Therefore we obtain for
a pd-algebra N that the composition of the following maps:

N Qwr) Tt — WWN) ®@wr) T* — Ext'(G, @m)+(N)
is an isomorphism. This shows that the Ext' (G, @m)+ is a formal group with tangent
space T /IgT"* by definition 80. Moreover
G' — Ext!(G,Gm) "

is an isomorphism of formal groups because it induces an isomorphism of the tangent
spaces. This proves the proposition. O

Let P be a 3n-display and let P’ be a display. We set G = BTp, G' = BTp:, and
(G")t = BT(p+y:. If we apply the proposition 121 to (221) we obtain a homomorphism:
(243) Biext!(G x G/, Gm) — Hom(G, (G")")

We note that this map is always injective, because the kernel of (221) is by the
usual spectral sequence Ext!(G,Hom(G’,G,,)). But this group is zero, because
Hom(G',G,,)T = 0 (compare (224)). A bilinear form P x P’ — G is clearly the
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same thing as a homomorphism P — (P’)t. It follows easily from the diagram (223)
that the injection (243) inserts into a commutative diagram:

Bil(P x P',G) —=— Hom(P,(P)?)
(244) | | BT
Biext!(G x G/,Gn) ——— Hom(G, (G')?)
Theorem 122. — Let R be a ring, such that p is nilpotent in R, and such that the set
of nilpotent elements in R are a nilpotent ideal. Let P and P’ be displays over R. We

assume that P’ is F-nilpotent, i.e. the dual Sn-display (P’)! is a display. Then the
homomorphism (216) is an isomorphism:

Bil(P x P',G) — Biext'(BTp x BTp/,Gpm).

Proof. — By proposition 99 the right vertical arrow of the diagram (244) becomes an
isomorphism under the assumptions of the theorem. Since we already know that the
lower horizontal map is injective every arrow is this diagram must be an isomorphism.

O
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