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PRISMATIC DIEUDONNE THEORY

JOHANNES ANSCHUTZ AND ARTHUR-CESAR LE BRAS

ABSTRACT. We define, for each quasi-syntomic ring R (in the sense of Bhatt-
Morrow-Scholze), a category DF(R) of filtered prismatic Dieudonné crystals
over R and a functor from p-divisible groups over R to DF(R). We prove that
this functor is an antiequivalence when moreover R is flat over Z/p™ for some
n > 0 or over Zp. Our main cohomological tool is the prismatic formalism
recently developed by Bhatt and Scholze.
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1. INTRODUCTION

Let p be a prime number. The goal of the present paper is to establish clas-
sification theorems for p-divisible groups over quasi-syntomic rings. This class of
rings is a non-Noetherian generalization of the class of p-complete locally complete
intersection rings and contains also big rings, such as perfectoid rings. Our main
theorem is as follows.

Theorem. Let R be a quasi-syntomic ring. There is a natural functor from the
category of p-divisible groups over R to the category DF(R) of filtered prismatic
Dieudonné crystals over R. If moreover R is flat over Z/p™ (for some n) or Z,,
this functor is an antiequivalence.

A more precise version of this statement and a detailed explanation will be given
later in this introduction. For now, let us just say that the category DF(R) is
formed by objects of semi-linear algebraic nature.

The problem of classifying p-divisible groups and finite locally free group schemes
by semi-linear algebraic structures has a long history, going back to the work of
Dieudonné on formal groups over characteristic p perfect fields. In characteristic
p, as envisionned by Grothendieck, and later developed by Messing ([42]), Mazur-
Messing ([41]), Berthelot-Breen-Messing ([5], [6]), the formalism of crystalline co-
homology provides a natural way to attach such invariants to p-divisible groups.
This theory goes by the name of crystalline Dieudonné theory and leads to classifi-
cation theorems for p-divisible groups over a characteristic p base in a wide variety
of situations, which we will not try to survey but for which we refer the reader, for
instance, to [37]. In mixed characteristic, the existing results have been more lim-
ited. Fontaine ([23]) obtained complete results when the base is the ring of integers
of a finite totally ramified extension K of the ring of Witt vectors W (k) of a perfect
field k£ of characteristic p, with ramification index e < p — 1. This ramification
hypothesis was later removed by Breuil ([I5]) for p > 2, who also conjectured an
alternative reformulation of his classification in [I4], simpler and likely to hold even
for p = 2, which was proved by Kisin ([30], for odd p, and extended by Kim ([29]),
Lau ([35]) and Liu ([38]) to all p. Zink gave a classification of formal p-divisible
groups over very general bases using his theory of displays ([50]). More recently,
p-divisible groups have been classified over perfectoid rings ([36], [47, Appendix to
Lecture XVII]).

The main interest of our approach is that it gives a uniform and geometric con-
struction of the classifying functor on quasi-syntomic rings. This is made possible
by the recent spectacular work of Bhatt-Scholze on prisms and prismatic cohomol-
ogy ([12], [7]). So far, such a cohomological construction of the functor had been
available only in characteristic p, using the crystalline theory. This led in practice
to some restrictions, when trying to study p-divisible groups in mixed characteris-
tic by reduction to characteristic p, of which Breuil-Kisin theory is a prototypical
example : there, no direct definition of the functor was available when p = 2 ! Re-
placing the crystalline formalism by the prismatic formalism, we give a definition
of the classifying functor very close in spirit to the one used by Berthelot-Breen-
Messing ([5]) and which now makes sense without the limitation to characteristic
p. Over a quasi-syntomic ring R, our functor takes values in the category of filtered
prismatic Dieudonné crystals over R (cf. Definition .T.6]). As the name suggests,
prismatic Dieudonné crystals are prismatic analogues of the classical notion of a
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Dieudonné crystal on the crystalline site. The adjective filtered is here to indi-
cate that one needs to add the datum of some kind of admissible filtration on the
prismatic Dieudonné crystal.

Before stating precisely the main results of this paper and explaining the tech-
niques involved, let us note that several natural questions are not addressed in this
paper.

(1) Tt would be interesting to go beyond quasi-syntomic rings. By analogy
with the characteristic p story, one would expect that the prismatic theory
should also shed light on more general rings. In the general case, filtered
prismatic Dieudonné crystals will not be the right objects to work with.
One should instead define analogues of the divided Dieudonné crystals in-
troduced recently by Lau [37] in characteristic p.

(2) Even for quasi-syntomic rings, our classification is explicit for the so called
quasi-reqular semiperfectoid rings or for complete regular local rings with
perfect residue field of characteristic p (cf. Section[5.2), as will be explained
below, but quite abstract in general. Classical Dieudonné crystals can be
described as modules over the p-completion of the PD-envelope of a smooth
presentation, together with a Frobenius and a connection satisfying various
conditions. Is there an analogous concrete description of (filtered) prismatic
Dieudonné crystals ?

(3) Finally, it would also be interesting and useful to study deformation theory
(in the spirit of Grothendieck-Messing theory) for the filtered prismatic
Dieudonné functor.

We now discuss in more detail the content of this paper.

1.1. Quasi-syntomic rings. Let us first define the class of rings over which we
study p-divisible groups.

Definition 1.1.1 (cf. Definition B3T)). A ring R is quasi-syntomic if R is p-
complete with bounded p>-torsion and if the cotangent complex Lg,z, has p-
complete Tor-amplitude in [—I,O]E. The category of all quasi-syntomic rings is
denoted by QSyn.

Similarly, a map R — R’ of p-complete rings with bounded p*-torsion is a
quasi-syntomic morphism if R’ is p-completely flat over R and Lp/ /g € D(R’) has
p-complete Tor-amplitude in [—1,0].

Remark 1.1.2. This definition is due to Bhatt-Morrow-Scholze [11] and extends
(in the p-complete world) the usual notion of l.c.i. rings and syntomic morphisms
(flat and l.c.i.) to the non-Noetherian, non finite-type setting. The interest of this
definition, apart from being more general, is that it more clearly shows why this
category of rings is relevant : the key property of (quasi-)syntomic rings is that
they have a well-behaved (p-completed) cotangent complex. The work of Avramov
shows that the cotangent complex is very badly behaved for all other rings, at least
in the Noetherian setting: it is left unbounded (cf. [2]).

Example 1.1.3. Any p-complete 1.c.i. Noetherian ring is in QSyn. But there are
also has big rings in QSyn : for example, any (integral) perfectoid ring is in QSyn
(cf. Example[3.3.3). As a consequence of this, the p-completion of a smooth algebra

IThis means that the complex M = Lry/z, ®HR R/p € D(R/p) is such that M ®HR N €
DI=101(R/p) for any R/p-module N.
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over a perfectoid ring is also quasi-syntomic, as well as any bounded p>°-torsion p-
complete ring which can be presented as the quotient of an integral perfectoid ring
by a finite regular sequence. For example, the rings

Oc(T) 5 Oc,/p 5 F[TVP7]/(T-1)
are quasi-syntomic.

The category of quasi-syntomic rings is endowed with a natural topology : the
Grothendieck topology for which covers are given by quasi-syntomic covers, i.e.,
morphisms R — R’ of p-complete rings which are quasi-syntomic and p-completely
faithfully flat.

An important property of the quasi-syntomic topology is that quasi-regular
semiperfectoid rings form a basis of the topology (cf. Proposition B371).

Definition 1.1.4 (cf. Definition B3H). A ring R is quasi-regular semiperfectoid if
R € QSyn and there exists a perfectoid ring S mapping surjectively to R.

As an example, any perfectoid ring, or any p-complete bounded p>-torsion quo-
tient of a perfectoid ring by a finite regular sequence, is quasi-regular semiperfectoid.

1.2. Prisms and prismatic cohomology (after Bhatt-Scholze). Our main
tool for studying p-divisible groups over quasi-syntomic rings is the recent prismatic
theory of Bhatt-Scholze [12], [7]. This theory relies on the seemingly simple notions
of d-rings and prisms. In what follows, all the rings considered are assumed to be
Z(p)-algebras.

A 0-ring is a commutative ring A, together with a map of sets § : A — A, with
5(0) =0, §(1) = 0, and satisfying the following identities :

PP P
L2 +y? —(x+y)
p
for all 2,y € A. For any dé-ring (4, ), denote by ¢ the map defined by

p(z) = 2P + pd(z).

The identities satisfied by ¢ are made to make ¢ a ring endomorphism lifting Frobe-
nius modulo p. Conversely, a p-torsion free ring equipped with a lift of Frobenius
gives rise to a d-ring. A pair (A4, I) formed by a é-ring A and an ideal I C A is a
prism if I defines a Cartier divisor on Spec(A), if A is (derived) (p, I')-complete and
if I is pro-Zariski locally generatecﬁ by a distinguished element, i.e., an element d
such that 4(d) is a unit.

6(zy) = 2P8(y) +y"o(x)+pd(x)o(y) ; d(x+y) = o(z)+6(y)

)

Example 1.2.1. (1) For any p-complete p-torsion free §-ring A, the pair (A, (p))

is a prism.
(2) Say that a prism is perfect if the Frobenius ¢ on the undelying d-ring

is an isomorphism. Then the category of perfect prisms is equivalent to
the category of (integral) perfectoid rings : in one direction, one maps a
perfectoid ring R to the pair (Ajns(R) := W (R"), ker(6)) (here 6 : Ajnt(R) —
R is Fontaine’s theta map) ; in the other direction, one maps (A4, 1) to A/I.
Therefore, one sees that, in the words of the authors of [I2], prisms are
some kind of "deperfection” of perfectoid rings.

2In practice, the ideal I is always principal.
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The crucial definition for us is the following. We stick to the affine case for
simplicity, but it admits an immediate extension to p-adic formal schemes.

Definition 1.2.2. Let R be a p-complete ring. The (absolute) prismatic site (R) p
of R is the opposite of the category of bounded] prisms (A, I) together with a
map R — A/I, endowed with the Grothendieck topology for which covers are
morphisms of prisms (A4, I) — (B, J), such that the underlying ring map A — B is
(p, I)-completely faithfully flat.

Bhatt and Scholze prove that the functor O (resp. @A) on the prismatic
site valued in (p,I)-complete d-rings (resp. in p-complete R-algebras), sending
(A, I) € (R)), to A (resp. A/I), is a sheaf. The sheaf O) (resp. Oy ) is called the
prismatic structure sheaf (resp. the reduced prismatic structure sheaf).

From this, one easily deduces that the presheaves I) (resp. N ZlOA) sending
(A,I) to I (vesp. N='A := ¢~ (1)) are also sheaves on (R),.

Let R be a p-complete ring. One proves the existence of a morphism of topoi :

v ShV((R)A) — ShV((R)qsyn)'
Set :
OPris .— ’U*OA : NZlopris — U*N21OA : pris . U*IA'
The sheaf OP™ is endowed with a Frobenius lift 0. Moreover, if R is quasi-syntomic,

the quotient sheaf OP™s /N'Z1OP™ ig naturally isomorphic to the structure sheaf O
of (R)qgsyn-

1.3. Filtered prismatic Dieudonné crystals and modules. We are now in
position to define the category of objects classifying p-divisible groups.

Definition 1.3.1. Let R be a quasi-syntomic ring. A filtered prismatic Dieudonné
crystal over R is a collection (M, FilM, paq) consisting of a finite locally free OP*is-
module M, a OP*S_submodule FilM, and a @-linear map @ : M — M, satisfying
the following conditions :

(1) em(FilM) C ZPMs M.

(2) NZ1OPHs M C FilM and M /FilM is a finite locally free O-module.

(3) o (FilM) generates ZP'S. M as an OP*S-module.

Definition 1.3.2. Let R be a quasi-syntomic ring. We denote by DF(R) the
category of filtered prismatic Dieudonné crystals over R (with morphisms the OP*is-
linear morphisms commuting with the Frobenius and respecting the filtration).

For quasi-regular semiperfectoid rings, these abstract objects have a concrete
incarnation. Let R be a quasi-regular semiperfectoid ring. The prismatic site (R)p
admits a final object (Ag,I). Moreover, one has a natural isomorphism

0: AR/NzlﬁR =~ R.

Example 1.3.3. (1) If R is a perfectoid ring, (Agr,I) = (Aint(R), ker(0)).
(2) If R is quasi-regular semiperfectoid and pR = 0, (Ag,I) = (Aays(R), (p)).

3A prism (A, I) is bounded if A/I has bounded p®-torsion.
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Definition 1.3.4. A filtered prismatic Dieudonné module over R is a collection
(M,Fil M, @) consisting of a finite locally free Ag-module M, a Ag-submodule
Fil M, and a @-linear map @y : M — M, satisfying the following conditions :

(1) opm(Fil M) C I.M.

(2) NZ1AR.M C Fil M and M/Fil M is a finite locally free R-module.

(3) wm(Fil M) generates I.M as a Ag-module.

Proposition 1.3.5 (Proposition L T.T3)). Let R be a quasi-reqular semiperfectoid
ring. The functor of global sections induces an equivalence between the category of
filtered prismatic Dieudonné crystals over R and the category of filtered prismatic
Dieudonné modules over R.

1.4. Statements of the main results. In all this paragraph, R is a quasi-
syntomic ring.

Theorem 1.4.1 (Theorem [£.6.6). Let G be a p-divisible group over R. The triple
(/\/l A(G) = Ext! (G, 0P"%) FilM, (G) = Eat' (G, NZ'OP™), @MA@)

where the Ext are Ext-groups of abelian sheaves on (R)gsyn and PM,y(G) s the

Frobenius induced by the Frobenius of OP™, is a filtered prismatic Dieudonné crystal
over R, denoted by M) (G).

Remark 1.4.2. When pR = 0, the crystalline comparison theorem for prismatic
cohomology allows us to prove that this construction coincides with the functor
usually considered in crystalline Dieudonné theory, relying on Berthelot-Breen-
Messing’s constructions ([5]).

Theorem 1.4.3 (Theorem [L.G.9). Assume R is flat over Z/p™ (for some n > 0)

or Zy. The filtered prismatic Dieudonné functor
My G = M)(G)

induces an antiequivalence between the category BT(R) of p-divisible groups over R
and the category DF(R) of filtered prismatic Dieudonné crystals over R.
Moreover, the prismatic Dieudonné functor :

My G = M)(G)
is fully faithful.

Remark 1.4.4. Theorem [[LZ1] (resp. Theorem [[43) immediately extends to p-
divisible groups over a quasi-syntomic formal scheme (resp. to p-divisible groups
over a p-adic formal scheme quasi-syntomic over Spf(Z/p™), n > 0, or Spf(Z,)).

Remark 1.4.5. It is easy to write down a formula for a functor attaching to a
filtered prismatic Dieudonné crystal an abelian sheaf on (R)gsyn, which will be a
quasi-inverse of the filtered prismatic Dieudonné functor : see Remark But
such a formula does not look very useful.

Remark 1.4.6. As a corollary of the theorem and the comparison with the crys-
talline functor, one obtains that the (contravariant) filtered Dieudonné functor from
crystalline Dieudonné theory is an antiequivalence for quasi-syntomic rings in char-
acteristic p. For excellent l.c.i. rings, fully faithfulness was proved by de Jong-
Messing ; the antiequivalence was proved by Lau for F-finite l.c.i. rings (which are
in particular excellent rings).
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Remark 1.4.7. It is not difficult to prove that if R is perfectoid, filtered prismatic
Dieudonné crystals (or modules) over R are equivalent to minuscule Breuil-Kisin-
Fargues modules for R, in the sense of [I0]. Moreover, to prove a classification
theorem over arbitrary perfectoid rings, it is enough to do so for perfectoid rings
which are either p-torsion free or of characteristic p, as explained in [36] Lemma
9.2, (9.2)]. Therefore, Theorem contains as a special case the results of Lau
and Scholze-Weinstein. But the proof of the theorem actually requires this special
casdl as an input.

Remark 1.4.8. In general, the prismatic Dieudonné functor (without the filtra-
tion) is not essentially surjective, but we prove it is an antiequivalence for p-complete
regular (Noetherian) rings in Proposition [(.2.3]

Moreover, we explain in Section how to recover Breuil-Kisin’s classification
(as extended by Kim, Lau and Liu to all p) of p-divisible groups over O, where K
is a discretely valued extension of Q, with perfect residue field, from Theorem [[.4.3

Remark 1.4.9. Section (.3l shows how to extract from the filtered prismatic
Dieudonné functor a functor from BT(R) to the category of displays of Zink over
R. Even though the actual argument is slightly involved for technical reasons, the
main result there ultimately comes from the following fact : if R is a quasi-regular
semiperfectoid ring, the natural morphism 6 : Ap — R gives rise by adjunction to a
morphism of d-rings Agr — W (R), mapping N=!Ag to the image of Verschiebung
on Witt vectors.

Zink’s classification by displays works on very general bases but is restricted (by
design) to formal p-divisible groups or to odd p ; by contrast, our classification is
limited to quasi-syntomic rings but do not make these restrictions.

Remark 1.4.10. As in Kisin’s article [30], it should be possible to deduce from
Theorem [[.4.3] a classification result for finite locally free group schemes. We only
write this down over a perfectoid ring, in which case it was already known for p > 2

by the work of Lau, [36]. This result is used in forthwoming work of Cesnavicius
and Scholze [17].

1.5. Overview of the proof and plan of the paper. Section 2] and Section
contain some useful basic results concerning prisms and prismatic cohomology, with
special emphasis on the case of quasi-syntomic rings. Most of them are extracted
from [I1I] and [12], but some are not contained in loc. cit. (for instance, the defini-
tion of the g-logarithm, Section[2:2)), or only briefly discussed there (for instance, the
description of truncated Hodge-Tate cohomology, Section [3.2] or u-torsion-freeness
of prismatic cohomology of some quasi-regular semiperfectoid rings, Section [3.0]).
Section [l is the heart of this paper. We first introduce the category DF(R) of
filtered prismatic Dieudonné crystals over a quasi-syntomic ring R and discuss some
of its abstract properties (Section ]). We then introduce a candidate functor from
p-divisible groups over R to DF(R) (Section 2)). That it indeed takes values in
the category DF(R) is the content of Theorem [[471] which we do not prove imme-
diately. We first relate this functor to other existing functors, for characteristic p
rings or perfectoid rings (Section 3). The next three sections are devoted to the
proof of Theorem [[LZT]l This proof follows a road similar to the one of [5, Ch. 2,

4n fact, as observed in [47], only the case of perfectoid valuation rings with algebraically closed
and spherically complete fraction field is needed.
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3]. The basic idea is to reduce many statements to the case of p-divisible groups
attached to abelian schemes, using a theorem of Raynaud ensuring that a finite
locally free group scheme on R can always be realized as the kernel of an isogeny
between two abelian schemes over R, Zariski-locally on R. For abelian schemes, via
the general device, explained in [B, Ch. 2] and recalled in Section 4] for computing
Ext-groups in low degrees in a topos, one needs a good understanding of the pris-
matic cohomology. It relies on the degeneration of the conjugate spectral sequence
abutting to reduced prismatic cohomology, in the same way as the description of
the crystalline cohomology of abelian schemes is based on the degeneration of the
Hodge-de Rham spectral sequence. We prove it in Section by appealing to
the identification of some truncation of the reduced prismatic complex with some
cotangent complex, in the spirit of Deligne-Illusie (or, more recently, [10]), proved
in Section The prismatic perspective provides a very natural way of doing this.

To prove Theorem [[L4.3] stated as Theorem [A.6.9] below, one first observes that
the functors

R— BT(R) ; R~ DF(R)

on QSyn are both stacks for the quasi-syntomic topology (for BT, this is done in
the Appendix). Therefore, to prove that the functor M) is an antiequivalence,
it is enough to prove it for R quasi-regular semiperfectoid, since these rings form
a basis of the topology, in which case one can simply consider the more concrete
functor M ) taking values in filtered prismatic Dieudonné modules over R, defined
by taking global sections of M ). Therefore, one sees that, even if one is ultimately
interested only by Noetherian rings, the structure of the argument forces to consider
large quasi-syntomic ringdi.

Assume from now on that R is quasi-regular semiperfectoid. Fully faithfulness
is shown using the strategy of [48] (following an idea of de Jong-Messing) : one
first proves fully faithfulness for morphisms from Q,/Z, to pp~ and then reduces
to this special case. The first step is actually delicate and unfortunately relies
on some results on algebraic K-theory from [I8] and the companion paper [I],
due to the fact that general quasi-regular semiperfectoid rings are quite hard to
handle directly, contrary to the ones which are obtained as colimits of quotients
of perfectoid rings by finite regular sequences. We were not able to obtain a more
direct proof. Nevertheless, the proof works in general. By contrast, the second
step requires the additional hypothesis of Theorem [[L4.3]on R. It is inspired by the
analogous step in Scholze-Weinstein’s paper ([48], §4.3]), but more direct and less
intricate, even when the ring R is an [F},-algebra. In fact, we even prove under theses
assumptions the (a priori, but not a posteriori) stronger result that the prismatic
Dieudonné functor (forgetting the filtration) is fully faithful.

Once fully faithfulness is acquired, the proof of essential surjectivity is by reduc-
tion to the perfectoid case. One can actually even reduce to the case of perfectoid
valuation rings with algebraically closed fraction field. In this case, the result is
known, and due - depending whether one is in characteristic p or in mixed charac-
teristic - to Berthelot and Scholze-Weinstein.

Finally, Section [l gathers several complements to the main theorems, already
mentioned above : the classification of finite locally free group schemes of p-power
order over a perfectoid ring, Breuil-Kisin’s classification of p-divisible groups over

5In characteristic p, Lau has recently and independently implemented a similar strategy in
[37].
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the ring of integers of a finite extension of Q,, the relation with the theory of
displays and the description of the Tate module of the generic fiber of a p-divisible
group from its prismatic Dieudonné crystal.

1.6. Notations and conventions. In all the text, we fix a prime number p.

e All finite locally free group schemes will be assumed to be commutative.

e If R is a ring, we denote by BT(R) the category of p-divisible groups over
R.

o If Ais aring, I C A an ideal, and K € D(A) an object of the derived
category of A-modules, K is said to be derived I-complete if for every
f € I, the derived limit of the inverse system

LKL rkLKk

vanishes. Equivalently, when I = (f1,..., f.) is finitely generated, K is
derived I-complete if the natural map

K — Rlim(K ®% K?)

is an isomorphism in D(A), where for each n > 1, K denotes the Koszul
complex Ko(A; f1*,..., f) (one has HO(K?2) = A/(f, ..., f™), but beware
that in general K may also have cohomology in negative degrees, unless
(f1,..., fr) forms a regular sequence). An A-module M is said to be derived
I-complete if K = MI[0] € D(A) is derived I-complete. The following
properties are useful in practice :

(1) A complex K € D(A) is derived I-complete if and only if for each
integer 4, H*(K) is derived I-complete (this implies in particular that
the category of derived I-complete A-modules form a weak Serre sub-
category of the category of A-modules).

(2) If I = (fi1,..., fr) is finitely generated, the inclusion of the full subcat-
egory of derived I-complete complexes in D(A) admits a left adjoint,
sending K € D(A) to its derived I-comletion

K = Rlim(K & K?).

Note that the derived I-completion of an A-module M (viewed as a
complex sitting in degree 0) need not be discrete.

(3) (Derived Nakayama) If I is finitely generated, a derived I-complete
complex K € D(A) (resp. a derived I-complete A-module M) is zero
if and only if K ®% A/I =0 (resp. M/IM = 0).

(4) If I is finitely generated, an A-module M is (classically) I-adically
complete if and only if it is derived I-complete and I-adically sepa-
rated.

(5) I = (f) is principal and M is an A-module with bounded f*°-torsion
(i.e. such that M[f°°] = M[f"] for some N), the derived I-completion
of M (as a complex) is discrete and coincides with its (classical) I-adic
completion.

A useful reference for derived completions is [49, Tag 091N].

e Let A be a ring, I a finitely generated ideal. A complex K € D(A) is
I-completely flat (vesp. I-completely faithfully flat) if K @4 A/I is concen-
trated in degree 0 and flat (resp. faithfully flat), cf. [11, Definition 4.1.]. If
an A-module M is flat, its derived completion Mis T -completely flat.
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Assume that I is principal, generated by f € A (in the sequel, f will
often be p). Let A — B be a map of derived f-complete rings. If A has
bounded f°°-torsion and A — B is f-completely flat, then B has bounded
f°-torsion. Conversely, if B has bounded f°°-torsion and A — B is f-
completely faithfully flat, A has bounded f°°-torsion. Moreover, if A and
B both have bounded f°°-torsion, then A — B is f-completely (faithfully)
flat if and only if A/f™ — B/f™ is (faithfully) flat for all n > 1. See [11,
Corollary 4.8]).

e A derived I-complete A-algebra R is I-completely étale (resp. I-completely
smooth) if R®Y A/I is concentrated in degree 0 and étale (resp. smooth).
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2. GENERALITIES ON PRISMS

In this section we review the theory of prisms and collect some additional results.
In particular, we present the definition of the ¢-logarithm (cf. Section 2:2)).

2.1. Prisms and perfectoid rings. We list here some basic definitions and results
from [12], of which we will make constant use in the paper. Let us first recall the
definition of a J-ring A. In the following all rings will be assumed to be Z,)-algebras.

Definition 2.1.1. A §-ring is a pair (A, §) with A a commutative ring and §: A —
A a map (of sets) such that for x,y € A the following equalities hold:

9(0) =06(1) =0
0(zy) = aPd(y) + y*3(x) +pd(x)d(y)
3z +y) = 8(x) + 8(y) + Tt

P
A morphism of é-rings f: (A4,d) = (A’,§’) is a morphism f: A — A’ of rings such
that fod =o' o f.
By design the morphism
p: A— A x— 2P 4 pd(x)

for a d-ring (A, d) is a ring homomorphism lifting the Frobenius on A/p. Using ¢
the second property of § can be rephrased as

(zy) = p(x)d(y) +y"d(x) = 270(y) + ¢(y)d(x)
which looks close to that of a derivation. If A is p-torsion free, then any Frobenius
lift ¢p: A — A defines a d-structure on A by setting

— P
o(x) = Y(z) =2 .
p
Thus, in the p-torsion free case a d-ring is the same as a ring with a Frobenius lift.

Remark 2.1.2. The category of d-rings has all limits and colimits and that these
are calculated on the underlying ring% (cf. [I2 Section 1]). In particular, there
exists free d-rings (by the adjoint functor theorem). Concretely, if A is a §-ring and
X is a set, then the free §-ring A{X} on X is a polynomial ring over A with variables
0"(z) for n > 0 and z € X (cf. [I2, Lemma 2.11]). Moreover, the Frobenius on
Zpy{ X} is faithfully flat (cf. [I2, Lemma 2.11]).

Definition 2.1.3. Let (4, J) be a d-ring.
(1) An element = € A is called of rank 1 if 6(z) = 0.
(2) An element d € A is called distinguished if §(d) € A* is a unit.

In particular, p(x) = 2P if z € A is of rank 1.
Here is a useful lemma showing how to find rank 1 elements in a p-adically
separated d-ring.

Lemma 2.1.4. Let A be a §-ring and let x € A. Then §(zP") € p™A for all n. In
particular, if A is p-adically separated and y € A admits a p™-th root for all n > 0,
then 6(y) =0, i.e., y has rank 1.

Proof. Cf. [12, Lemma 2.31]. O

6This does not hold for the category of rings with a Frobenius lift in the presence of p-torsion.
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We can now state the definition of a prism (cf. [I2] Definition 3.2]). Recall that
a o-pair (A, 1) is simply a -ring A together with an ideal I C A.
Definition 2.1.5. A §-pair (A, I) is a prism if I C A is an invertible ideal such that
A is derived (p, I)-complete, and p € T + o(I)A. A prism (A, ) is called bounded
if A/I has bounded p*-torsion.

Remark 2.1.6. Some comments about these definitions are in order :

(1) By [12] Lemma 3.1] the condition p € I + ¢(I)A is equivalent to the fact
that I is pro-Zariski locally on Spec(A) generated by a distinguished ele-
ment. Thus it is usually not much harm to assume that I = (d) is actually
principaﬂ.

(2) If (A,I) — (B, J) is a morphism of prisms, i.e., A — B is a morphism of
d-rings carrying I to J, then [I2, Lemma 3.5] implies that J = IB.

(3) An important example of a prism is provided by

(A, 1) = (Zp[lg — 111, (Ipla))

¢ —1
=1
is the g-analog of p. Many other interesting examples will appear below.
(4) The prism (A, I) being bounded implies that A is classically (p, I)-adically
complete (cf. [7, Exercise 3.4.]), and thus in particular p-adically separated.

Lemma 2.1.7. Let (A,I) be a prism and let d € I be distinguished. If (p,d) is a
regular sequence in A, then for all r,s > 0, r # s the sequences

(p, ¢"(d)), (¢"(d), p*(d))

where

[p]q :

are regular.

Proof. Note that it suffices to consider the case s = 0 by assuming r > s and
replacing d by ¢°(d). Then the statement is proven in [I, Lemma 3.3] and [II
Lemma 3.6]. O

Previous work in p-adic Hodge theory used, in one form or another, the theory of
perfectoid spaces. From the prismatic perspective, this is explained as follows. We
recall that a §-ring A (or prism (A4, I)) is called perfect if the Frobenius ¢: A — A
is an isomorphism. If A is perfect, then necessarily A = W(R) for some perfect
ring R (cf. [12, Corollary 2.30]).

Proposition 2.1.8. The functor
{perfect prisms (A, I)} — {(integral) perfectoid rings R}, (A,I)— A/I.

is an equivalence of categories with inverse R — (Aine(R), ker(0)), where Aine(R) :=
W(R?) and 6 = 0 o o=,  being Fontaine’s theta map.

Proof. Cf. [12, Theorem 3.9]. O

Remark 2.1.9. (1) Of course, one could use @ instead of §. We make this (slightly
strange) choice for coherence with later choices.

(2) The theorem implies in particular that for every perfect prism (A, I), the
ideal I is principal.

"For example, if A is perfect, i.e., the Frobenius ¢: A — A is bijective, then this condition is
automatic by [12] Lemma 3.7].
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As a corollary, we get the following easy case of almost purity.

Corollary 2.1.10. Let R be a perfectoid ring and let R — R’ be p-completely étale.
Then R’ is perfectoid. Moreover, if J C R is an ideal, then the p-completion R’ of
the henselization of R at J is perfectoid.

Proof. We can lift R’ to a (p, ker(f))-completely étale Ains(R)-algebra B. By [12]
Lemma 2.18], the §-structure on Ajn¢(R) extends uniquely to B. Reducing modulo
p we see that B is a perfect d-ring as it is (p, ker(6))-completely étale over Ai,¢(R).
Using Proposition 2.8 R’ = B/ ker(#)B is therefore perfectoid. The statement on
henselizations follows from this as henselizations are colimits along étale maps (cf.
the proof of [49] Tag 0A02]). O

Moreover, perfectoid rings enjoy the following fundamental property.

Proposition 2.1.11. Let (A, 1) be a perfect prism. Then for every prism (B, J)
the map

Hom((A,I),(B,J)) = Hom(A/I, B/J)
is a bijection.

Proof. Cf. [12, Lemma 4.7.]. O

2.2. The g-logarithm. Each prism is endowed with its Nygaard filtration (cf. [T,
Definition 11.2.]).

Definition 2.2.1. Let (A, I) be a prism. Then we set
NZA = p (T
for i > 0. The filtration N'=* A is called the Nygaard filtration of (A, I).

This filtration (or rather the first piece of this filtration) will play an important
role in the rest of this text. It already shows up when proving the existence of the
g-logarithm

log,,: Z,(1)(B/J) — B, © — logq([;vl/p]g)
for a prism (A, I) over (Zy[[g — 1]], ([plq)) from Remark 216 as we now explain.
Here,
Zp(1) == Tp(pap=)
is the functor sending a ring R to T,(R*) = Jm fipn (R) and

[—lg: lim A/ — A
mtf’
is the Teichmiiller lift sending a p-power compatible system
z:= (zo,T1,...) € lim A/l
TP
to the limit
[z]5 := lim 22
e

where Z,, € A is a lift of z,, € A/I. By definition,
Zp(l)(A/I)g I&H A/I, (Io,Il,...)’—)(1,$0,I1,...).

T—xP
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Moreover, on 1£1 A/I one can take p-th roots

TP
(5?2 lim A/ — lim A/I, (z0,1,...) — (z1,22,...).
m]hp I]hp

In [I Lemma 4.10] there is the following lemma on the ¢-logarithm. For n € Z
we recall that the g-number [n], is defined as

o= L5 € Z,llg—11.

Lemma 2.2.2. Let (B,J) be a prism over (Zy(lq — 1]],([plq)). Then for every
element x € 1+ N='B of rank 1, i.e., §(x) = 0, the series

og (1) = = _1\n—1 n(nfl)/2(x_1)($_q)"'(x_qnil)
oy 0 = 31" 15

is well-defined and converges in B. Moreover, log,(z) € NZ1B and log,(z) =

lggf(}]) log(x), where log(z) := (—1)"_1@5.
n=1

The defining properties of the g-logarithm are that log,(1) = 0 and that its
g-derivative is dja—z (cf. [I, Lemma 4.6.]).
One derives easily the existence of the “divided g-logarithm”.

Lemma 2.2.3. Let (B, J) be a prism over (Z,[[q—1]], ([plq)) and let x € Z,(1)(B/J).
Then [21/?); € B is of rank 1 and lies in 1 + N=*B. Thus

S 2P —1). .. ([21/P]; — gn !
Iqu([xl/p]é):;(—1)n_1q"("—1)/2([ Js—1) [nﬂ, Jg—a" ")

exists in B.

Proof. By Lemma 214 the element [2!/7]; is of rank 1 as it admits arbitrary p"-
roots. Moreover, [z/P]; € 1 4+ NZ1B as ¢([z'/P];) = [z]; = 1 modulo J. By
Lemma we can therefore conclude. O

8This equality holds in B[1/p][[z — 1]]A(a—1),
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3. GENERALITIES ON PRISMATIC COHOMOLOGY

3.1. Prismatic site and prismatic cohomology. In this paragraph, we shortly
recall, mostly for the convenience of the reader and to fix notations, some fun-
damental definitions and results, without proofs, from [12]. Fix a bounded prism
(A,I). Let R be a p-complete A/I-algebra.

Definition 3.1.1. The prismatic site of R relative to A, denoted (R/A), is the
category whose objects are given by bounded prisms (B, IB) over (A, I) together
with an A/I-algebra map R — B/IB, with the obvious morphisms, endowed with
the Grothendieck topology for which covers are given by (p, I)-completely faithfully
flat morphisms of prisms over (A, I).

Remark 3.1.2. In this remark we deal with the set-theoretic issues arising from
Definition B.I.Jl For example, as it stands there does not exist a sheafification
functor for presheaves on (R/A)). We will implicitly fix a cut-off cardinal  like
in [46, Lemma 4.1] and assume that all objects appearing in Definition Bl (or
Definition [BT4]) have cardinality < k. The results of this paper will not change
under enlarging . For example, the category of prismatic Dieudonné crystals on
(R) ) will be independent of the choice of x. Also the prismatic cohomology does

not change (because it can be calculated via a Cech-Alexander complex), and thus
the (filtered) prismatic Dieudonné crystals will be independent of x (by Section ).

This affine definition admits an immediate extension to p-adic formal schemes
over Spf(A/I), cf [12].

Proposition 3.1.3 ([12], Corollary 3.12). The functor Oy (resp. O ) on the pris-
matic site valued in (p, I)-complete § — A-algebras (resp. in p-complete R-algebras),
sending (B,1B) € (R/A)) to B (resp. B/IB), is a sheaf. The sheaf Op (resp.
@A ) is called the prismatic structure sheaf (resp. the reduced prismatic structure
sheaf).

These constructions have absolute variants, where one does not fix a base prism.
Let R be a p-complete ring.

Definition 3.1.4. The (absolute) prismatic site of R, denoted (R), is the category
whose objects are given by bounded prisms (B, J) together with a ring map R —
B/J, with the obvious morphisms, endowed with the Grothendieck topology for
which covers are given by morphisms of prism (B, J) — (C, JC) which are (p, I)-
completely faithfully flat.

Exactly as before, one defines functors Oy and O, which are sheaves on (R) .

We turn to the definition of (derived) prismatic cohomology. Fix a bounded
prism (A, I). The prismatic cohomology of R over A is defined in two steps. One
starts with the case where R is p-completely smooth over A/I.

Definition 3.1.5. Let R be a p-complete p-completely smooth A/I-algebra. The
prismatic complex Ar,4 of R over A is defined to be the cohomology of the sheaf
O), on the prismatic site :

DAgrya = RT((R/A)p, Op).

This is a (p, I)-complete commutative algebra object in D(A) endowed with a semi-
linear map ¢ : Ar/a — AR/, induced by the Frobenius of O).
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Similarly, one defines the reduced prismatic complex or Hodge-Tate complex :
Brya = RU((R/A)y, 0)).
This is a p-complete commutative algebra object in D(R).

A fundamental property of prismatic cohomology is the Hodge-Tate comparison
theorem, which relates the Hodge-Tate complex to differential forms. For this, first
recall that for any A/I-module M and integer n, the nth-Breuil-Kisin twist of M
is defined as

M{n}:=M @45 (I/1%)®".
The Bockstein maps
Br: H(bgya){i} = H ' (Lgrsa){i + 1}

for each i > 0 make (H*(Ag/a{*},Br) a graded commutative A/I-differential
graded algebraﬁ, which comes with a map n: R — H° (ZR/A).

Theorem 3.1.6 ([12], Theorem 4.10). The map n extends to a map
777% : (QQI;(A/I)ad) — (H*(AR/Auﬁl)

which is an isomorphism.

While proving Theorem [B.1.6] Bhatt and Scholze also relate prismatic and crys-
talline cohomology when the ring R is an F,-algebra. The precise statement is the
following. Assume that I = (p), i.e. that (A,I) is a crystalline prism. Let J C A
be a PD-ideal with p € J. Let R be a smooth A/J-algebra and

RW =R, Alp,

where the map A/J — A/p is the map induced by Frobenius and the fact that J
is a PD-ideal.

Theorem 3.1.7 ([12], Theorem 5.2). Under the previous assumptions, there is a
canonical isomorphism of Es — A-algebras

AR(I)/A ~ RPCTyS(R/A),
compatible with Frobenius.

Remark 3.1.8. (1) If J = (p), R is just the Frobenius twist of R.

(2) The proof of Theorem B.I7 goes through for a syntomic A/J-algebra R.
The important point is that in the proof in [I2, Theorem 5.2] in each
simplicial degree the kernel of the morphism B® — R is the inductive limit
of ideals of the form (p,1,...,2,) with (21,...,2,) being p-completely
regular relative to A, which allows to apply [I2, Proposition 3.13]. The
statement extends by descent from the quasi-regular semiperfect case to all
quasi-syntomic rings over F, (cf. Lemma [3.4.3).

Definition B.1.5 of course makes sense without the hypothesis that R is p-
completely smooth over A/I. But it would not give well behaved objects ; for
instance, the Hodge-Tate comparison would not hold in genera.. The formalism

9For p = 2 this assertion is non-trivial and part of the proof of [I2], Theorem 4.10].

1ONovortheloss, in Section[3 4] we will check that the site-theoretic defined prismatic cohomology
is well-behaved for quasi-regular semiperfectoid rings (as it agrees with the derived prismatic
cohomology), and also for quasi-syntomic rings
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of non-abelian derived functors allows to extend the definition of the prismatic and
Hodge-Tate complexes to all p-complete A/I-algebras in a manner compatible with
the Hodge-Tate comparison theorem.

Definition 3.1.9. The derived prismatic cohomology functor LA_,4 (resp. the
derived Hodge-Tate cohomology functor LA_,4) is the left Kan extension (cf. [11]
Construction 2.1]) of the functor A_,4 (resp. Z_/A) from p-completely smooth
A/I-algebras to (p, I)-complete commutative algebra objects in (the co-category)
D(A) (resp. p-complete commutative algebra objects in D(R)), to the category of
p-complete A/I-algebras.

For short, we will just write Ag/4 (resp. ZR/A) for LAg 4 (resp. LZR/A) in the
following.

Left Kan extension of the Postnikov (or canonical filtration) filtration leads to
an extension of Hodge-Tate comparison to derived prismatic cohomology.

Proposition 3.1.10. For any p-complete A/I-algebra R, the derived Hodge-Tate
complex Ap /A comes equipped with a functorial increasing multiplicative exhaus-
tive filtration FilS®™ in the category of p-complete objects in D(R) and canonical
identifications _
gty (Brya) = N Lrycasni—it[—i".
Finally, let us indicate how these affine statements globalize.

Proposition 3.1.11. Let X be a p-adic formal scheme over Spf(A/I). There exists
a functorially defined (p, I)-complete commutative algebra object hx,4 € D(X, A),
equipped with a @ a-linear map ox: hxja — bx a, and having the following prop-
erties :

e For any affine open U = Spf(R) in X, there is a natural isomorphism of
(p, I)-complete commutative algebra objects in D(A) between RI'(U,Ax,a)
and Agr, 4, compatible with Frobenius.

o Set ZX/A =MAx)a ®4 A/I € D(X,A/I). Then ZX/A is naturally an object
of D(X), which comes with a functorial increasing multiplicative exhaustive
filtration Fil°°™ in the category of p-complete objects in D(X) and canonical
identifications

gre®™ (ZX/A) ~ N'Lxjcan{—i}[—i]".

3.2. Truncated Hodge-Tate cohomology and the cotangent complex. Let
(A, I) be a bounded prism, and let X be a p-adic A/I-formal scheme. The following
result also appears in [12 Proposition 4.14]. We give a similar argument (suggested
to us by Bhatt), with more details than in loc. cit.

Proposition 3.2.1. There is a canonical isomorphism :
ax: LX/Spf(A){_l}[_l]/\p = Fil({on'j (ZX/A)a

where the right-hand side is the first piece of the increasing filtration on ZX/A
introduced in Proposition [T1.11].

Proof. We can assume that X = Spf(R) is affine. We want to prove that there is a
canonical isomorphism

ar: Lpja{—1}[-1]"" = Fi{™ (Ag ).
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First, let us note that by the transitivity triangle for A — A/I — R the cotangent
complex Lp/a{—1}[—1]"7 sits inside a triangle

R=R®a/r Liasna{-1}-1"" = Lrja{-1}[~1]"* = Lgja/n{-1}[-1]"

and the outer terms are isomorphic to R = grgoan r/A and

15" Apya = Lrya/n{-1}-1]".

To construct the isomorphism ag it suffices to restrict to A/I — R p-completely
smooth first, and then Kan extend. Thus assume from now on that R is p-
completely smooth over A/1.

Let (B,J) € (R/A)p, ie., (B,J) is a prism over (A, ) with a morphism ¢: R —
B/J. Pulling back the extension of A-algebras

0—J/J? = B/J* = B/J—0
along ¢: R — B/J defines an extension of R by J/J? = B/J{1} and as such, is
thus classified by a morphism

i Ly = B/J{1}[1].
Passing to the (homotopy) limit over all (B, .J) € (R/A)) then defines (after shifting
and twisting) the morphism
QR: LR/A{—l}[—l]/\p — TglzR/A.

Concretely, if R = A/I{z), then

Ly, = R@ay I/I°[1] © Rde.

On the summand R® 4,1 I/1?[1], the morphism /5 is simply the base extension of
I/I? — J/J? as follows by considering the case A/I = R. On the summand Rdx
the morphism o/, is (canonically) represented by the J/J 2_torsor of preimages of

t(z) in B/J? and factors as R - B/.J — B/J{1}[1] with the second morphism the
connecting morphism for 0 — B/J{1} — B/J? — B/J — 0. Thus, after passing
to the limit, we get a diagram

R

|

ZR/A — ZR/A{l}[l]
and on H the horizontal morphism induces the Bockstein differential
B: H(Bpsa) = H(Apya{1}[1]) = H' (Agya){1}.
Thus the image of du € HO(L'Y,,) under ag is B(v(z)). Therefore we see that on

R/A
HOY the morphism ag induces the identity under the identifications

~ A
(Qryayny) = HO(LY) ,)

and .
(Qkya/n)" = H (Bgr/a){1}
(the second is the Hodge-Tate comparison). Moreover, the morphism

_ H ' (ar e
Roa I/12 = H Y (LY,) T H (Bgya{1}[1])
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is the canonical one obtained by tensoring R — H%(Ag/4) with I/I%. By functo-
riality (and as Q, /4 1s generated by dr for r € R), we can conclude that for every
p-completely smooth algebra R over A

OR: Hi(LIA;f/A) — Hi(ZR/A{l}[l])

induces the canonical morphism, and thus, that ar is an isomorphism in general.
O

Recall the following proposition, which is a general consequence of the theory of
the cotangent complex.

Proposition 3.2.2. Let S be a ring, I C S an invertible ideal and X a flat
S := S/I-scheme. Then the class v € Extéx (LX/SpCC(E)’I/IQ ®g Ox) defined

by Lx/spec(s) 8 * the obstruction class for lifting X to a flat S/I?-scheme.
Proof. See [24, T11.2.1.2.3] resp. [24] 111.2.1.3.3]. O

As before, let (A, ) be a bounded prism.

Corollary 3.2.3. Let X be a p-completely flat p-adic formal scheme over A/I.
The complex Filion'jZX/A splits in D(X) (i.e., is isomorphic in D(X) to a complex
with zero differentials) if and only if X admits a lifting to a p-completely flat formal
scheme over A/I?.

Proof. Indeed, FilioanX/ 4 splits if and only if the class in
conj A conj i A
EXt%’)X (grl JAX/Aa gry JAX/A) = EXt?’)X (LXp/Spf(A/[){_l}a OX)

defined by Fil{™™ (A /4) vanishes. Proposition[3.Z.Tlshows that this class is the same
as the class defined by the p-completed cotangent complex L?f/spf( A){—l}. Lifting

X to a p-completely flat formal scheme over A/I? is the same as lifting X ®4 /1
A/(I,p") to a flat scheme over A/(I%,p") for all n > 1 (here we use that (A, 1)
is bounded in order to know that A/I is classically p-complete). One concludes
by applying Proposition B.2.2], together with the fact that the p-completion of the
cotangent complex does not affect the (derived) reduction modulo p™. O

This corollary will be used in Section 5] when studying prismatic cohomology
of abelian schemes.

3.3. Quasi-syntomic rings. We shortly recall some key definitions from [11] Chap-
ter 4].

Definition 3.3.1. A ring R is quasi-syntomic if R is p-complete with bounded
p>°-torsion and if the cotangent complex Lg,z, has p-complete Tor-amplitude in
-1, O]. The category of all quasi-syntomic rings is denoted by QSyn.

Similarly, a map R — R’ of p-complete rings with bounded p®-torsion is a
quasi-syntomic morphism (resp. a quasi-syntomic cover) if R’ is p-completely flat
(resp. p-completely faithfully flat) over R and Lg/ g € D(R') has p-complete Tor-
amplitude in [—1, 0].

1 This means that the complex M = Lr/z, ®HR R/p € D(R/p) is such that M ®HR N €
DI=101(R/p) for any R/p-module N.
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For a quasi-syntomic ring R the p-completed cotangent complex (Lg/z,); will
thus be in DI=19 (cf. [11} Lemma 4.6.]).

Remark 3.3.2. This definition extends (in the p-complete world) the usual notion
of locally complete intersection ring and syntomic morphism (flat and local complete
intersection) to the non-Noetherian, non finite-type setting, as shown by the next
example.

Example 3.3.3. (1) Any p-complete l.c.i. Noetherian ring is in QSyn (cf. [2]
Theorem 1.2]).

(2) There are also big rings in QSyn. For example, any (integral) perfectoid
ring (i.e., a ring R which is p-complete, such that 7 = pu for some 7 € R
and u € R*, Frobenius is surjective on R/p and ker(f) is principal.) is in
QSyn (cf. [1I, Proposition 4.18.]). We give a short explanation : if R is
such a ring, the transitivity triangle for

Zp — Ainf(R) — R

and the fact that Ajn¢(R) is relatively perfect over Z, modulo p imply that
after applying — ®% R/p, LRz, and Lg/a, . (r) identify. But

Lp/a(r) = ker(0)/ ker(0)*[1] = RI[1],

as ker(#) is generated by a non-zero divisol3.

(3) As a consequence of (ii), the p-completion of a smooth algebra over a per-
fectoid ring is also quasi-syntomic, as well as any p-complete bounded p°-
torsion ring which can be presented as the quotient of an integral perfectoid
ring by a finite regular sequence.

The (opposite of the) category QSyn is endowed with the structure of a site.
Definition 3.3.4. Let QSyngg, be the site whose underlying category is the op-

sSyn
posite category of the category bSyn and endowed with the Grothendieck topology
generated by quasi-syntomic covers.
If R € QSyn we will denote by (R)qsvyn (resp. (R)qsyn) the big (resp. the small)
quasi-syntomic site of R, given by all p-complete with bounded p®°-torsion (resp.

all quasi-syntomic) rings over R endowed with the quasi-syntomic topology).
The authors of [I1] isolated an interesting class of quasi-syntomic rings.

Definition 3.3.5. A ring R is quasi-reqular semiperfectoid if R € QSyn and there
exists a perfectoid ring S mapping surjectively to R.

Example 3.3.6. Any perfectoid ring, or any p-complete bounded p°°-torsion quo-
tient of a perfectoid ring by a finite regular sequence, is quasi-regular semiperfectoid.

The interest of quasi-regular semiperfectoid rings comes from the fact that they

form a basis of the site QSyngy, .
Proposition 3.3.7. Let R be quasi-syntomic ring. There exists a quasi-syntomic
cover R — R/, with R’ quasi-reqular semiperfectoid. Moreover, all terms of the

< , , ) .
Cech nerve R*® are quasi-reqular semiperfectoid.

Proof. See [11l, Lemma 4.27] and [11, Lemma 4.29]. O

120ne also proves that R[p™] = R[p|, which shows that R has bounded p®-torsion.
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Finally, recall the following result, which is [12] Prop 7.11].

Proposition 3.3.8. Let (A, I) be a bounded prism, and R be a quasi-syntomic A/I-
algebra. There exists a prism (B,1B) € (R/A)) such that the map R — B/IB is
p-completely faithfully flat. In particular, if A/I — R is a quasi-syntomic cover,
then (A, I) — (B, IB) is a faithfully flat map of prisms.

Proof. Since the proof is short, we recall it. Choose a surjection
A/I{z;,j € J) = R,

for some index set J. Set

S = A/1@;" Y& /100, jen B
Then R — S is a quasi-syntomic cover and by assumption A/I — R is quasi-
syntomic : hence, the map A/I — S is quasi-syntomic. Moreover the p-completion
of le/(A/I) is zero. We deduce that the map A/I — S is such that (Lg/a,r))""
has p-complete Tor-amplitude in degree [—1,—1]. Therefore, by the Hodge-Tate
comparison, the derived prismatic cohomology Ag,4 is concentrated in degree 0
and the map S — m is p-completely faithfully flat. One can thus just take
B =Mg)a. O

As observed in [12], a corollary of Proposition B.3.8 is André’s lemma.

Theorem 3.3.9 (André’s lemma). Let R be perfectoid ring. Then there ezists a
p-completely faithfully flat map R — S of perfectoid rings such that S is absolutely
integrally closed, i.e., every monic polynomial with coefficients in S has a solution.

Proof. This is [I2, Theorem 7.12]. Since the proof is also short, we recall it. Write
R = A/I, for a perfect prism (A, I) (Proposition 2.1.§). The p-complete R-algebra
R obtained by adding roots of all possible monic polynomials over R is a quasi-
syntomic cover, so by Proposition B3.8 we can find a prism (B, J) over (A,I)
with a p-completely faithfully flat morphism R — Ry := B /J. Moreover, we can
(and do) assume that (B, J) is a perfect prism, since going to the perfectio of
a morphism of prisms preserves (p, I)-complete faithful flatness (because this can
be checked modulo (p, ) and is true for the usual perfection on F,-algebras) and
because (A, I) is already perfect. Transfinitely iterating the construction R — Ry
produces the desired ring S. ([

Let us recall that a functor u: C — D between sites is cocontinuous (cf. [49, Tag
00XT]) if for every object C' € C and any covering {V; — u(C)}; of u(C) in D there
exists a covering {C; — C}; of C in C and morphisms u(C;) — V; over u(C'). For
a cocontinuous functor u: C — D the functor

u~': Shv(D) — Shv(C), F — (F ou)*
(here ()* denotes sheafification) is left-exact (even exact) with rightadjoint
G eShv(C)— (D~ lim Gg(o)).
{u(C)—D}op
Thus, a cocontinuous functor u: C — D induces a morphism of topoi
u: Shv(C) — Shv(D).

3 The perfection of a prism is the (p, I)-derived completion (or classical) of its colimit along
®. See [12].
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Note that in the definition of a cocontinuous functor the morphisms u(C;) — u(C)
are not required to form a covering of C.

Corollary 3.3.10. Let R be a p-complete ring. The functor u: (R)) — (R)qQsyN,
sending (A, I) to
R— A/l

is cocontinuous. Consequently, it defines a morphism of topoi, still denoted by u :
u: ShV((R)A) — ShV((R)QSYN).

Proof. ITmmediate from the definition (cf. [49, Tag 00XJ]) and the previous propo-
sition. i

This yields the following important corollary.

Corollary 3.3.11. Let R be a p-complete ring. Let
0—-Gy —>Gy—G3—0
be a short exact sequence of abelian sheaves on (R)qsyn. Then the sequence
0—u HG1) = u(Gy) = u(G3) =0
is an exact sequence on (R)). This applies for example when G1,Go,G3 are finite

locally free group schemes over R.

Proof. The first assertion is just saying that ! is exact, as u is a cocontinuous

functor (J49, Tag 00XL]). The second assertion follows, as any finite locally free
group scheme is syntomic (cf. [15, Proposition 2.2.2.]). O

3.4. Prismatic cohomology of quasi-regular semiperfectoid rings. In this
section we want to explain why different natural choices of prismatic cohomology
associated with a quasi-regular semiperfectoid ring are isomorphic. The same result
can be found in [I2]. We include this section since it offers a different argument.

For the moment, fix a bounded base prism (A, I) and let R be p-complete A/I-
algebra. There are several cohomologies attached to R :

(1) The derived prismatic cohomology

Arya
of R over (A,I) defined in Definition via left Kan extension of pris-

matic cohomology.
(2) The cohomology

A/ = RT((R/A)p, 0p)
of the prismatic site of (R/A), (with its p-completely faithfully flat topol-
ogy).
(3) Finally (and only for technical purposes),
init,unbdd
AR/A = RF((R/A)A,unbdd’ Op);

the prismatic cohomology of R with respect to the site (R/A)p ,.paq ©f DOt

necessarily bounded prisms (B, J) over (4, ) together with a morphism
R — B/J of A/I-algebras. We equip (R/A)) . .1qq With the chaotic topol-

ogy.
These three cohomologies are different in general.
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Lemma 3.4.1. Assume that R is p-completely smooth over A/I. Then canonically

init ., init,unbdd

Apja = Dpyy = D a

Proof. The first isomorphism follows from properties of the left Kan extension be-

cause R is p-completely smooth. For the second note that Aijgi/f;lu“bdd can be com-

puted via a Cech-Alexander complex as in [12, Construction 4.16] with all terms
(p, I)-completely flat over A. This implies that all terms are bounded prisms (cf.

[T} Corollary 4.8.]) and thus Al)"™4¢ & AR, . 0

Now we restrict our discussion to quasi-regular semiperfectoid rings. Assume

from now on that (A, T) is a perfect prism and that A/I — R is a surjection with
init,unbdd
R/A
(but in general rather untractable) description. Let K be the kernel of A — R.
Then

R quasi-regular semiperfectoid. The prism A admits then a more concrete

init,un K
DR/ = A Yo

is the prismatic envelope of the d-pair (A, K) from [7, Lemma V.5.1] as follows from
the universal property of the latter. In particular, the site (R/A)) ., 4 has a final

objec.

Proposition 3.4.2. Let as above (A,I) be a perfect prism and R quasi-regular
semiperfectoid with a surjection A/I — R. Then the canonical morphisms induce
isomorphisms

~ Adnit 5 init,unbdd
AR/A = AR/A — ©SR/A

as §-rings.

Proof. For the second isomorphism it suffices to see that Ai}g}tx;‘”“bb is bounded. For

showing that Ai}g};unbdd is bounded it suffices to prove that

~ A init,unbdd
Apja = Dpyy ™.
Namely, by the Hodge-Tate comparison Ag/4 is bounded because the (shifted)
cotangent complex L7 J(A/D) [-1] and all its shifted wedge powers have uniformly
bounded p*-torsion. Namely they are p-completely flat over R (cf. [I1, Lemma
4.7]) and R is of bounded p®-torsion. By the universal property of left Kan
extension (and Lemma [BZ4.T]) there exists a canonical morphism
aR: AR/A — Ai}gi/i&unbdd
compatible with the canonical morphisms R — Agr/4 and R — Ai]gi/zunbdd. More-
over, by the assumption that R is quasi-regular semiperfectoid the cotangent com-
plex L% J(A/T) is p-completely flat over R and concentrated in cohomological degree

—1. By the Hodge-Tate comparison the complexes Ag /A and Ag/y are therefore

concentrated in degree 0. By [12, Lemma 7.7], Ag/4 is canonically a -ring. Thus,
: : init,unbdd . . .
using the universal property of A, /A , there is moreover a canonical morphism

init,unbdd

ﬁR:AR/A _>AR/A'

14‘Up to now this discussion did not use that R is quasi-regular, it was sufficient that A/I — R
is surjective.
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The composition Sr o ar = IdAR/A is the identity as follows from the universal

property of left Kan extension. Thus it suffices to see that Sr is surjective. By
(p, I)-adic completeness it suffices to check this for

init,unbdd

Br: bgya [0, 1) = Drya/(p,I).
Let (A,I) — (A’,I) be a faithfully flat morphism with (A’, I’) again perfect. Then

~L
RI = AI®AR

is discrete and again quasi-regular semiperfectoid (here we use that R has bounded
p°°-torsion and [I1, Lemma 4.6.]). Moreover,

AL
AR/A@AA/ %" AR’/A’

as follows from the Hodge-Tate comparison and base change of the cotangent com-
plex. From the universal property of A‘;}Z‘mbdd (and Proposition ZT.TT]) we can
deduce
~ L pinit,unbdd ~
HO((A/®AA1;%]}AUH )(Ap,z)) = Apja

where the completion is derived (p, I)-adic and we, a priori, have to take the H" as

this completion might not be discrete as possibly Ai}g};unbdd is unbounded. More-

over,
~ init,unbdd ~ init,unbdd
A'/(p, 1) @4 H((A'@ 4Ry 4 Ypry) = A /(0. T) @4 bg/a :

Hence, it suffices to proof the claim for R’ and (A’,I’) instead. By Theorem [3.3.9)
we can therefore assume that the kernel K of A/I — R is generated by elements
admitting p™-roots for all n > 0. Set

S:=A/I(XP | ke B)/X,
and
B:=AX"" | keRK)

where the completion is (p, I)-adic. After choosing compatible systems of p™-roots
for k € K and lifting this system to A, we obtain a morphism

B— A, X7 s g
which in turn induces a morphism
S — R.
By construction (and the Hodge-Tate comparison) the morphism
ZS/B — ZR/A

is surjective as ker(B — S) — K is surjective. Thus we can reduce the proof of
surjectivity of Br to S. As S is the completed colimit of quotients of perfectoid

init ~

rings by regular sequences we can invoke [I2, Ex. 7.9] to see that Drya = brja

in this case and [7, Lemma V.2.15] to see that Ai}g};unbdd &~ Ai]gi/tA as it can be

calculated via a Cech-Alexander complex all of whose terms are bounded (as they
are (p, I)-completely flat over A). O
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If pR = 0, i.e., R is quasi-regular semiperfect, there is moreover the universal
p-complete PD-thickening
Acrys(R)
of R (cf. [48, Proposition 4.1.3]). The ring Ac,ys(R) is p-torsion free by [11, Theorem
8.14.].

Lemma 3.4.3. Let (A,I), R be as above and assume that pR = 0. Then there is
a canonical p-equivariant isomorphism

AR/A = Acrys (R) .

Proof. As Acys(R) is p-torsion free (cf. [LI, Theorem 8.14]) and carries a canonical
Frobenius lift there we get a natural morphism

AR/A - AcryS(R)'
Conversely, the kernel of the natural morphism (cf. Theorem B.4.6] which does not
depend on this lemma)
0: AR/A — R
has divided powers (as one checks similarly to [IT], Proposition 8.12], using that the
proof of Theorem B.I.17 goes through in the syntomic case, cf. Remark B1.8). This
provides a canonical morphism

Acrys (R) — AR

in the other direction. Similarly, to [II, Theorem 8.14] one checks that both are
inverse to each other. ]

Remark 3.4.4. Both rings Ap,4 and Acys(R) are naturally W (R)-algebras, but
the isomorphism of Lemma restricts to the Frobenius on W(R?). Concretely,
if R = R"/z for some non-zero divisor 2 € R, then

T
Ay oy = W(Rb){E}A
and (cf. [12] Corollary 2.37])
P
Acrys(R) = W(Rb){;}A > Apyw(r) @w (o), WI(R).

Finally, we will need to connect Agr to topological cyclic homology. Let
TC™ (R)

be the p-completed negative topological cyclic homology of R (cf. [I1] and [43]).
On mo(TC™(R)) there is a canonical ring endomorphism "5 induced from the
cyclotomic Frobenius ¢: THH(R) — THH(R)!“» on the (p-completed) topological
Hochschild homology. After choosing a perfectoid ring S — R mapping to R there
is a canonical morphism )

R — m(TC™(R))/¢
(using that mo(TC™ (R)) = 7o(TP(R)) and [I1], Proposition 6.4.]).

Theorem 3.4.5. The ring mo(TC™ (R)) is (p,&)-adically complete, p-torsion free
and the endomorphism ¢: mo(TC™ (R)) — mo(TC™(R)) is a Frobenius lift. The
induced morphism

Ar — mo(TC™ (R))

identifies the latter with the Nygaard completion Ag.
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Proof. See [12, Theorem 13.1]. O

In particular, one derives for ¢ > 0 isomorphisms

roi(TC(R)) =AY

for the topological cyclic homology TC(R) of R (cf. [I1l Section 7.4.]).
Finally, we recall the following statement from [12], identifying the associated
gradeds of the Nygaard filtration.

Theorem 3.4.6. Let R be a quasi-regular semiperfectoid ring. Then
NZHDg)NZTH (bg) = FiI{™ (br){i}
for i >0. In particular, Ag/N>*Ag = R.
Here FilS® (Ag) denotes the conjugate filtration on Az with graded pieces given
by gr{”(Br) = ALy, [~il.
Proof. See [12, Theorem 12.2]. O

3.5. The Kiinneth formula in prismatic cohomology. The Hodge-Tate com-
parison implies a Kiinneth formula. Here is the precise statement. Note that for
a bounded prism (A, I) the functor R + Ag/4 is naturally defined on all derived
p-complete simplicial A/I-algebras.

Proposition 3.5.1. Let (A, 1) be a bounded prism. Then the functor
R~ AR/A

from derived p-complete simplicial rings over A/I to derived (p,I)-complete En-
algebras over A preserves tensor products, i.e., for all morphism Ry + Rs — Ra
the canonical morphism

AL
ARI/A®AR3/AAR2/A - AR1®%23R2/A
is an equivalence.

Proof. Using [I1 Construction 2.1] (resp. [39, Proposition 5.5.8.15.]) the functor
R+ ApRya, which is the left Kan extension from p-completely smooth algebras to all
derived p-complete simplicial A/I-algebras, commutes with colimits if it preserves
finite coproducts. Clearly, Aayrya = A, ie., A_,5 preserves the final object.
Moreover, for R, S p-completely smooth over A/I the canonical morphism

~ L
Arja®abs/a — As®R/A

is an isomorphism because this may by I-completeness be checked for A_ /A Where
it follows from the Hodge-Tate comparison. O

Gluing the isomorphism in PropositionB.5. Il we can derive, using as well the pro-
jection formula and flat base change for quasi-coherent cohomology, the following
statement.

Corollary 3.5.2. If X andY are proper, p-completely smooth p-adic formal schemes
over Spf(A/I)), then

~ L
RU(X Xspra/n) Yo Bxsgyoa,ny/a) = RU(X, bAxja) @, RU(Y, By a).
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3.6. A torsion-freeness result for prismatic cohomology. Let C' be a com-
plete algebraically closed extension of @QQ,. Fix a choice e € Og» of compatible
primitive p™-th roots of unity and let x4 = [¢] — 1. In this paragraph, we establish u-
torsion freeness of the prismatic cohomology of certain quasi-regular semiperfectoid
rings over O¢/p™ (Proposition B:6.2). Moreover, we set

(A, ) := (At (Oc), ker(6))
and fix a generator € : 1 + ¢+ ...+ ¢?~ ! of ker(f).

Lemma 3.6.1. The derived prismatic cohomology

Ly v,)/2,
is concentrated in degree 0 for n > 1.

Proof. Let P be a polynomial Z,-algebra. Then by the crystalline comparison,
Theorem B.1.7, and the comparison of crystalline cohomology with p-completed de
Rham cohomology of a smooth lift, cf. [4 Theorem V.2.3.2],

Dpypy/z, = RUerys((P/p)/Zy) = AR,

Left Kan extending this isomorphism (in the category of derived p-complete com-
plexes) yields an isomorphism

~ Ap
Bssy v, /z, = ARy,

for any simplical Z,-algebra (to identify the left-hand side, we use that the left Kan
extension of the functor sending a polynomial Z,-algebra P to the prismatic coho-
mology of P/p over Zj, is the same thing, by composition of left Kan extensions, as
the composition of the derived tensor product functor —®HZ‘p IF), with the left Kan ex-
tension of the functor sending a polynomial F,-algebra to its prismatic cohomology
over Zy, which is by definition derived prismatic cohomology). In particular,

~ /\P
AZ/P”@’Jz‘p]FP - dR(Z/p")/Zp'
By [8, Proposition 8.5],

dr’ > (Dg) ()" 2% Dypy(2))™)

@/om) /2,
with the right hand side sitting in degrees —1,0. As the p-completed free divided
power algebra Dyj,)((x))"» is an integral domain, we can conclude that as desired

Ap
ARz /2,

is concentrated in degree 0. O

Proposition 3.6.2. Letn > 1. Let R be quasi-reqular semiperfectoid and flat over
Z/p". Define R' := R ®z,n Oc[p"™. Then

Aw
is p-torsionfree.

Proof. We have to show that
Dre @5 Alp
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is concentrated on degree 0. The morphism A — A/p factors over Ac.ys by
Lemma [3.6.3] below. Thus what we want to prove is that

AL ~ L
(Ar @7 Acrys)® 4., Al 1

is concentrated in degree 0. The natural map A — Agys gives rise to a morphism
of prisms

(4, (g)) — (Acrys, (p))
and thus by base change for derived prismatic cohomology

~L
A Agrys =N, -
R/®A crys R/®TZ>C Acrys /P

We can calculate
R/ ®I[(")C Acrys/p =R ®%p Acrys/p
> R @y pn (Z/p" @7 Fp) OF, Acrys/p
= (R @ Fp) ®F, (Z/p" @7, Fp) @F, Acrys/D
~ R/p ®F, (Z/p" ©7, Fp) QF, Acrys/D-
The first isomorphism follows from the definition of R’ (and O¢/p™ = Z/p™ ®Hz‘p
O¢ by p-torsion freeness of O¢), in the second isomorphism we inserted some
factors while in the third isomorphism we use that the canonical morphism Z/p™ —

Z/p" ®Hip F, factors (in the derived category) over FJ'4. The fourth isomorphism
follows from flatness of R over Z/p™. Thus,

~ o L oL
AR’ ®]éc Ac,rys/p/AcryS = AR/;)(X)ZP AZ/p" ®Tip Fp/Zyp ®Zp Acrys

using base change along the morphism (Zp, (p)) — (Acrys, (p)) and the Kiinneth
formula Proposition B5.1l Our aim is therefore to prove that

~L ~L
Agyp®s, AZ/p"@%p]Fp/Zp ®z, A/ 1
is concentrated in degree 0.
The rings A/p and Ag/, are p-torsion free (the latter since the ring R/p is
quasi-regular semiperfect : it is obviously semiperfect, and is also quasi-syntomic

by [1I, Lemma 4.15 (2)]). Hence, they are topologically free as Zp-moduleE. It
therefore suffices to show that the derived prismatic cohomology Az/pngt r,/z, of

the simplicial ring Z/p™ ®Hip F, over IF, is concentrated in degree 0. This is the
content of Lemma [3.6.]] Note that we can not apply the Kiinneth formula to
iy /P& Fy /T, BS the tensor product is taken over Z,. g

Lemma 3.6.3. The morphism A — A/p factors uniquely over Acyys.

Proof. We have ¢(u) = ¢/, and thus the (derived) p-complete p-torsion free ring
A/ is naturally a d-ring'1]. As

o oa (&
Acrys = Ainf{]_j }/\p

15This canonical morphism is represented by the morphism of complexes (Zjp i) Zp) —
(Z/p™ 2> Z/p™). Now it is clear that this morphism factors over Fp 2 (Zp 25 Zp).

16Therefore, the problem of Remark .87l does not appear in this case.

17By [10, Lemma 3.23], A/u — W (O¢) with equality if C is spherically complete.
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by [12, Lemma 2.35] it suffices to see that & is divisible by p in A/u. By p-
torsionfreeness of A/p this implies uniqueness. But clearly

§~:1—|—q—|—...—|—qp*1 =pmod p
as pu=q—1. ([
Example 3.6.4. Proposition[3.6.2is not a direct consequence of a torsion-freeness
statement for flat O¢/p™-modules, as we now illustrate. Let us construct an exam-
ple of a ring R which is quasi-regular semiperfectoid and flat over O¢/p such that

AR contains no almost zero elements, i.e., elements = € A such that W(m”)z =0

where m” C Obc is the maximal ideal, but Ar does. Let m C O¢ be the maximal
ideal. The flat O¢/p-module

m®o. Oc/p = m/pm

contains the non-zero almost zero element p. Lifting this example to the world of
quasi-regular semiperfectoid rings will provide our example. Let

S C Oc(xV/r™)

be the subring of elements > a; X" such that a; € m for i > 0. Set
i€Z[1/p]>0

R:=S/mX.
Then R is quasi-regular semiperfectoid. Let

2
p=(pp" Pt )
be a compatible system of p™-roots of p. As
m=J""")
m>0

we can write

R = lim Oc(X3/P")/(Xm)

m>0

where the transition maps send XM to ((pt/P" " yp=1)1/p'! Xil/fl This allows us
to compute Ay using [12, Lemma 12.3.]

A

1

( @ A%)Amql)

i€Z(1/p]

Oc(XHPT) ) (Xm)

with ¢ = [¢] the Teichmiiller of a compatible system of p’-roots of unity and Y,, =
X,ln/ P, Passing to the colimit over m implies that

Ap=(Ae P W(m)b%wm*).
i€Z[1/p]>0 -
Finally, set
R:=R/p.
Then
A = Doy jpoah g

. i 1/p? i
8More precisely, we set X;{p = pl/pm /P x1/p"
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by Proposition .51l Thus, to show that Ar contains no non-zero almost zero
elements it suffices to show that

AL
B®AW(mb)
contains no non-zero almost zero elements, where B := Ao, /,. By definition there
is an exact sequence
0— W) = A—W(k)—0
where k = O¢/m is the residue field of O¢. It suffices to show that
B&SW(m?) > B
is injective as B contains no non-zero almost zero elementd™. For this it suffices to
see that B®HAW(1<:) is concentrated in degree 0. But

~ L
B = Dyj((2)) @7, A

where Z[z] = A, x — £, with £ a distinguished element reducing to p in W (k).
The morphism Z[z] — A is a flat as follows from [I0, Remark 4.31], which implies
that the above tensor product is concentrated in degree 0. Therefore,

~L ~ ~ L
B oW (k) 2 Dyp)((2)) @7 W (k).
We may replace W (k) by Z, by faithful flatness of Z, — W (k). Finally,

Do) () @710 Zp = (Dapa(2)) <25 Dy ()

is concentrated in degree 0 as the divided power algebra Dz, ((z)) is an integral do-
main. This implies desired that A has no non-zero almost zero elements. However,
Ag has non-zero almost zero elements as R has (and R embeds into Ag).

YAs B is p-complete and p-torsion free this reduces to the same statement over B/p, which is
free over O¢ /p.
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4. PRISMATIC DIEUDONNE THEORY FOR p-DIVISIBLE GROUPS

This chapter is the heart of this paper. We construct the (filtered) prismatic
Dieudonné functor over any quasi-syntomic ring and prove that it gives an antiequiv-
alence between p-divisible groups over R and filtered prismatic Dieudonné crystals
over R, for quasi-syntomic rings R which are flat over Z, or over Z/p" for some
n > 1. The strategy to do this is to use quasi-syntomic descent to reduce to the
case where R is quasi-regular semiperfectoid, in which case the filtered prismatic
Dieudonné crystals over R can be replaced by simpler objects, the filtered prismatic
Dieudonné modules.

4.1. Abstract filtered prismatic Dieudonné crystals and modules. Let R
be a p-complete ring. We defined in Corollary B.3.10] a morphism of topoi :

u: Shv((R),) — Shv((R)gsyx).

We let v be the composite of v with the morphism of topos induced by restriction
to the small quasi-syntomic site (R)qsyn of R, formed by rings which are quasi-
syntomic over R, endowed with the quasi-syntomic topology.

Definition 4.1.1. Let R be a p-complete ring. We define :
oprris .= 00 ; N=1opris .= ”*NZIOA ; IPUS = VL),

where Z) C O) denotes the canonical invertible ideal sheaf sending a prism (B, J) €
(R)p, to J. The sheaf O™ is endowed with a Frobenius lift .

Although these sheaves are defined in general, we will only use them over quasi-
syntomic rings.

Proposition 4.1.2. Let R be quasi-syntomic ring. The quotient sheaf
Opris/NZlopris
is isomorphic to the structure sheaf O of (R)gsyn-

Proof. Tt is enough to produce such an isomorphism functorially on a basis of
(R)gsyn- By Proposition B.3.7, we can thus assume that R is quasi-regular semiper-
fectoid. In this case, we conclude by Theorem [3.4.6] ([l

Definition 4.1.3. Let R be a p-complete ring. A prismatic crystal over R is
an Op-module M on the prismatic site (R), of R such that for all morphisms
(B,J) — (B',J') in (R)) the canonical morphism

M(B,J)®p B' = M(B,J')

Note that a prismatic crystal in finite locally free O)-modules (resp. in finite
locally free O )-modules) is the same thing as a finite locally free O)-module (resp.
a finite locally free O )-module). In what follows, we will essentially consider only
this kind of prismatic crystals.

Proposition 4.1.4. Let R be a quasi-syntomic ring. The functors v, and v*(—) :=
O ) ®y-10pris v=1 induce equivalences between the category of finite locally free Op-
modules and the category of finite locally free OP'S-modules.
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Proof. Because v, (0)) = OP™ it is clear that for all finite locally free OP™s-modules
M the canonical morphism

M = v, (v (M)
is an isomorphism as this can be checked locally on (R)gsyn. Conversely, let N be
a finite locally free O)-module. We have to show that the counit

v (N) = N

is an isomorphism. For any morphism R — R’ with R’ quasi-syntomic there are
equivalences
(R)A/hR’ = (R/>A ’ (R)qsyn/R/ = (R/)qsyn

of slice topoi where hp/ (B, J) := Homg(R', B/J). By passing to a quasi-syntomic
cover R — R’ we can therefore assume that R is quasi-regular semiperfectoid, in
particular that the site (R), has an inital object given by Ag. By (p, I)-completely
faithfully flat descent of finite locally free modules over (p,I)-complete rings of
bounded (p, I)-torsion (cf. Proposition [AT2]), the category of finite locally free
Op-modules on (R), is equivalent to finite locally free Ag-moduled®]. As the
morphism Agr — R (the “6”-map) is henselian along its kernel, cf. Lemma T.24]
finite locally free Ag-modules split on the pullback of an open cover of Spf(R).
Thus, after passing to a quasi-syntomic R-algebra, we may assume that A is finite
free. Then the isomorphism

v'u (N) 2N

is clear. O

Definition 4.1.5. Let R be a quasi-syntomic ring. A prismatic Dieudonné crystal
over R is a finite locally free OP"-module M together with ¢-linear morphism

om: M—=>M
whose linearization has its cokernel is killed by ZPTs.

Definition 4.1.6. Let R be a quasi-syntomic ring. A filtered prismatic Dieudonné
crystal over R is a collection (M, FilM, paq) consisting of a finite locally free OP*is-
module M, a OP"s-submodule FilM, and a @-linear map o : M — M, satisfying
the following conditions :

(1) o (FilM) C ZPHs M.

(2) NZ1OP™s, M C FilM and M /FilM is a finite locally free O-module.

(3) @m(FilM) generates ZP'S. M as an OP*S-module.

For a prismatic Dieudonné crystal (M, o) the linearization of the morphism
wm: M — M is an isomorphism after inverting a local generator §~ of ZP™ and in
particular is injective, since ¢* M is é—torsion free.

The last condition in Definition E.T.6limplies in particular that if (M, Fil M, paq)
is a filtered prismatic Dieudonné crystal over R, then (M, prq) is a prismatic
Dieudonné crystal over R.

Definition 4.1.7. Let R be a quasi-syntomic ring. We denote by DM(R) the cat-
egory of prismatic Dieudonné crystals over R (with OP'-linear morphisms com-
muting with Frobenius) and by DF(R) the category of filtered prismatic Dieudonné

20The non-trivial point is that the global sections of a finite locally free O )-module are locally
free over AR.
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crystals over R (with morphisms OPs-linear morphisms commuting with the Frobe-
nius and respecting the filtration).

Proposition 4.1.8. The fibered category of filtered prismatic Dieudonné crystals
over the category QSyn of quasi-syntomic rings endowed with the quasi-syntomic
topology is a stack.

Proof. This follows from the definition, because by general properties of topoi mod-
ules under OP™ and O form a stack for the quasi-syntomic topology on (R)qsyn. O

For quasi-regular semiperfectoid rings, these abstract objects have a more con-
crete incarnation, which we explain now. Let R be a quasi-regular semiperfectoid
ring and let (Ag,I) be the prism associated with R. Note that I is necessarily
principal as there exists a perfectoid ring mapping to R. Recall (Theorem [B.4.6))
that

0: AR/NzlﬁR ~2R

is an isomorphism.

Definition 4.1.9. A prismatic Dieudonné module over R is a finite locally free
Agr-module M together with a ¢-linear morphism

ov: M — M
whose linearization has its cokernel is killed by I.

Definition 4.1.10. A filtered prismatic Dieudonné module over R is a collection
(M,Fil M, @pr) consisting of a finite locally free Ag-module M, a Ag-submodule
Fil M, and a @-linear map @y : M — M, satisfying the following conditions :

(1) om(Fil M) C I.M.

(2) N21AR.M C Fil M and M/Fil M is a finite locally free R-module.

(3) om(Fil M) generates I.M as a Ag-module.

For a prismatic Dieudonné module (M, ¢)s) the linearization of the morphism
wrp: M — M is an isomorphism after inverting a generator é of I and in particular
is injective, since ¢* M is g—torsion free.

The last condition in Definition - T.T0implies in particular that if (M, Fil M, par)
is a filtered prismatic Dieudonné module over R, then (M, pys) is a prismatic
Dieudonné module over R.

Remark 4.1.11. If R is perfectoid, one has
(D, 1) = (Aine(R), (£)).

A prismatic Dieudonné module is the same thing as a minuscule Breuil-Kisin-
Fargues module (JI0]) over Ajns(R) with respect to &.

Remark 4.1.12. Assume that R is quasi-regular semiperfect, i.e. R is quasi-
regular semiperfectoid and pR = 0. Let (M, ¢ar) be a prismatic Dieudonné module
over R. Let N C M/NZ'ArM be a locally direct summand, and define Fil M to
be the inverse image of N in M. Then the collection (M,Fil M, ¢ps) is a filtered
prismatic Dieudonné module over R if and only if N is an “admissible” filtration
in the sense of Grothendieck on the Dieudonné module (M, vas, Var), where Vi =
<pg41 .p (which makes sense by the assumption that (M, ¢p/) is a prismatic Dieudonné
module and the p-torsion freeness of Agr). For a proof of this, see [16, Lemma 2.5.1]).



PRISMATIC DIEUDONNE THEORY 35

Proposition 4.1.13. Let R be a quasi-reqular semiperfectoid ring. The functor
M ’U*M(AR, I)

of evaluation on the initial prism (Agr,I) induces an equivalence between the cate-
gory of (filtered) prismatic Dieudonné crystals over R and the category of (filtered)
prismatic Dieudonné modules over R.

Proof. Use Proposition [£.1.4] Proposition LT.2 the fact that
Ap = RT((R)qgsyn. Opris) ; R = RI'((R)qgsyn, O)

and that finite locally free O)-modules (resp. finite locally free O-modules) are
equivalent to finite locally free Ag-modules (resp. finite locally free R-modules). O

Definition 4.1.14. We denote by DM(R) the category of prismatic Dieudonné
modules over R (with morphisms commuting with the Frobenius) and by DF(R)
the category of filtered prismatic Dieudonné modules over R (with morphisms com-
muting with the Frobenius and respecting the filtration).

Proposition f.I.13] shows that the possible conflict of notation is not an issue :
for R quasi-regular semiperfectoid, the two categories denoted by DM(R) are nat-
urally equivalent, and similarly for DF(R).

The forgetful functor
(M, Fil M, onr) = (M, onr)
from DF(R) to DM(R) is faithful. It is not essentially surjective, nor (a priori) fully
faithful in general. But it is an equivalence for one important class of quasi-syntomic
rings.
Lemma 4.1.15. Let R be a perfectoid ring. Then the forgetful functor
DF(R) — DM(R)
is an equivalence. In fact, for (M, FilM, ¢rr) € DF(R) necessarily FilM = ¢y (IM).
Proof. If R is perfectoid, one has
Mg = Ains(R) ; N7 hp = EAine(R),

where € := (€) is a generator of I.
The argument of [I6, Lemma 2.1.16] shows that the functor

(M, Fil M, pp) — (Fil M, %(pM)

induces an equivalence betwwen DF(R) and DM(R’), with R’ = Aj,¢(R)/€ (the
key point is that N'Z'Ag is principal, so that Fil M is a projective Az-module ;
in particular, the linearization of the divided Frobenius s /é identifies p*Fil M
and M). As ¢ is bijective on Ar = Ajn¢(R), base change along ¢ is also an equiv-
alence between DM (R’) and DM(R). The composite functor sends M € DF(R) to
(M, ¢p1) € DM(R). O

The definition of filtered prismatic Dieudonné crystals is inspired by classical
definitions in crystalline Dieudonné theory, which are themselves generalized and
abstracted in the theory of frames and windows. To end this section, let us shortly
recall the general notions of frame and window, and the connection with the defi-
nitions above.
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Definition 4.1.16. A frame A = (A,Fil A, p, 1) consists of (classically) (p,d)-
adically complete rings A and R = A/Fil A, for some d € A and some ideal Fil A,
a lift of Frobenius ¢, a -linear map ¢; : Fil A — A such that ¢ = wp; on Fil A,
with @ = ¢(d).

Remark 4.1.17. In many situations (such as those considered in this paper), the
image of 1 will always generate the unit ideal of A.

Here is an important source of examples.

Example 4.1.18. Let (A,I = (d)) be an oriented prism. There are two natural
ways of attaching a frame to (A, (d)). One possibility is to consider the frame

Ad = (Av (d)v ®; @1))

where ; is defined by ¢1(dx) = ¢(z) (recall that A is d-torsion free). The other
possibility is to consider the frame

ANyg = (A7N21A7(p7 901)

where 1 := ¢/d on NZ' A (using again that A is d-torsion free). Note that in the
first case, the divided Frobenius is with respect to ¢(d), whereas in the second case
the divided Frobenius is with respect to d.

Definition 4.1.19. A window M = (M,Fil M, o, on1) over a frame A consists
of a finite locally free A-module M, an A-submodule Fil M C M, and @-linear
maps ¢nr : M — M and a1 Fil M — M, such that :

Fil A- M C Fil M and M/Fil M is a finite locally free R-module.
IfaeFil A, me M, ppi(am) = @1(a)pn(m).

If m € Fil M, pp(m) = wenr,1(m).

o1 (Fil M) 4+ ppr(M) generates M as an A-module.

A morphism of windows is an A-linear map preserving the filtrations and commuting
with @as and ¢pr1. The category of windows over A is denoted by Win(A).

Remark 4.1.20. If the surjectivity condition on the image of ¢1 of Remark L.T.171
is satisfied, then the third point of the previous definition follows from the second
and the last one simply says that ¢ar 1 (Fil M) generates M.

Example 4.1.21. Let (A, (d)) is an oriented prism. The category of windows over
the frame A, of Example [L.T.18 is equivalent to the category BK(A) of minuscule
Breuil-Kisin modules over A, that is, to the category of pairs (M, pas) where M
is a finite projective A-module and ¢y : M — M a @-linear map such that its
linearization has cokernel killed by d and projective as an A/d-module. See [16]
Lemma 2.1.16] for a proof. The functor sends a window (M, FilM, par, onr1) to
(FllM, d.(pMJ).

The other frame structure attached to an oriented prism discussed in Exam-
ple is the one which is connected to filtered prismatic Dieudonné modules.
More precisely, let R be a quasi-regular semiperfectoid ring, with initial prism
(Ag,I). If one chooses a generator € of I, one gets, for each filtered Dieudonné
module (M, Fil M, ppr) over R, a divided Frobenius ¢ps,1 on Fil M, by dividing by
€ (recall that Ag is &-torsion free by the Hodge-Tate comparison). Then :
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Proposition 4.1.22. Let R be a quasi-reqular semiperfectoid ring. After the choice
of a generator & of the ideal I of the prism (Ag, I), the category DF(R) is equivalent
to the category Win(Ag), where Ap Ny, 5 the frame associated to (Ag,I) and §, as

in Example[{.1.18

Proof. Since Ag is &-torsion free, the divided Frobenius on the filtration is deter-
mined by @ar. ([l

Therefore, the theory of filtered prismatic Dieudonné modules fits into the gen-
eral formalism of windows$?]. For example, filtered prismatic Dieudonné modules
have normal decompositions, as we now explain. This simple fact will be very help-
ful later when describing the essential image of the filtered prismatic Dieudonné
functor.

Let us first recall some facts about henselian pairs. Let A be a ring and let
I C A be an ideal. We recall that the pair (4, 7) is henselian if I is contained
in the Jacobson radical of A and if for any monic polynomial f € A[T] and each
factoriztion f = goho with go, ho € A/I[T] monic and generating the unit ideal,
there exists a factorization f = gh with g, h monic and go = g, ho = h (cf. [49, Tag
09XE)).

If I is locally nilpoten or A is I-adically complete, then the pair (A,I) is
henselian (cf. [49, Tag 0ALI], [49, Tag 0ALJ]).

For us the following well-known property of henselian pairs will be important
(cf. [I8, Lemma 4.20]).

Lemma 4.1.23. Let (A, I) be an henselian pair. The base change M — M ®4 A/I
induces a bijection on isomorphism classes of finite projective modules over A, resp.

e

Proof. If M, N are finite projective A-modules, then any isomorphism M/IM =
N/IN can be lifted to a morphism M — N by projectivity of M. As I C A lies
in the Jacobson radical of A this lifted homomorphism is then automatically an
isomorphism. Moreover, any finite projective A/I-module can be lifted to a finite
projective A-module by [49, Tag 0D4A]. O

Now, we provide the proof that Ag is henselian along NZ'Ap = ker(0: Ag — R).
We learned the argument from [37, Remark 5.2].

Lemma 4.1.24. The pair (Mg, ker(0)) is henselian.

Proof. Because Ag is (p, §)-adically complete it suffices to prove that the pair

(Ar/(p.€), (p, ker(6))/(p, )
is henselian (cf. [49, Tag 0DYD]). We know ker(f) = NZ'Ar. Hence, for every

element z € ker(9), a? € (p,§). As locally nilpotent ideals are henselian the claim
follows. g

21chortheloss, as is visible in the proposition, we are in a situation where the subtle aspects
of the theory of windows, which have to do with the divided Frobenius in presence of torsion, do
not show up. They should if one tries to set up the theory for p-complete rings which are not
necessarily quasi-syntomic. See [37] for characteristic p rings.

22That is, every element in [ is nilpotent.
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Proposition 4.1.25. Let (M, Fil M, @) be a filtered prismatic Dieudonné module
over R. Then there exist finite projective Ar-modules L, T such that M = L & T
and Fil M = L ®@ NZ'ART. Moreover, given L, T there exists a bijection between
isomorphisms : ¢*(L®T) — LOT and semi-linear endomorphisms ¢y, such that
(M,Fil M, ¢),) is a filtered prismatic Dieudonné module.

Proof. This follows from the fact that Ag is henselian along N=!Ag (LemmaZT.24)
and Lemma[T.23] Namely, the module R® A, M decomposes, as M /Fil M is finite
projective, into a direct sum R®) M = M/Fil M & @ for some finite projective
R-module Q. Let L,T be finite projective Ar-modules such that L is a lift of
Q and T a lift of M/Fil M. We can then lift the decomposition R @p, M to a

decomposition M = L @ T by projectivity. The property Fil M = L @ NZ'ART
follows. The last claim is [33] Lemma 2.5]. O

We record some statements which are later used to prove essential surjectivity
for the filtered prismatic Dieudonné functor.

For a ring A with an endomorphism ¢: A — A we denote by ¢ — Mod4 the
category of p-modules over A, i.e., the category of pairs (M, pys) with M a finite
projective A-module and pr: @*M =2 M an isomorphism.

Lemma 4.1.26. Let A — B be a surjection of prisms with kernel J C A. Assume
that the Frobenius ¢ of A is topologically nilpotent on J and that (A, J) is henselian.
Then the functor

Y — MOdA — P — M0d37 (M7 SDM) = (M ®A BaQOM ®A B)
is an equivalence.

Proof. To prove fully faithfulness it suffices to show (by passing to internal hom’s)
that for every ¢-module (M, ppr) over A the map

M<PM:1 N (M/JM)wle

n

is bijective. Let m € M¥vM=! N0 JM and write m = > a;m; with a; € J and
i=1

m; € M. Then

m=ghy(m) = 3 @ (@)l (my)
=1

where the ¢ (a;) converge to 0 if j — oo by our assumption on . Thus m =
¢ (m) — 0if j — oo and therefore m = 0, which proves injectivity. Conversely,
let m € M and assume that ¢ps(m) = m modulo JM. Write

z:=@p(m)—me JM.
As above the sequence gij(z) converges to 0 if 7 — co. Set
m:=m+ Zcpgw(z)
j=0
Then m = m modulo JM and ¢ () = m. Thus we showed that
Mem=l o~ (M/JM)@MZI

and the functor ¢ — Moda — ¢ — Modp is fully faithful and we are left with
essential surjectivity. For this let (N,¢n) € ¢ — Modg. By assumption A is
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henselian along J and thus we can write N = M ®4 B for some finite projective
A-module M. Using projectiviy of ¢* M over A we can lift on: ¢* N — N to some
homomorphism @ *M — M. As J lies in the radical of A the homomorphism
o will automatically be an isomorphism as ¢ is. Thus, we have lifted (N, ¢n)
to (M, ¢ar), which finishes the proof. O

The following statement is similar to [33] Lemma 2.12] or [30, Appendix A.4].

Lemma 4.1.27. Let (A, (§)) — (B, (§)) be a surjection of oriented prisms with
kernel J contained in NZ'A. Assume that o, is topologically nilpotent on J and
that (A, J) is henselian. Then the base change functor induces an equivalence :

Win(4) = Win((B,N='A4/J, A/NZ' A, ¢, 01)).

We note that 1 (J) C J as B is -torsion free and ¢(j) = £p1(j) in A. Thus the
condition that ¢ is topologically nilpotent on J makes sense. Moreover, ¢1(J) C J
implies that (B,N=1A/J, AJNZ1A, p, 1) is indeed a well-defined frame.

Proof. By the existence of normal decompositions and the fact that A is henselian
along J the base change functor
Win(4) — Win(B)
is essentially surjective. Let M, N be two windows over A. We want to prove that
Homx (M, N) = Homp(M/J,N/J)

where M /J, N/J denote the base change of M, N to B. The idea of proof is similar
to Lemma .T26] (and [33, Theorem 3.2]). Let

B: M — JN
be an arbitrary homomorphism of A-modules. Then the A-module homomorphism
U(B): M — JN, m = 1/€on(Id @ B) (3 (Em))
is well-defined. Indeed, @pr: @*M — M is injective with cokernel killed by §~
(which follows from the fact that ¢ar1(FilM) generates M and that M, o* (M) are
g-torsion free) and thus on gM there exists a partial inverse QDJT/Ili gM — p*M of
©n- Moreover, as 8 has image in JN the composition ¢y (Id ® 8) has image in
§~N . By our assumption on topologically nilpotence of ¢; on J the endomorphism
en1: JN — JN is topologically nilpotent. Hence, for every f: M — JN the
sequence
BUB),UWUB)),...,U"(B), ...

converges to 0. Now let a: M — N be a homomorphism of windows such that
a = 0 modulo J. Then U™(a) = « for all n because a o ¢y = pn o «, which
implies @ = 0 as the sequence U™ () converges to 0 as we saw above. Conversely,
assume that a: M — N is an A-module homomorphism, such that « modulo J is

an homomorphism of windows over B. Then a maps FilM to FilN because this
can be checked modulo J. Set

B:=U(a)—a: M — 1/éN.
Then S(M) C JN. Therefore the homomorphism

a: M = N, m—a(m)+ Y U"(B)(m)
n=0
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is well-defined. Moreover, @« = @ modulo J and & is a homomorphism of windows
over A. O

From the proof of the last lemma, one can also extract the following statement.

Lemma 4.1.28. Let R — R’ be a morphism of quasi-reqular semiperfectoid rings
such that J = ker(Ap — Ag') is contained in NZ1Ag, stable by o1 and such that ¢,
is topologically nilpotent on J (for some, or equivalently any, choice of a generator
of the ideall defining the prism structure of Ar). Then the base change functors

DM(R) — DM(R') ; DF(R)— DF(R)
are faithful.

Proof. Tt is enough to prove that the first functor is faithful. For this, one uses the
exact same argument used in the proof of Lemma [4.1.27] (I

Remark 4.1.29. More generally, if one has a morphism of frames A — A’, whose
kernel J is contained in Fil A, stable by ¢1, and such that ¢ is topologically
nilpotent on J, the same proof shows that the base change functor

Win(4) — Win(4")
is faithful.

4.2. Definition of the filtered prismatic Dieudonné functor. In this sub-
section we define the filtered prismatic Dieudonné crystals of p-divisible groups
over quasi-syntomic rings and prove some formal properties of them. More diffi-
cult properties, like the crystal property or local freeness, will be proved later (cf.
Section [6]) after discussing the case of abelian schemes first (cf. Section [L.3]).

Let R € QSyn be a quasi-syntomic ring and let (R), be its absolute prismatic
site. We recall from Proposition L.T.4l that the category of finite locally free crystals
on (R) ) is equivalent to the category of finite locally free OPris_modules on the small
quasi-syntomic site (R)gsyn of R endowed with the quasi-syntomic topology.

Recall as well that there is an exact sequence

0 — NZIOPTs 5 OPTs 5 0 — 0
where O is the structure sheaf S € (R)qsyn — S on (R)qsyn (cf. Proposition [L.1.2).

Definition 4.2.1. Let G be a p-divisible group over R. We define
M) (G) == 8wt%R) (G, Orris)

syn

FllMA(G) = gwt%R)qsyn (G’ NZl Opris)

and @, (G) as the endomorphism of M A(G) induced from the endomorphism ¢
on OP™, We call (MA(G),@MA(G)) the prismatic Dieudonné crystal of G and
the data M) (G) := (M) (G), FIIM)G, o, () the filtered prismatic Dieudonné
crystal of G.

Remark 4.2.2. Beware that the prismatic Dieudonné crystal of a p-divisible group
is a sheaf on the quasi-syntomic site, not on the prismatic site. In particular, it is
not a crystal on the prismatic site of R, but rather the push-forward along v of a
crystal on the prismatic site (as will be proved later). We hope that this choice of
terminology does not create too much confusion ; from the mathematical point of
view, it is justified by Proposition E.1.4
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Fix a p-divisible group G' over R. We check some easy properties of M) (G).
Recall that there is the natural prismatic Cartier divisor ZP's C OPris,

Lemma 4.2.3. The morphism FilM ), (G) — M) (G) is injective and
P, () (FILM)(G)) C TP M) (G).

Proof. The injectivity follows from Hom(G,O) = 0 as G is p-divisible and O is a
p-complete sheaf. For the second statement we claim that

IPBEM)(G) = Eatlp (G, TP).

For this it suffices to see that Hom(G, OP™s /ZPTs) = (. But Hom/(G, OP''s /IPris)
embeds into Hom(G,v.(O))) and this sheaf is zero as v,(0)) is p-complete and
G p-divisible. As p(NZ1OPHS) C TP'S the map PMm, (c) Will thus send FilM ) (G)
into ZPS M, (G). O

In [5], the crystalline Dieudonné crystal of a p-divisible group is defined via the

sheaf of local extensions on the crystalline site. There is a similar description of
the filtered prismatic Dieudonné crystal. Let

u: ShV(R)A — ShV(R)QSYN

be the morphism from the prismatic to the big quasi-syntomic topos constructed
in Corollary If F is a sheaf on (R)qsyn, u™'F is simply the sheafification
of the functor sending a prism (A, I) € (R)), to F(A/I).

Let Shv(R)gsyn be the small pro-syntomic topos of R and

e: Shv(R)qsyn — Shv(R)gsyn
be the natural projection. Then
v=cou: Shv(R)p — Shv(R)qsyn
and thus

v i=uloe h

Lemma 4.2.4. There are canonical isomorphisms
M) (G) = v, (Ext%R)A (uHG),0)))
FilM ) (G) = v, (g‘rt%R)A (u*l(G),J\/Zl(DA)).

Proof. By adjunction there is a canonical isomorphism
RHom(G, Rv.(0))) = Ru.(RHom(v 'G,0))).

The p-divisible group G is the colimit of the p™-torsion G[p™] on the small site
(R)gsyn- As e H(G[p"]) = G[p"], or more precisely e~ (G[p"]) is the sheaf on
the big quasi-syntomic site represented by G[p"], one can conclude e *(G) = G by
passing to the colimit. In particular, v=!(G) = u~1(G). Thus we obtain a canonical
isomorphism

RHom(G, Rv.(0))) = Rv.(RHom(u ' (G),0))).
It suffices to see that M) (G), resp. v*(Ext%R)A (u=(G),0,)), are the first coho-

mology sheaves on both sides (and similarly with O) replaced by N 21(9A). The
sheaves

Hom(G, Rlv*(OA)), Hom(u ' (Q), Op)
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are 0 as G is p-divisible and the target p-complete (similarly for O) replaced by
N=0,). This implies the statement. O

Using the p-adic Tate module T),G of G, i.e., the inverse limit
lim G[p"]
iy
of sheaves on (R)gsyn, One can give a more explicit description of the prismatic
Dieudonné crystal M) (G).

Lemma 4.2.5. Define the universal cover G = ]'&nG of G. Then the sequences
P

05 T,G—»G—G—0
0= u'T,G—u'G—-u'G—0

of sheaves on (R)qsyn resp. (R)) are exact for the quasi-syntomic topology.

Proof. Exactness of the second follows from exactness of the first and exactness of
u~1 (cf. Corollary B.3.10]). The sequence

0—->Gp"'l—-G—>G—0

is exact for the quasi-syntomic topology as each G[p™] is syntomic over R. Then
exactness of 0 = 1,G = G — G — 0 follows by passing to the limit and using
repleteness (in the sense of [I3] Section 3]) of (R)qsyn- O

The following lemma will be useful when describing the filtered prismatic Dieudonné
crystals of Q,/Z, and pipe.

Lemma 4.2.6. There are a canonical isomorphisms

Mp(G) = Homygy,,. (T,G,OP™) = v Homg), (v NT,G),0p)
and similarly for FILM ) (G) and N='O ), N=1OPs,
Proof. This follows from Lemma and the fact that

RHomp), (u""(G),05) =0 ; RHomg),,,(G,O"*) =0

gsyn (

as Op, OP's are derived p-complete sheaves and Gisa Qp-vector space. The same
argument works for FilM ) (G) as well. O

Remark 4.2.7. The universal vector extension E(G) of G can be seen as an ex-
tension of sheaves on (R)qgyn :

0= ws— E(G)—-G—0.

It is defined as in [42] (this makes sense since R is p-complete), or equivalently as
the push-out of the universal cover exact sequence

0-T,G -G —=G—=0
along the Hodge-Tate map
HT : T,G — we,
which sends f € T,G = Homg(Q,/Zy, G), viewed by Cartier duality as an element
of Hompg(ppe,G), to f*dT/T, dT/T being the canonical generator of Wppoo - 18

there a way to use Lemma [4.2.6] to relate the prismatic Dieudonné module to the
dual of the Lie algebra of F(G) ?
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Assume now that R is quasi-regular semiperfectoid. Then, by Proposition [£.1.4]
the category of finite locally free crystals on (R)) is equivalent to the category of
finite projective Agr-modules by evaluating a crystal on the initial prism Ag. Simi-
larly, finite locally free OP"-modules on (R)qsyn are equivalent to finite projective
Ag by evaluating a finite locally free OP™S-module M on R. This allows the fol-
lowing simplification of the definition of the filtered prismatic Dieudonné crystal of
a p-divisible group G over R.

Definition 4.2.8. Let R be quasi-regular semiperfectoid and let G be a p-divisible
group over R. Define

M)\(G) = Ext(gy . (G, OP") = Ext(p (u"(G),0)

FilM),(G) = Ext(gy,.,. (G, NZ1OP") = Ext(p) (u™'(G),NZ10,)
and ¢, (G) as the endomorphism induced by ¢ on OP'is We call
(Mp(G), a1y ()

the prismatic Dieudonné module of G and
M)\(G) == (M)(G), FilM)(G), o, ()
the filtered prismatic Dieudonné module of G.

We will see later that M ) (G) is indeed a filtered prismatic Dieudonné module
in the sense of Definition Moreover, M (G) is the evaluation of the fil-
tered prismatic Dieudonné crystal M) (G) as follows from the local-global spectral
sequence

E;'j = H'(Spf(R), gwt-gR)qsyn (G, OP')) = Extl(’-gqsyn (G, OPTs)

by the vanishing of the sheaf Hom g, .. (G, OP'is), Thus under the equivalence from
Proposition B.I.13| the filtered prismatic Dieudonné crystal M ) (G) corresponds to
the filtered prismatic Dieudonné module M ) (G).

4.3. Comparison with former constructions. In this section we prove a com-
parison of the filtered prismatic Dieudonné functor M ) with former constructions,
in two special cases :
(1) For quasi-syntomic rings such that pR = 0, we relate M to the crystalline
Dieudonné functor of Berthelot-Breen-Messing [5], and more generally M
to the functor considered by Lau in [37].
(2) For perfectoid rings, we relate the prismatic Dieudonné functor to the func-
tor introduced by Scholze-Weinstein in [47, Appendix to Lecture XVII].
The intersection of these two cases is the case of perfect rings, which was histori-
cally the first to be studied. The situation for perfect fields is briefly discussed at
the end of this section.

We start with the case of quasi-syntomic rings R with pR = 0. We want to
compare the prismatic Dieudonné functor to the crystalline Dieudonné functor

G gxt%R/Zp)Crys,pr (iirys(G)a OCrys)

of [B]. Here (R/Zp)crys,pr is the (big) crystalline site of R over Z,, Ogys is the
crystalline structure sheaf,

. Shv(R)pe = ShV(R/Zy erys
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is the closed immersion (cf. [37, Lemma 8.1.]) and pr denotes the p-th root topology
of [37, Definition 7.2.]. As in [37, Section 8] we define

Ocrys = uirys(ocrys)
as the pushforward of the crystalline structure sheaf Oy along the morphism
u®: Shv(R/Zp)crys,pr — Shv(R)pr

of topoi. Note that iy™* = (u“*¥)~!, so we can rewrite the crystalline Dieudonné
functor as
G = ETR 2,y (1Y) TH(G), Ocrys)
Let J¢vs C O%Y® be the pushforward of the crystalline ideal sheaf Jerys € Ocrys-
The following lemma is the basic input in the comparison of the prismatic and
crystalline Dieudonné functor.

Lemma 4.3.1. Let R — R’ be morphism of characteristic p rings which is a p-th
root morphism in the sense of [31, Definition 7.2.], i.e., Zariski-locally (on Spec(R’)
and Spec(R)) R’ is obtained by sucessively adjoining p-th roots of some elements.
Then there is a canonical isomorphism

Opris (R/) —y O°rys (R/)
identifying N=*OP"S(R') with JV(R').
Note that R’ is quasi-syntomic over R and thus OP'S(R’) is defined.

Proof. Using the sheaf property for the pr-topology we may assume that R’ is
semiperfect. Then R’ is even quasi-regular semiperfect as it is quasi-syntomic over
R. Hence,

OpriS(Rl) _ AR’ o~ Acrys (R/) _ OcryS(R/)
by Lemmal3.Z3l Moreover, the isomorphism in LemmaB.4.3identifies N'Z1 OP*is(R')
with Jvs, O

Let (R)gsyn,pr be the category of quasi-syntomic R-algebras equipped with the
pr-topology, and let

SIS - ShV(R/Zp)CryS,pT — ShV(R)qsyn,pr

be the morphism of topoi obtained by composing u“™¥* with restriction. Lemmal[£.3.1]
implies that the sheaves OP's and O“Y® on (R)qsynpr are isomorphic. We note
that the categories of finite locally free O°¥*-modules on (R),, and finite locally
free O‘C(r ]yg pr—modules on (R)qsyn,pr are equivalent because for R quasi-regular
semiperfect both categories identify with finite locally free Aqrys(R)-modules. Sim-
ilarly, the category of filtered prismatic Dieudonné crystals over R and the category
of filtered Dieudonné crystals of [37, Definition 8.11] are identified. These remarks
give a meaning to the comparison contained in the next two results.

asyn,

Theorem 4.3.2. Let R be a quasi-syntomic ring with pR = 0 and G a p-divisible
group over R. Then there is a canonical Frobenius equivariant isomorphism

Mp(G) = o (Eat(r )., (T THE), OT))

from the prismatic Dieudonné crystal of G (cf. Definition[{-2-1)) to the push-forward
of the crystalline Dieudonné crystal of G, which carries the natural filtrations on
both sides onto each other. In particular, if R is quasi-reqular semiperfect, M (G)
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is isomorphic to the evaluation M°V3(G) on Acrys(R) of the crystalline Dieudonné
crystal, compatibly with the Frobenius and the filtration.

Of course, the isomorphism is linear over the isomorphism OP™ = OY* from

Lemma [£37]
Proof. By definition
My (G) = Extipy  (G,OP™).
Thus by Lemma 4371 it suffices to see
U Eatly o (W) 7HG), O & Eatlyy (6,0

and similarly with O°Y® replaced by JY®. This statement follows by a similar
reasoning as in Lemma [£.2.4] using that O is p-complete. Lemma [.3.1] implies
then moreover compatibility with Frobenius and filtration. O

Corollary 4.3.3. Let R be a quasi-syntomic ring with pR = 0 and G a p-divisible
group over R. There is a canonical isomorphism

M) (G) = DFgpec(r) (G)|(r)

of filtered Dieudonné crystals over R, where the right hand side is restriction of the
filtered Dieudonné functor of [37, §9].

qsyn,pr

Proof. Tt is enough to produce this isomorphism over quasi-regular semi-perfect
rings. It is given in this case by the last theorem, in view of Lau’s definition. [

In general, i.e., when p is not necessarily zero in R, one can still relate the
prismatic Dieudonné crystal of a p-divisible group to the crystalline Dieudonné
crystal, as follows. Let R be a p-complete ring and let D be a p-complete p-torsion
free 0-ring with a surjection D — R whose kernel has divided powersl®l As the
kernel of D — R has divided powers, the Frobenius on D induces a morphism
R — D/p. With this morphism the prism (D, (p)) defines an object of the absolute
prismatic site (R)p of R. Via Lemma .24 it thus makes sense to evaluate the
prismatic Dieudonné module of a p-divisible group over R, more precisely v* of it,

on (D, (p))-

Lemma 4.3.4. For every p-divisible group over R there is a natural Frobenius
equivariant, filtered isomorphism

vt (M (@)D, (p)) = D(G)(D).

Here D(G)(D) denotes the evaluation of the (contravariant, crystalline) Dieudonné
crystal of G on the PD-thickening D — R.

Proof. Assume that H is a finite flat group scheme over R. Then H is syntomic
over R and there is a canonical isomorphism

Hl((H(l)/D)Av OA) = Hl ((H/D)CryS7 OcryS)
by the crystalline comparison for syntomic morphisms (cf. Remark B.I.g]), where

HY .= H X spec(r) Spec(D/p), and this holds more generally also for products of

23We don’t require p™ R = 0 for some n > 0.
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H over 1. This implies that the spectral sequences (cf. Section [£4)) calculating
Mp(H)(D, (p)) := Ext' (v (H),0p)

resp. D(H)(D) are isomorphic (on the FEj-page, which is sufficient). Hence, we
obtain the desired natural isomorphism for finite flat group schemes. The proof of
Proposition [4.6.5] below2] shows that writing

G = lim G[p"]
and passing to the limit yields a canonical isomorphism
Mp(G)(D, (p)) = D(G)(D)
for G a p-divisible group over R. O

Remark 4.3.5. The relation between the prismatic and the crystalline Dieudonné
functors will mostly be used over a characteristic p perfect field in the rest of this
text, and it could be interesting to find a more direct proof of it in this special case,
as explained at the end of this section. But it will also be used for comparison with
the Scholze-Weinstein functor in the next paragraph and in Section

We turn to perfectoid rings. In this case (see Lemma [T.T5]), it is enough to
consider the functor M) .

The following statement is a special case of a theorem of Fargues (|22], [47]). Let
C be a complete algebraically closed extension of Q,. We abbreviate

Ainf = Ainf(OC) 5 Acrys = Acrys(OC/p)'

We also fix a compatible system e of p-th roots of unity, and let £ = [plg, where
q = [e] — 1. We identify the initial prism of (O¢), with (Aint, (£)).

Proposition 4.3.6. A prismatic Dieudonné module (M, ppr) over O¢ (i.e., a
minuscule Brewil-Kisin-Fargues module) is uniquely determined up to isomorphism
by the triple

(TM7 Mcrysa aM)7

where Thr is the finite free Z,-module

1 _
Ty = M[=]Pm=1,
3
Mcrys =M ®Ainf Acrys

is a @-module over Acrys and oy @ T ®z, Berys = Merys ® Ay Berys 15 the -

crys

equivariant isomorphism coming from the natural map M [%]‘/’M =l M [%]

Proposition 4.3.7. Let R be a perfectoid ring. The functor G — My(G) from
BT(R) to DM(R) coincides with the (naiveE dual of the functor MSW of [47,
Appendix to Lecture XVII].

24Note that HY((H/D)crys, Ocrys) = HY(((H/p)/D)crys, Ocrys). This follows from the com-
putation of crystalline cohomology by a Cech-Alexander complex and the following fact : if A is a
Z/p™-algebra (for some n > 0), P a free Zp-algebra surjecting onto A, the divided power envelopes
of P/p™ — A and P/p™ — A/p agree for any m > n : see [4, Theorem 1.2.8.2].

25Which the reader can check to be independent of the present lemma.

261'0'7 HomAinf(R) (_7 Ainf(R))'
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Proof. By v-descent (see [47, Theorem 17.5.2]), one can assume that R = Og¢,
where C' is a perfectoid algebraically closed field. If C' has characteristic p, the
functor MW is given by the naive dual of the crystalline Dieudonné functor, so we
can simply apply Theorem Therefore, we can assume that C' is a complete
algebraically closed extension of Q,. In this case, assume first that G = X [p™], for
some formal abelian scheme X over O¢, with rigid generic fiber X*&. The functor
MSW sends G to the prismatic Dieudonné module over O¢ dual to H) (X) :
this follows from the definition of M*W(G) ([47, §12.1]), [47, Proposition 14.8.3]
and the previous proposition. In particular, in this case, M*W(G) is isomorphic
to the (naive) dual to M) (G), by Corollary E.5.7 and the comparison theorem
[12, Theorem 17.2]. Moreover, this identification is functorial for morphisms of
p-divisible groups of abelian schemes (and not simply for morphisms of abelian
schemes) : indeed, let X, X’ be two abelian schemes over O¢, and G = X [p™],
H = X'[p], with a morphism f: G — H. We want to see that the diagram

MSV(G) —— M) (G)*
Msw(f)l lMA(f)*
MSW(H) —— M) (H)*

commutes. This can be checked after base change to Acyys. Then, using Lemmal3.4]
the terms on the top line (resp. on the bottom line) are identified with the covari-
ant crystalline Dieudonné module of G (resp. H), and the horizontal isomorphisms
induce the identity, by construction.

Let now G be a general p-divisible group over O¢. There exists a formal abelian
scheme X over O¢, such that X[p™] = G x G (cf. [47, Proposition 14.8.4]). Let
e: X[p>*] — X[p>] be the idempotent with kernel G. Then

M)(G)" = ker(Mp(e)": Mp(X[p™])" = Mp(X[p™])")
and
MV(G) = ker(M®W (e): MPW(X[p™]) — MV (X [p™])).

By the functoriality explained above we can conclude. (I
We obtain the following corollary, which we will need in Section

Corollary 4.3.8. Let R be a perfectoid ring. The prismatic Dieudonné functor
M), induces an antiequivalence between BT(R) and DM(R).

In particular, by Lemma [.1.T5] also the filtered prismatic Dieudonné functor
M ) is an antiequivalence in this case.

Proof. This follows immediatley from the last proposition and [47, Theorem 17.5.2].
Note that the argument of loc. cit. shows that one only needs to prove the equiva-
lence when R is the ring of integers of a perfectoid algebraically closed field, where
it is due to Berthelot [3] Theorem 3.4.1] and Scholze-Weinstein [48, Theorem 5.2.1]
(in this case, one can even assume that the fraction field of R is spherically com-
plete, and the result is then an easy consequence of results of Fargues : see [48]
§5.2]). O

2"Note that we chose f as a generator of the ideal of the prism, so the Frobenius twist in the
statement of loc. cit. disappears.
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Remark 4.3.9. Let R be a perfectoid ring. The functor M) is exact (see below
Proposition [.6.7) and has an exact quasi-inverse (we will provide an argument for
this later in Section [B.1lin the case of finite locally free group schemes, which applies
verbatim for p-divisible groups).

Let us conclude this section by discussing the case of perfect fields. For a perfect
field k, Fontaine [23] was the first to give a uniform definition of a functor from
p-divisible groups to (prismatic) Dieudonné modules over k. Let us recall it first, as
formulated in [6], §4.1]. If A is a commutative ring, the set CW(A) of Witt covectors
with values in A is the set of all family (a—;);en of elements of A such that there
exist integers r, s > 0 such that the ideal J,. generated by the a_;, i > r, satisfies
J? = 0. One still denotes by CW the sheaf on the big fpqc sitd® of k associated to
the presheaf of Witt covectors. This is an abelian sheaf of W (k)-modules, endowed
with a Frobenius operator which is semi-linear with respect to the Frobenius on
W (k). Fontaines defines :

M (G) := Homy,, . (G,CW).
As a corollary of Theorem 3.2 and results of Berthelot-Breen-Messing, one gets

Proposition 4.3.10. Let k be a perfect field, and let G be a p-divisible group over
R. One has a canonical W (k)-linear Frobenius-equivariant isomorphism

M) (G) = MYG).

Proof. By construction, the isomorphism of Theorem [4.3.2] is linear over the iso-
morphism Ay ~ Aerys(k), which is given by the Frobenius o of W (k), i.e., it can be
seen as a Frobenius-equivariant W (k)-linear isomorphism :

M)(G) = (o7 1)*MY(G).

Composing it with o~ !-pullback of the inverse of the W (k)-linear Frobenius-equivariant
isomorphism of [6, Theorem 4.2.14], we get the desired isomorphism. O

It would be interesting to get a more direct proof of this corollary. In character-
istic p, the prismatic Dieudonné crystal of a p-divisible group admits a description
which looks similar to Fontaine’s definition.

Definition 4.3.11. Let R be a a quasi-syntomic ring with pR = 0. We define the
sheaf Q on (R)) as the quotient :

0—O0p— Op[l/p] = Q—0.

The morphism O) — O, [1/p] is injective since any prism in (R), is p-torsion
free.

Proposition 4.3.12. Let R be a quasi-syntomic ring with pR = 0, and let G be a
p-divisible group over R. The canonical exact sequence

0—=Op— Op[l/p] = Q—0
induces an isomorphism :

'Hom(R) (G, Vi Q) = v*'Hom(R)A (UilG, OA) = MA(G)

gsyn

28We could as well use any other topology finer than the Zariski topology.
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Proof. First assume that G is a finite locally free group scheme. Then the statement
is clear, as
RHom r), (u™"(G), Op[1/p]) =0,

because u~ ! (G) is killed by some power of p, whereas on O, [1/p] multiplication by
p is invertible. The result for p-divisible groups is deduced by a limit argument. [

This naturally leads to the following question.

Question 4.3.13. When R =k is a perfect field, what is the relation between the
sheaf v, Q and the sheaf CW of Witt covectors ?

4.4. Calculating Ext-groups in topoi. In this section we recall the method of
calculating Ext-groups in a topos as presented by Berthelot, Breen, Messing (cf. [5]
2.1.5]. Let X be a topos and let G, H € X be two abelian groups, i.e., two abelian
group objects.

The following theorem is attributed to Deligne in [5]. A proof can be found in
[45] Appendix to Lecture IV, Theorem 4.10].

Theorem 4.4.1. Let G € X be an abelian group. Then there exists a natural
functorial (in G) resolution

C(Ge :=(... > Z[X2] = Z[X1] = Z]Xo]) =~ G
where each X; € X is a finite disjoint unions of products of copies G.

Proof. See [5l 2.1.5.] or [45, Appendix to Lecture IV, Theorem 4.10] O

Lemma 4.4.2. Let X € X be any object and let F € Ab(X) be an abelian group.
Then
RF(Xu ]:) = RHomAb(x)(Z[X]v]:)u

where Z[X| denotes the free abelian group on X.
Proof. This follows by deriving the isomorphism F(X) = Homapx)(Z[X], F). O
These two results show that the Ext-groups
Extly,(x) (G, H)
can, in principle, be calculated in terms of the cohomology groups
H (G x...xG,H)

for various products G x ... x G. Unfortunately, the construction of the resolution
in Theorem .41l is rather involved. However, the first terms, which are sufficient
for our applications, can be made explici@. For example, the first terms can be
chosen to be

C(G)o == Z[G]

O(G)l = Z[G2]

C(G)y := Z|G?) & Z|G?)

with explicit differentials (cf. [B (2.1.5.2.)]). The stupid filtration of the complex
C(G), yields a spectral sequence

0J J i+ ~ i+
E} = ExtAb(x)(C(G)i, F) = ExtAb(x)(C(G)., F) = Extyyiy) (G, F)
29For simplicity we omit the case of the local Ext-sheaves, which is entirely similar.

30By this, we mean that one can construct a functorial (in G) resolution having these terms
in the beginning.
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and the terms ‘

Extiypx) (C(G);, F)
can be calculated using the cohomology. For later use let us make the first terms
of the first page of this spectral sequence explicit:

H2(G,F) =~ HX(G x G, F) === H*(G x G, F) ® HX(G x G x G, F) === ...

— s — _

HY(G,F) =2~ H'(G x G, F) —2> H'(G x G, F) ® H'(G x G x G, F) === ...

HYG,F) —2 HO(G x G, F) —L2> HO(G x G, F) @& H(G x G x G, F) === ...

For an element (z1,...,x,) € G™ let us denote by [z1,...,2,] € Z[G"] the cor-
responding element in the group ring Z[G"|. The morphisms d; and dy are then
induced by
ZIG?] = Z[G), [z.y] = —[2] + [z +y] — [y]
for d; and
Z|G* = Z[G], [,y] = [z,y] — [y, 2]
Z[GS] - Z[G2]7 [Ia Y, Z] = _[ya Z] +*+y, Z] - [xvy + Z] + [Ia y]

for dg (cf. [5l (2.1.5.2.)]).

4.5. Prismatic Dieudonné crystals of abelian schemes. In this section we
describe the prismatic cohomology of the p-adic completion of abelian schemes and
deduce from this the construction of the filtered prismatic Dieudonné crystal

Mp(X[p™]) = (Mp(X[p™]), FIMA (X [P™]), o, (xp))-

of the p-divisible group X[p*] of the p-adic completion of an abelian scheme X.
This will be done more generally for any p-divisible group over R in the next sec-
tion, using the results of this section. Nevertheless, for clarity - which yields some
redundancy - we decided to discuss the case of p-divisible groups attached to abelian
schemes completely first.

Let (A, I) be a bounded prism and let X — Spf(A/I) be the p-adic completion
of an abelian scheme over Spec(A/I).

We first prove degeneracy of the conjugate spectral sequence (cf. Proposition B0
for X. The proof is an adaption of the argument in [5l Proposition 2.5.2.], which
proves degeneration of the Hodge-de Rham spectral sequence.

Recall the following statement.

Proposition 4.5.1. For all k > 0 (resp. for all i,j > 0), the A/I-module
HF(X, Q%/a/n) (resp. Hi(X, QJX/(A/I))) is finite locally free, and its formation
commutes with base change.
Moreover, the algebra H* (X, QS(/(A/I)) is alternating and the canonical algebra
morphism
N HY (X, D ayn) — H (X, Q% an)
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defined by the multiplicative structure of H*(X, Q..X/(A/I))’ is an isomorphism.
Proof. This is |5, Proposition 2.5.2. (i)-(ii)]. O
Proposition 4.5.2. The conjugate spectral sequence

E;j = Hi(Xa Qfx/A/]){_.]} = HiJrj(Xv AX/A)
degenerates and each term as well as the abutment commutes with base change in
the bounded prism (A,I). Moreover,

H*(X,Dxa) 2 N H (X, Ay, s)

is an exterior A/I-algebra on H' (X, Ax)4).

Proof. Let n be the relative dimension of X over Spf(A/I). By Proposition .51}
for every 4,7 > 0 the cohomology group
Hi(Xa Q&/A/I){_j}
is a locally free A/I-modules of finite rank and commutes with base change in A/I.
Moreover, H*(X, Q?X/A/I){—j} =0if i+ j > n. We argue by descending induction
that the A/I-modules B
H*(X,Ax/a)
are locally free of finite rank. If k = n, then
— tr{;n}
H™(X, Axya) = H"(X, Q%) ){—n} —— A/I{-n}

because X is the p-adic completion of a proper, smooth scheme of relative dimension
n with geometrically connected fibers. Now assume that the claim is proven for all
i > k. We will show that it suffices to prove that H'(X, ZX/A) is locally free of
finite rank over A/I and commutes with base change in (A, I). We assume for the
moment that this is true. There is a canonical morphism

NHY X, Bxya) = H(X, Dx)a))
for all 7 and a pairing
H" " MX,Bxa) @ayr HY (X, Bxja) = H' (X, Bxja) = AT

induced by multiplication in H*(X, ZX/ 4) These two morphisms yield a canonical
morphism

B: HH(X, Bxya) = (N MHY (X, Bxja))” = AH (X, Bxya)).
By the Hodge-Tate comparison the complex
Bxya

satisfies base change in (A, I), i.e., for a morphism (A, I) — (A’,I') of prisms with
induced morphism g: X' := X Xgpsca/r) Spf(A’/I") — X the canonical morphism

LQ*ZX/A — ZX’/A’
is an isomorphism. By induction the cohomology groups
HY(X,hx/a)
are locally free of finite rank for ¢ > k. This implies that the cohomology group
H*X, By a)
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commutes with base change in the prism (A, I’) as well. We want to show that the
morphism

B HE(X, Byx/a) = (N"FHY X, Bxsa)))Y = AF(HN X, Bx)a)).

is an isomorphism. The cohomology group H*(X, ZX/ 4) is finitely presented over
A/I because X — Spf(A/I) is proper and flat, ZX/A is a perfect complex on
X and all HY(X, ZX/A) for ¢ > k are locally free of finite rank. Thus we may
apply Lemma [£5.3 and, after base change to the algebraic closures of the residue
fields of A/p, assume that A/T is an algebraically closed field of characteristic p. In
particular, the Frobenius on A is bijective in this case, I = (p) and the twists (—){j}
are isomorphic to the identity. It suffices to show that for all £ the cohomology
group H*(X, ZX/A) has the correct dimension. This may be checked after base
change along ¢ 4,r. Then

¢y rHM(X, Dx/a) = HHXD), (ox/a70)+(Qx/a/1)) = H (X, Q% a/1)

where we used in the second isomorphism that the relative Frobenius

ox/a X - X =X XSpec(A/1),pa,r SPEC(A/I)

is finite. By Propositiond.5.T]this shows that this cohomology group has the correct
dimension. Thus we have reduced the proof to showing that H' (X, Ax /4) is locally
free of finite rank and commutes with base change in (A, I'). From Proposition 3211
it follows that

HY (X, Ax/a) = H (X, 7<1bx/4) 2 HO(X, Lx/a[-1]).

as Lx/4 is a perfect complex with amplitude in [—1,0] this implies compatibil-
ity of H'(X, ZX/ 4) with base change in (A4, ) if all the higher cohomology grous
HI(X,Lx/al—1]) are locally free. As X admits a lift to A (see e.g. [44, Theorem
2.2.1]), Proposition 322 shows that Lx/4 = Ox[1]© Qﬁ(/A/I. Another application
of Proposition L5l implies therefore that H (X, Ax /4) is locally free of dimension
2n (and commutes with base change in (A, I) as all the A/I-modules H? (X, Ox)
and H' (X, Q}(/A/]) are locally free for j > 0. O

Lemma 4.5.3. Let S be a ring and let g: M — N be a morphism of S-modules
with M finitely generated and N finite projective. If

g®sk(z): M ®sk(z) = N Qg k(x)
is an isomorphism for all closed points x € Spec(S), then g is an isomorphism.
Proof. Let @ be the cokernel of g. Then @Q is finitely generated and Q ®g k(z) =0
for all closed points « € Spec(S). By Nakayama’s lemma, this implies that Q = 0,
i.e., g is surjective. As N is projective, this implies M =2 N & K for K the kernel
of g. As M is finitely generated, K is finitely generated. Moreover for all closed
points x € Spec(S)
K ®gk(x) =0

and thus another application of Nakayama’s lemma implies that K = 0. (I

We recall that for a p-complete ring R there is the natural morphism of topoi

u: ShV(R)A — ShV(R)QSYN.
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Using the previous computations, we can first describe extension groups modulo
1.

Theorem 4.5.4. Let R be a p-complete ring and let f: X — Spf(R) be the p-adic
completion of an abelian scheme over Spec(R). Then

(1) ExtzR)A(u’l(X),@A) =0 fori=0,2.

(2) Ext%R)A (u’l(X),@A) is a prismatic crystal over R. Moreover,
EIt%R)A(’UJ_l(X),gm) = R{fmﬁ(@&)
or : Shv — Shv the morphism induce on topoi an
A Shv(X)p Shv(R)y th h duced by d
Ext%R)A (u™(X),0)) is locally free of rank 2dim(X) over O).

The proof is entirely similar to the one of [5, Théoréme 2.5.6.]

Proof. Let (B,J) € (R)). We use the spectral sequence from Section 4.4l to calcu-
late for 7 € {0,1,2} the groups

Ext’ (u™ " (X)|(8,2), Op)
on the localised site (R) /(B, J. Set Y := X Xgpea/r) Spf(B/J). As by Hodge-
Tate comparison _
HO(Y,Dy/p) = B/J
for any n the first row of the spectral sequence is isomorphic to
1d N

B)J —2B/7% B/J? % B/J? @ B)J?
with a(z,y) = (z,z +y, —x + y, —2y, —y). Thus Hom(u"(X)(p,7),0p) = 0 and
Ext' (u=}(X)(p,s), Op) is isomorphic to the kernel of

HY(Y, By, p) 4 HY(Y, by p)

and dy = pr} 4+ prj — p* for pr; the two projections and p the multiplication. From
the Kiinneth formula (cf. Corollary B5.2) and Corollary A58 it follows that

HY(Y, by)p) = HY(Y, by)) @ H(Y, Dy p).
This implies p* = pr] + pr3, i.e., dg =0 and
Ext' (u™(X) 5,1y, Op) = H (Y, by ).

In particular, this group is compatible with base change in (B, J) and locally free
of rank 2dim(X) (by Proposition d.5.2)). Moreover, the morphism ds is injective on
HYY, Zy/ B) as follows from the Kiinneth theorem and the concrete formula for ds.
Finally, from Corollary [£.5.8] and Lemma one can deduce that

H'(Y, Dy, p) @ HY, by p)

is injective for all i > 2. These statements implies Ext*(u=(X) (5,7, Op) = 0.
This finishes the proof by passing to the local Ext-groups, i.e., by letting (B, J)
vary. O

In the proof we used the following lemma on primitive elements in exterior
algebras.

31Which will be implicitly the subscript of all Ext-groups appearing in this proof.
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Lemma 4.5.5. Let S be a ring and let M be a projective S-module. Then
{ze AM) | (@) =10r+r1} =AM,
where p*: A(M) = AM + M) =2 A(M) ®s A(M) is the natural comultiplication
on A(M) coming from the diagonal M — M & M.
Proof. This follows easily by decomposing A(M) ®g A(M) into its bigraded pieces
AY(M) @s A (M). O
Now we calculate the full extension groups, up to degree 2.

Theorem 4.5.6. Let R be a p-complete ring and let f: X — Spf(R) be the p-adic
completion of an abelian scheme over Spec(R). Then

(1) Sxﬁ('R)A(u—l(X),OA) =0 fori=0,2.

(2) &vt%R)A (u=(X),0)) is a prismatic crystal over R. Moreover,
Extigy, (w1 (X),0p) = R fp (Op),
for fp: Shv(X), — Shv(R) the induced morphism on topoi and the pris-
matic crystal Ext%R)A (u1(X),0p) is locally free of rank 2dim(X) over
A/I.
Proof. Let (B,.J) € (R)). As the statements are local for the faithfully flat topology
we may assume that J = (5) is principal. From the exact sequence

0— (’)A/f" £> (’)A/é"“ — OA/§~= 6A —0

of sheaves on (R))/(B,J) and Theorem [.5.4 we can inductively conclude that
Ext’(u™(X)|(5.1), Op /(") =0

for i € {0,2} and any n > 0. This implies that

0 = Bxt! (u™ (X)y(5,7), Op/(E") 5 Bxt! (u™ (X) (5.1, Op/(E"1)

— Eth (U_l(_X)KB’J),@A) —0

is exact and that

Ext’(u™"(X)((5,s), Op) = lim Ext’ (u™" (X)) (5,), Op/ (")),

and that it is zero for i € {0, 2} or a locally free B-module of rank 2dim(X) if s = 1.
Using the spectral sequence from Section [£.4] we can see similarly to Theorem [£.5.4]
that

Ext! (u™"(X)|(3,7), Op) = H'(X Xspe(r) SPE(B/J), Bx/a).
This finishes the proof by passing to local Ext-groups. ([l

Corollary 4.5.7. Let R be a p-complete ring. Let X be the p-completion of an
abelian scheme over R. The OP"-module

Mp(X[p™)) = Eatig, (G, OP™)
is a finite locally free OP™S-module of rank 2dim(X), given by R' f) .Op.
Proof. By Lemma [£.2.4]
Mp(X[P™]) = vs (Ext%R)A (u™'G,0p)).
Hence the corollary results from Theorem and Proposition E.T.4 d
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Although we will not use it, let us record the full description of the prismatic
cohomology of X.

Corollary 4.5.8. With the notation from Corollary[{-5.7, the prismatic cohomol-
0gy

R fp.Opn
is a finite locally free crystal on (R)) and an exterior algebra on the locally free
crystal

R'fp .(Op)
of dimension 2dim(X).

Proof. Let (B, J) € (R)) and let Y := X xgp¢g) Spf(B/J). It suffices to prove the
analog statements for H*(Y, Ay,p). From (the proof of) Theorem E.5.6] we see that
HY(Y, Dy p) — H (Y, Dyyp)
is surjective and that H*(Y, Zy/B) is an exterior algebra on H'(Y, Zy/B). Let
g := dimY". By lifting 2g-generators of H*(Y, Ay, ) we obtain a morphism

Bz‘q[—l] — AY/B'

Using the alternating products in H*(Y,Ay,p) of the images of the standard basis
of B?9 we obtain a morphism

A'B*[—i] — RT(Y, Ay/p)

inducing an isomorphism on H* after passing to ®@%B/J. Altogether, we obtain a
morphism

A*(B*)[—+] — RI(Y, Ay )

of complexes which is an isomorphism after applying ®%B/.J. By derived J-adic
completeness it is therefore an isomorphism, which implies the statements. O

We now turn to the filtration on the prismatic Dieudonné crystal of our abelian
scheme. From now on, the base ring R will be assumed to be quasi-syntomic.

Proposition 4.5.9. Let R be a quasi-syntomic ring and let f: X — Spf(R) be the
p-completion of an abelian scheme. Then there is a canonical eract sequence :

0 — FilM ) (X[p™]) = My (X[p™]) = R' fasyn O — 0,
where fosyn: Xqsyn — SPE(R)qsyn 15 the natural morphism of sites.
Proof. Applying RHomg),.,. (X, —) to the short exact sequence
0 — NZ1oPs 5 OPTs 5 0 0
on (X)qsyn (cf. Proposition [L.1.2), one gets a sequence
0 = FilMp (X [p™]) = Mp(X[p>¥]) = Extip) (X, 0) = R faoyn .0 =0

and we need to prove that this sequence is left and right exactPd. Left exactness
follows from the fact that

Hom(R)qsyn (X, O) =0.

1
(R)C{Sy
Theorem 5.4 (because one can use that R* fqsyn,«O is an exterior algebra on R! fysyn,«O).

32The isomorphism Ext (X,0) = R! fqsyn,«O follows from a similar reasoning as in
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To prove right exactness, we can assume that R is quasi-regular semiperfectoid, by
Proposition[3.3.71 We claim that in this case, the evaluation on R of the above map

Mp(X[p™]) — H'(X,0)

is surjective. The target of this Ag-linear map is a finitely generated Ag-module
(even, finiteley generated R-module), so by Nakayama’s lemma and p-completeness
of R, we can check surjectivity after base change along each surjective map Ap — k,
where k is a characteristic p perfect field. Any such map extends to a map of §-rings
Ar — W (k). Moreover, the base change of our map

Mp(X[p]) = H' (X, 0)

along Ar — W (k) is the corresponding map for the abelian variety X x g k over
k. Thus we can assume that R = k is a characteristic p perfect field. In this
case, the result is a consequence of the comparison with the crystalline functor (cf.
Theorem [132]) and [B, Proposition 2.5.8]. O

Proposition 4.5.10. Let R be a quasi-syntomic ring, and let X be the p-completion
of an abelian scheme over R. The triple My (X [p>]) of Definition[{.2.8is a filtered

Dieudonné crystal over R.

Proof. We check the conditions of Definition 1.6l By CorollaryX5.7, M ) (X [p>])
is a finite locally free OP*S-module. Proposition shows that FilM ) (X [p>])
is indeed a submodule of M (X [p>]), which contains N'Z1OP"s M, (X [p>]), and
by Lemma 4.2.3]

Py (x <)) (FILM ) (X [p™])) C TP My (X [p™]).

It thus only remains to verify the second part of Condition (2) and Condition (3)
of Definition {.1.10]
Proposition [4.5.9] shows that the quotient

MpX [p™]) /FIMp (X [p™]) = R fasyn,+ O,

which is a finite locally free O-module (cf. Proposition L51]). Hence the second
requirement of Condition (2) is fullfilled. To check Condition (3), we can assume
that R is quasi-regular semiperfectoid. This condition says that the linearization
of the Frobenius
PP FIM (X[p]) — LMy (X[p™])

is an isomorphism. Exactly as in the proof of Proposition [£.5.9] this can be checked
when R = k is a characteristic p perfect field, in which case this is known by
comparison with the crystalline functor (cf. Theorem H.3.2)). (]

4.6. The filtered prismatic Dieudonné crystal of a p-divisible group. In
this section, we establish the basic properties of the filtered prismatic Dieudonné
functor for p-divisible groups. The idea, due to Berthelot-Breen-Messing, is to make
systematic use of the following theorem of Raynaud, to reduce to statements about
(p-divisible groups of) abelian schemes proved in the last section.

Theorem 4.6.1. Let S be a scheme, and let G be a finite locally free group scheme
over S. There exists Zariski-locally on S, a (projective) abelian scheme A and a
closed immersion G — A over S.

Proof. See [5l Theorem 3.1.1]. O
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Proposition 4.6.2. Let R be a p-complete ring, and let G be a finite locally free
group scheme over R. The sheaf Ext%R)A (1@, Oy ) is a prismatic crystal of locally
finitely presented O )-modules.

Proof. By Theorem [.6.1] one can choose locally on R an exact sequence of group
schemes
0-G—=-X—=X =0,

where X and X' are abelian schemes over R. Whence, by Theorem (1), an
exact sequence

&vt%R)A (u™ X/, Op) — &Ct%R)A(u_lX, Op) — Ext%R)A (u™'G, O)p) — 0.
This proves the proposition, by Theorem (2). O

We recall that a finite locally free group scheme G over a scheme S is called
Barsotti-Tate of level n > 0 if, Zariski-locally on S, there exists an isomorphism
G = H[p"] for a p-divisible group H over S.

Remark 4.6.3. Let G be a finite locally free group scheme over a basis on which
p is nilpotent, and let /¢ be its coLie complex. Set :
wg = Ho(fg) , ng = H_l(fg) , tg = HO(ZG) ; Vg = Hl(gg).

Grothendieck’s duality formula identifies /¢ with the truncation 7=' RHom(G*, G,),
and this gives rise to a canonical morphism :

¢thg—>tg.

If G is killed by p”, then G is a BT, if and only if tg, tg- are locally free and the
canonical morphisms ¢ and ¢+ are isomorphisms (cf. [25] Corollary 2.2.5]).

Proposition 4.6.4. Let R be a p-complete ring, and let G be a truncated Barsotti-
Tate group over R of level n. The sheaf Ext%R)A (u™1G, O ) is a prismatic crystal

of finite locally free O [p"-modules.

Proof. Fix once and for all an embedding of GG into an abelian scheme X of dimen-
sion g over R. By Theorem [.6.1] this can be done Zariski-locally on R, and the
reader can check that the different steps of the proof are all local statements on R.
Let X'’ be the cokernel of the embedding G — X ; this an abelian scheme, and one
has an exact sequence
0-G@—=-X—->X =0
of group schemes over R.
We first prove that for any (B, J) € (R)), the B-module

5wt%R)A (v 'G,0p0) (8.1
is locally generated by h sections, where h is the height of G. By the crystal
property of Ext%R)A (u™'G,0)) (cf. Proposition ©6.2), for any morphism of prisms
(B,J) = (W(k), (p)), where k is a characteristic p perfect field,
Extip), (WG, 0p)(B,s) @5 W(k) = Extig,, (u™ i, Op) ww),m)-

By Nakayama’s lemma, p-completeness of B and the finite presentation proved in
Proposition[4.6.2], it suffices to prove that for any morphism B — k, k characteristic
p perfect field,

gxt%R)A (’UlilG, OA)(B,J) ®B k
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is generated by h elements. Such a morphism B — k extends to a morphism of
prisms (B, J) — (W(k), (p)), so it suffices by the above to prove our claim when
R =k is a perfect field and (B, J) = (W(k), (p)). First, observe that

Ext(yy, (WG Op) W),y ® k = Extyy, (WG, Op) w k), () -

This is easily seen, using that &Ct?km (u'X,0,) and &Ct?k)m(ule, O)) both
vanish.
As a corollary of Proposition and Theorem [£5.4] one has a short exact
sequence
0 — w*Lie(X™) — Ewt%R)A (u'X,0,) = u'wx — 0,

and similarly for X’. Also, note that we have exact sequence :
u*Lie(X*) — u*Lie(X *) = u*vge — 0
(where vg- = Ext} (G, G,)) and
wWrwxy = wWrwxr — wrwg — 0.
The map Sxt%k)A (u™ X', 0)) = Sxt%k)A (u™'X,0)) is compatible with the natural

maps u*Lie(X*) — u*Lie(X/*) and uw*wxs — u*wx, through the identifications of
Theorem 5.4l The long exact sequence of £xt gives a surjection :

5“%1@)& (u X', 0)) = 5“%1@)& (v 'X,0,) = 5“%1@)& (v 'G,0)) =0,
since, as we have seen in Theorem [.5.4], 5wt%k)A (u—lX/,@A) = 0. By the above
remark, we even have a commutative diagram :

0 0 0

u*Lie(X*) —— > u*Lie(X*) T ——

Ext%k)A (u1X,0)) — Ext%k)A (u1'X',0)) — Ext%k)A (u'G,0)) —=0

0 0 0

where all lines and the first two columns are exact. This proves that the map

Ext%km (u'G,0)) = utwe
is surjective and an easy diagram chase prove that in fact the sequence
wrrgs — 5“%1@)& (u_lG,gﬁ) = u*wg — 0
is exact. The sheaf wg is a locally free sheaf of rank d = dim G. Moreover, as G is

a truncated Barsotti-Tate group, vg« is a locally free sheaf of rank h — d (cf. [25]

33Recall (B, §5.1.1]) that if X is an abelian scheme, Lie(X*) = Ext!(X, G).
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Corollary 2.2.5]). Hence the sequence stays exact after evaluation on (W (k), (p))
and Ext%km (u™G, Op) (W (k),(p)) is generated by h sections. This proves the claim.

Back to the proof of the proposition, we know, as a direct consequence of Theo-
rem [4.5.6] that

Sxt%R)A (u'X[p"],0p) = Ext%R)A (u'X,0,)/p"
is crystal of locally free O /p™-modules of rank 2g —h. Consider the exact sequence
0—-G— X[p'] = H — 0,

where H is a Barsotti-Tate group of height 2¢g — h, induced by the embedding of G
in X. This gives an exact sequence

Ewt%R)A (w'H,0)) — Ext%R)A (u'X[p"],0p) = &vt%R)A (v 'G,0)) — 0.
Locally on (R)), the middle term is free of rank 2g over O /p™, while the left (resp.
right) term is generated by 2g—h (resp. h) sections. Therefore, Ea:t%R)A (u™'H,0))
and Ewt%R)A (u™'G,0)) are free over Oy /p™ of rank 2g — h and h. O

Proposition 4.6.5. Let R be a p-complete ring, and let G be a p-divisible group
over R. The sheaf

M) (G) = &vt%R)A (u'G,0,)

defined in Definition [{.2.8 is a prismatic crystal of finite locally free O )-modules
of rank the height of G.

Proof. Let G be a p-divisible group over R. Since G = colim G[p"], we have a short
exact sequence :

0— Rllign ’Hom(R)A(uflG[p"], Op) — Ext%R)A (u'G,0,)

— lim Ext%R)A(uflG[p”], Op) — 0.
The first term vanishes. Indeed, let (B,J) € (R)) and fix some n > 0. We will
show that the images of the morphisms
Hom gy, /(5,5 (u” " (G[p™]),0p) = Homp), /(5,5 (u" " (G[p"]), Op)
stabilize for m — oo. Let @,, be the sequence of cokernels and set
My = EXt%R)A/(B,J) (u N (GP"]), 0p)

for k > 0. Then there is an exact sequence

0= Qu — Myyp 2 My, — Myn — 0.

Here exactness on the right follows by (locally) embedding G[p™] into (the p-
completion of) an abelian scheme X and using that

EXt%R)A/(B,J) (Uil(X), OA) =0
by Theorem By Proposition [£.6.4 the B-module My, is finite locally free over
B/p"* for k > 0 (with rank equal to the height of G). Moreover, the canonical
morphism My 11 ®p/pk+1 B/p* — Mj, is an isomorphism (as follows from the above
exact sequence). Set
M = lim M.
% k
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Then M is a finite locally free over B (cf. [49, Tag 0D4B]) and M ®p B/p* = Mj.
The exact sequence

0—=>Qm > My —> My, > M, —0
and the snake lemma show that @Q,, identifies with the cokernel of
Mp™ = H™Y(M @3 Z/p™) — M[p"] = H™'(M @7 Z/p").
As B is of bounded p®°-torsion the same holds for M. This implies that for m — oo
the group M[p™], and thus @,,, becomes constant. In the end, this implies by
Mittag-Leffler the vanishing of the R' l&n term in question and thus,
Ext'(u™1(G),0)) =2 M
is finite locally free over B of rank the height of G. O

We can now summarize our discussion and prove the main result of this section.

Theorem 4.6.6. Let R be a quasi-syntomic ring, and let G be a p-divisible group
over R. The triple M) (G) of Definition [{.2.1] is a filtered prismatic Dieudonné
crystal over R.

Proof. We have to show that M (G)/FilM ) (G) is finite locally free over O. The
rest can then be proved exactly as in Proposition 5. 100 First of all note that there
is a natural morphism

a: Mp(G) = Extlp  (G,0P) = Extlp  (G,0) = Lie(GY)

with kernel FilM ) (G). As Lie(G) is finite locally free, it suffices to show that
a is surjective. By p-completeness this may be checked after morphisms R — k
with &k an algebraically closed field of characteristic p. As o commutes with base
change we may thus assume that R = k. Then the surjectivity of o follows from
the comparison with the crystalline Dieudonné functor (cf. Theorem .3.2]). O

We now state two useful properties of the prismatic Dieudonné functor : its
exactness and its compatibility with Cartier duality.

Proposition 4.6.7. Let R be a quasi-syntomic ring. The functor
M) : BT(R) = DM(R), G — M)(G)
18 exact.
Proof. Let
0-G —-G—-G"—0

be a short exact sequence of p-divisible groups over R, which we see as an exact
sequence of abelian sheaves on (R)qsyn. Applying RHom g —,0P8) to it, we
get a long exact sequence :

(Gl, Opris) - MA(G//) - MA(G) — MA(G/) — &Ct?R)qSyn(G”7 OpriS)_

qeyn (
Hom(R)quym

The first term vanishes as G’ is p-divisible and OP's derived p-complete. Let us
prove surjectivity of M) (G) — M) (G’). For n > 1 consider the exact sequences

0— G'p"] = Gp"| — H, — 0.
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Then G = hﬂHn with injective transition maps H,, — H,11 (as G[p"] C G' =
G'[p"] for all n > 1). As in the proof of Proposition L6.5 we can conclude that
Mp(G[p"]) = Mp(G'[p"]), Mp(Hng1) = My (Hy)
are surjective. Passing to the limit of the exact sequences
Mp(Hp) = Mp(GIp"]) = My (G'[p"]) = 0
implies therefore that
Mp(G) = My (G')

is surjective, as desired. (I

Let R be a quasi-syntomic ring and let G be a p-divisible group over R with
Cartier dual G*. Passing to the limit for the Cartier duality on finite flat group
schemes yields isomorphisms

T,(G*) 2 Homp(T,G, Tyup=) = Homp(G, ppe)

of sheaves on (R)qsyn. We first construct a canonical morphism

(I)G . MA(G)V ®Opris MA(,UJ;DDO) — MA(G*),
where M (G)" denotes the OP™s-linear dual of M (G). Recall that

M) (G™) = Hom(T,G", Orris)
by Lemma [£.2.6] Thus we can define & by setting
Da(6®1)(a) = (00 My(a))(1) € 0P
where
b€ M)(G)Y,l € Mp(pp=), o € Hom(G, pipee) = T,G*.

Clearly, the morphism ®¢ is natural in G and commutes with base change in R.
Proposition 4.6.8. Let R be a quasi-syntomic ring. For every p-divisible group G
over R, the map

Pg: MA(G)V ®pris M (fpe) = Mp(G™)
constructed above is an isomorphism.
Proof. Both sides are locally free OP'S-modules of the same rank (cf. Proposi-
tion [L6.H). Hence it suffices to see that ®¢ is surjective, which can be checked
after base change R — k to perfect fields k of characteristic p. Thus, assume that
R = k. By Theorem the prismatic Dieudonné functor over k is isomorphic to
the crystalline one. Let

G : Mp(G)Y @owis My (ppe) = My (G*)
be the natural isomorphism coming from classical duality for the crystalline Dieudonné
functor over perfect fields (cf. for example [23] Proposition 5.1.iii)]). Let

Wy Mp(=)" @owrie M (ppee) = Mp((=)")

be any natural transformation (of functors on p-divisible groups over quasi-syntomic

rings over k). Then for any morphism ~: G — H of p-divisible groups, there is an
equality

(1) Va(@ @) (acy)=Vu(doMy(y) @) (a)
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where § € M) (G),l € Mp(pp=),a € Hom(H, pp~). We want to show that
dq = u@CGl for all p-divisible groups G and some unit v € OP" (independent of
G). Thus pick 6§ € M)(G)Y,l € Mp(pp~) and o € Hom(G, pip=). Applying
(Equation () to v = a: G — ppes implies

V(0 ®1)(a) =V, (0o Mp(a)®1)(Id,,~)

for any natural transformation W (_y as above. In particular, ¥ (and thus ®_) and
<I>‘(3£) as examples) are determined by their behavior on G = pipe. For ppe both
induce an isomorphism

My (tp=)” @owie Mp (i) = Hom(Ty (e ), OPF) = OP',

Namely, @, .. is given by the natural evaluation, which is an isomorphism as
M (pp) is free over rank 1 (by the crystalline comparison, cf. Theorem E.3.2).
That @ﬁlpm is an isomorphism follows from classical Dieudonné theory (cf. [23]
Proposition 5.1.iii)]). Hence, ®,, .. and ‘I)leoo differ by some unit v € OP"1. This
implies @ = u® for all G by naturality. By [23, Proposition 5.1.iii)] we can
conclude. O

The main result of this text is the following theorem, whose proof will spread
out over the next sections.

Theorem 4.6.9. Let R be a quasi-syntomic ring which is flat over Z/p™ (for some
n > 0) or over Z,. The filtered prismatic Dieudonné functor :

M, : BT(R) — DF(R)

is an antiequivalence between the category of p-divisible groups over R and the
category of filtered prismatic Dieudonné crystals over R.

Proof. By Proposition B:37 and the fact that both BT and DF are stacks on QSyn
for the quasi-syntomic topology (see Proposition [AT1] and Proposition E.1.g), we
can assume that moreover R is quasi-regular semiperfectoid. Then the theorem is
a consequence of Theorem and Theorem [£.9.5] to be proved below. O

4.7. The prismatic Dieudonné modules of Q,/Z, and pp~. In this subsec-
tion, we calculate the prismatic Dieudonné crystals of Q,/Z, and pp. We deduce
a description for all étale and multiplicative p-divisible groups. For the analogous
results for the crystalline Dieudonné functor see [6, 2.2.]. Let us fix a p-complete
ring R. Recall that for a p-divisible group G over R the prismatic Dieudonné crystal
M) (G) is defined (cf. Definition E2.T]) as the sheaf

M) (G) = Ext%R)q (G, OP™) = v*Ext%R)A(ufl(G), Op)

on the absolute prismatic site (R), of R and that
My (G) = Homgy,,,,(T,G, OP") = v,Hom gy, (v (T,G),0p),
by Lemma

340f course, one expects u = +1, but as this finer statement is not necessary for us, we avoided
the calculation verifying this.
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Lemma 4.7.1. The OP"-module M )(Q,/Z,) is generated by the push-out of the
short exact sequence
0—>Z,—Q,—Qp/Z, -0
on (R)qsyn along the canonical morphism Z, — OP™S. More generally,
MA(G) = Hom(Tp(G),ZP) ®z, OPris,
if G is an étale p-divisible group.
Proof. This follows directly from the isomorphism
MA(G) = Hom(R) TG, Opris)

and the fact that for an étale p-divisible group T,,G is a local system of finite free
Z,-modules on (R)qsyn. O

asy

Let us now describe the prismatic Dieudonné crystal of jiye. Denote by @; the
p-adic completion of the multiplicative group scheme G,,. First, note that

MA(/,LPOO) = 5$t%R)qsyn (G,,h (’)Pris)

as (C/}\m /tpe is uniquely p-divisible and OP™ p-complete.

We cannot describe M (pp) in general. Instead, we can describe the crystal
&vt%R)A (u™'G,0)) on the restriction to prisms (B,.J) which live over the “cyclo-
tomic” base prism

(A, 1) := (Zp[lg — 1], ([plq))
from Section

The reason is that for such prisms we can use the g-logarithm from Section
Recall that

Mp(ppes) = Homyg),,. (Zp(1), o) = o, Hom(u ' (Z,(1)), Op)
with Zp(1) := Tpup=. In particular, the morphism
log,: u™ " (Zy(1)) = Oy
from Section [Z.2] defines a canonical element, which we call £, € M p (ppe )(R).
Proposition 4.7.2. Over (A,I) = (Zy|lg — 1], ([plq)), the prismatic crystal
Homm, (4 (Z,(1)), Op)

is free of rank 1, generated by L. Moreover, the Frobenius on Hom(u™1(Zy(1)),0))
sends g to [plqely.

Proof. Let (B, J) be a prism over (A, I). It suffices to show that
Ext' (u™ (Gm)i(5,0), Op);

where we mean Ext' in the category of abelian sheaves on the site of prisms over
(B, J), is freely generated by ¢,. By Proposition this group satisfies base
change in (B, J). From the case (B,J) = (A,I), a comparison with ¢g-de Rham
cohomology (cf. [12, Theorem 16.17]) and the spectral sequence from Section [£.4]
one can conclude that it is free of rank 1 over B. To show that ¢, is a generator one
may pass to the case that (B,J) = (W(k),(p)) for k an algebraically closed field

35Here, we did some abuse of notation and denoted by Z, the sheaf S — Homets(m0(S), Zp)
on (R)qgsyn, which is usually called Zp.
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of characteristic p. Then the comparison with the crystalline Dieudonné crystal
(cf. Theorem £.32)) reduces to an analogous statement for the usual logarithm as
for ¢ = 1 the g-logarithm becomes the logarithm. Let R be a general ring of
characteristic p and let R’ — R be a surjection of schemes with a PD-structure
{Yn}n>0 on K := ker(R' — R) and assume p nilpotent in R’. Then there is the
canonical morphism

log: Z,(1)(R) = R', x+ log([x])

where [-]: lim R — R’ is the Teichmiiller lift and log the crystalline logarithm

TP

log: 1+ K = R, y— Y (-1)"'(n—Dly(y—1)

n=1

(which makes sense as [z] € 1+ K). But it is known that the logarithm generates the
crystalline Dieudonné crystal of upe (cf. [0, 2.2.3.Corollaire]). Finally the action of
Frobenius on ¢, can be calculated using Lemma

¥ -1 -1
PrHom(u=1(Z,(1)),0,) (€q) () = los(q) log () = 1 Ly(z) = [plgly(z)

for x € Z,(1). O

Remark 4.7.3. Note that, when pR = 0, the identification between the pris-
matic and crystalline Dieudonné modules from Theorem is linear over the
isomorphism Ar = Acys(R) from Lemma This explains why the map
x = logq([xl/p]é) is sent to x — log([x]) (and not something like z — log([z/?]),

which would not make sense as [2'/?] — 1 need not have divided powers), cf. the
remark after Lemma [3.4.3]

Assume now that R is an A/I = Z[(,]-algebra.

Corollary 4.7.4. Let G be a multiplicative p-divisible group over R. Then there
is a canonical isomorphism

™ (Hom(G, i) ®z, Op = Extigy, (u™'G,0p)|(r/a),

induced by sending f: G — pp~ to the evaluation of the morphism induced by f:
Ewt(gy, (™ Hpoe, Op)i(rya)y = €Tty (™ G, Op)i(r/a),

on .

Proof. The morphism (and the claim that it is an isomorphism) commutes with
étale localisation on R. In particular, we may assume that G = ugoo. Then the
claim follows from Proposition A.7.2] and additivity of the right hand side. O

The important corollary of these computations is a description of the action of
the prismatic Dieudonné functor on morphisms Q,/Z, — ppe. Set

2§ = (lim Z, G0}

As usual we get the elements & = (1,(,...), ¢ := [e] € Aint(ZF) and £:= q;:ll.
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Lemma 4.7.5. Let R be a quasi-reqular semiperfectoid ring over Zgyd. Then the
morphism

N Mp(-) ~ pP=E
Zp(l)(R) = HomR(QP/Z;Da .Up‘”) N HomDM(R) (MA(UP"O))a MA(QZD/ZP)) = AS}%
is given the map which sends x € Zy(1)(R) to logq([;vl/p]g) € A}%:é.

Proof. First note, that

Homp ) (M (1tp=)) M, (Qp/Zp)) = DG~

by evaluating a homomorphism M (ppe) — Mp(Qp/Zy) = Agr on £,. The iden-
tification of M) (—) on a homomorphism f: Q,/Z, — pp follows easily from the
natural isomorphism

M (G) = Homg), (u™ " (T,(G)), Op)
for a p-divisible group G over R and Proposition £.7.2] Lemma 711 O

The following theorem, proved in the companion paper [I], is crucial and, unfor-
tunately, relies (in its full generality) on a deep result in algebraic K —theory

Theorem 4.7.6. Let R be quasi-reqular semiperfectoid. The prismatic Dieudonné
functor induces an isomorphism

HomR(Qp/va M;D"") = HomDM(R) (MA(MP"")a MAR (QP/ZP))'
Proof. Both sides satisfy quasi-syntomic descent in R. For the left hand side this
follows from Proposition [A. 11l For the right hand side, this was proven in Propo-
sition .8 Thus we may assume R is a Z$“-algebra. By Lemma we have
to prove bijectivity of the g-logarithm
log,: Zp(1)(R) = .
Let Agr be the Nygaard completion on Ag. By Theorem and the remark

following it, Ag:g identifies with the second p-completed topological cylic homology
group m2(TC(R;Z,)) of R. By [1, Corollary 1.5], we know that the composition

Z,(1)(R) 5 pe=8 L A7°

is a bijection because it identifies with minus the cyclotomic trace to which one can
apply the results of [I8]. Hence, it suffices to show that the morphism

—&  ae=t
m NS A

is injective. By definition of the Nygaard filtration the Frobenius on Ag factors
through a map

’g/JZ AR — AR,
ie,o=1vom Letx € Aﬁzﬁ be in the kernel of 7. Then
0 =¢(n(z)) = p(z) = éx,

which implies z = 0 as 5 is a non-zero divisor in Ag. This finishes the proof. 0

301f R is regular semiperfect, the result is proven more elementary in [48]. If p # 2, then the
case of p-torsion free regular semiperfectoid rings can be deduced from this.
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In the case when R is of characteristic p, one can directly see that

Aays(R)P=F 2 N8 = py - = Ag=p
cf. [IIl Proposition 8.18].

4.8. Fully faithfulness for p-divisible groups. In this section we want to prove
fully faithfulness of the prismatic Dieudonné functor for p-divisible groups over
(certain) quasi-syntomic rings. We will do this by descent from the quasi-regular
semiperfectoid case.

We start with a preliminary technical result (Proposition E8T]). Fix for all this
subsection a complete algebraically closed extension C' of Q,,.

Let R be a quasi-regular semiperfectoid ring (for the moment we do not assume
that R is an O¢-algebra). Let G be a p-divisible group over R. The formal scheme

T,G = Spf(Rg)

is represented by an R-algebra Rs which is again quasi-regular semiperfectoid.
Indeed, as finite locally free group schemes are quasi-syntomic over R the ring Rg
is quasi-syntomic. Moreover, Rg/p is semiperfect by [48, Chapter 4.3]. The Yoneda
lemma shows that

ARG = Hom(R)qsynxsetS(TpG7 Opris)
where the right-hand side denotes natural transformations of set-valued sheaves on
the quasi-syntomic site (R)gsyn 0f R. By Lemma

M) (G) = Homgy,,,. (TG, Opris)

where the right-hand side denotes (as before) natural transformations of abelian
sheaves. In particular, there exists a canonical morphism

MA(G) — ARG.

which is injective.
Under strong assumptions on R, one can prove more about this map. Let us
fix as usual a compatible system ¢ € Obc of primitive p"-th roots of unity and let

uw=le]—1.

Proposition 4.8.1. Let R be a p-torsion free perfectoid Oc-algebra which is inte-
grally closed in R[1/p] and let G be a p-divisible group over R such that

G X Spec(R) SpeC(R[l/p]) = (QP/ZP)h'

Then the cokernel of the natural morphism
A*RG — MA(G)*,

*

where (—)* refers to the Ag-linear dual, is killed by .

Remark 4.8.2. As noticed in [48], and as will be apparent in the proof of The-
orem below, one should think to this statement as saying that, for any p-
divisible group G over a big ring R as in the proposition, there are many morphisms
from Q,/Z, to G.
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Proof. Fix an isomorphism

e (QP/ZP)h -G X Spec(R) Spec(R[l/p]).

The choice of ¢ defines an isomorphism of Q,/Z, = pp~ over Spec(R[1/p]). Dual-
ising « yields therefore an isomorphism

0 (Qu/Zp)" = G Xspoe(r) Spec(R[1/p))
where GV is the Cartier dual of G. As R is integrally closed in R[1/p] the morphisms
~ and 7n extend to morphism
7: (Qp/Zp)h -G
and
n: (Qp/Zp)h -G

over R. The composition
(Q/Z,)" B G o
is given by the diagonal morphism induced by e. Indeed, by construction this holds
over R[1/p]. But as R is p-torsion free the functor
G—G XSpec(R) SpeC(R[l/p])
is faithful, which implies the claim over R. Next we claim that the cokernel of
A*Rc — MA(G)*
is p-torsion. For this consider the diagram

Iy —>MA((QP/ZP)h)*

Rgp /zp)h

| ]

By, ———— M (G)*

| lg

By, M)’

with f, g induced by 7 resp. 7. The composition go f is given, using the description
of My(Qp/Zy) and M (p1pe) from Section d.7, by multiplication with p (as follows
from Lemma BET5]). Pick 2 € M, (G)*. Then

g(pz) = g(f(y))

for some y € M, ((Q,/Zy)"). But g is injective, as f o g is an isomorphism after
inverting p, Ag is p-torsion free (because R is perfectoid and p-torsion free) and
M) (G)* is of rank h. Thus

px = f(y)-
Using Lemma and the above diagram we can conclude that pz lies in the
image of
Ay o — Mp(G)”

as claimed. O
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Lemma 4.8.3. In Proposition [{.8] assume G = Q,/Zy,. Then the natural mor-
phism

Mg, — My (G)*
18 surjective.

Proof. In this case,

Mg,
is given by the ring of continuous functions Z, — Ar where Ag is given the discrete
topology, while M) (G) embeds into Agr, as the Ag-module of constant functions.

Evaluating at some point of Z, defines a linear form which maps to a generator of
M) (G)*. O

We will need the following result.

Lemma 4.8.4. Let (C,J) be an henselian pair and let G be a p-divisible group
over C'/J. Then there exists a p-divisible group G over C' such that

GocC/J=G.

Proof. Set h as the height of G. Let BT" be the Artin stack (over Spec(Z)) of
n-truncated Barsotti-Tate groups of height h. Then for any n > 1 the morphism

BT! - BT,
is a smooth morphism between smooth Artin stacks (cf. [32, Section 2] resp. [25]
Thm 4.4.]). By [2I, Theorem, page 568] (which extends to the non-noetherian case
by passing to the limit) any section D — C/J of some smooth C-algebra D extends
to a section D — C. These statements imply that inductively, we can lift G[p"] to

a truncated p-divisible group H, over C. Then finally
G = thn

yields the desired lift over G. O
The main result of this subsection is the following.

Theorem 4.8.5. If R is a quasi-reqular semiperfectoid ring, flat over Z/p™ (for
some n > 0) or Z, , the prismatic Dieudonne functor over R is fully faithful for
p-divisible groups.

We point out that this is statement is for the prismatic Dieudonné functor, and

not only for the filtered prismatic Dieudonné functor.

Proof. From Theorem 7.6l we know that the prismatic Dieudonné functor induces
an isomorphism

Homp (Qp/Zy, fiy) — Homy (M (<), Mp(Qp/ 7)),

i.e., that it is fully faithful for morphisms Q,/Z, — ppe over R. We want to deduce
that it is fully faithful in general. For this, we follow the strategy of [48] Section
4.4.].

Let G1, G2 be two p-divisible groups over R. The R-algebra

Ra,.a, = Re,®rRg,

represents T,G1 Xspi(R) T,,G'g and is again quasi-regular semiperfectoid. Over
Rg, G, there are universal morphisms Q,/Z, — G1 Rrg, ¢, and G2 rg, g, — Hp>
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(we denote by G1 R, o, and Ga g, o, the base changes of Gy and Ga to Rg, 6,)-
Passing to prismatic Dieudonné modules, we get natural morphisms

Mp(Gi Rg, ,) = Mp(Qp/Zy) , Mp(pip=) = Mp(G2,Ra, 6, )-

Let f: M)(G2) — My (G1) be a morphism of prismatic Dieudonné modules. Base
changing f to Rg, ,, we get a morphism M), (G2 g, 6,) = Mp(G1,Rg, 6, ), Which
we can pre- and post-compose with the canonical morphisms

MA(Gl,Rcl,GZ) - MA(QP/ZP) ) MA(NP"O) - MA(GZRGI,GQ)

to get a morphism

ﬂf : MA(UP‘”) — MA(Qp/Zp)
of prismatic Dieudonné modules over Rg, . G,. By Theorem 7.0 it comes from a
morphism

ny € Hochl,G2 (Qp/va /Lp“’)-
The morphism 7y is the same thing as a family (s,)n>0 of elements in Reg, q,,
with so = 1, s, | = s, for all n. The same arguments as in [48, Chapter 4.4.]
(which require Proposition LG.8)) prove that s,, corresponds (by the very definition
of R¢,.c,) to a morphism of finite locally free group schemes G [p"] — Gz[p™]. The
condition s} | = s, for all n means that these morphisms combine to a morphism

ar(f): G1 — G
of p-divisible groups over R. In other words, we have constructed a ma
ar: Homy (Mp(G2), Mp(G1)) — Hompg(G1, G2),
which is moreover natural in R and a retraction of
Homp(Gh, Ga) —2% Homy, (M (Ga), My (Gr)).
To prove the theorem, it therefore suffices to show that
ar: Homy (Mp(G2), Mp(G1)) — Hompg(G1, G2),

is injective, for any p-divisible groups G1, G2 over R. This is the statement we will
prove, using the assumption that R is flat over Z/p", for some n > 0, or over Z,,
which was not used yet. To shorten notation, we simply say in the rest of the proof
that R is flat over Z/p™, allowing the limit case n = oo, which corresponds to the
case where R is flat over Z, (i.e., p-torsion free).

As one can argue quasi-syntomic locally, we can replace R by its base change
to O¢/p™, which we still denote by R. By Proposition B.6.2] the prism Ag of R is
p-torsion free. This will play an important role. We start by some observations.

(1) There exists a p-torsion free perfectoid O¢-algebra S mapping surjectively
onto R. Moreover one can assume that S is henselian along ker(S — R).
Indeed, since R lives over O¢/p™, we have in particular a map Oc — R. It
extends to a ring map :

Oc(X["" i€ R) =+ R, /" s ()7,

K3
By completeness, it is enough to check surjectivity modulo p and this holds
true by semiperfectness of R/p. By Corollary 2-T.T0, we can assume that
S is henselian along ker(S — R).

37This map of course depends on G1 and Ga, although the notation does not indicate it.
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From now on, we fix such a ring S.
Any p-divisible group G over R lifts to a p-divisible group Gg over S. This
is the content of Lemma [£.84]
Let G1,G2 be two p-divisible groups over R. Let R’ be a quasi-regular
semiperfectoid ring to which R maps, such that the induced map Ar — Ag
is injective. Set

&::G1®RR/, /2::G2®RR/.

As M) (G1), Mp(G2) (vesp. M) (G'), M) (G5)) are finite locally free over
Ag (resp. over Ag/), the map

Homy, (M) (G2), Mp(Gh)) = Homy,  (Mp(Gy), My (GY))
is injective as well, i.e., the base change functor
DM(R) — DM(R')
is faithful. By naturality of o we have a commutative diagram

Homy (Mp(G2), Mp(G1)) — - Hompg(G1,G>)

| |

Homy (M (G4), Mp(Gh)) —> Homp (G4, G).

Let f € Homy (Mp(G2), Mp(G1)), such that ag(f) = 0. Assume that
one can prove that the kernel of aps is p-torsion. Then if f’ denotes the
base change of f to Ag/, the previous diagram and the assumption show
that u.f = 0. But by Proposition (and the assumption made before
that R is the base change to O¢/p™ of a ring flat over Z/p™), Ag is p-torsion
free, and so also is the finite projective Agr-module M) (Gy). Thus f = 0.
Therefore, to prove fully faithfulness over R, it is enough, for each
G1,Gy € BT(R), to find a map R — R’, with R’ quasi-regular semi-
perfectoid, such that Ap — Ag/ is injective and such that the kernel of the
map ap (attached to the base change of G1,G3 to R’) is p-torsion.
Let G be any p-divisible group over R. By Observation (2), G lifts to a p-
divisible group Gg over S. Let S’ be the integral closure of S in the S[1/p]-
algebra parametrizing trivializations of Gg over S[1/p]. By the almost
purity theorem, [12] Theorem 10.8], S’ is a perfectoid ring and is the p-
completion of a filtered colimit of almost finite étale extensions of S ; in
particular, the map S — S’ is p-completely almost faithfully flat. Set
R' = R®gS’. We claim that the map

AR — AR’

is injective. This map is the (p, é )-completed base change of the map Ag —
Ags, which is (p, 3 )-completely almost faithfully flat, and therefore is itself
(p, g)—completely almost faithfully flat, and therefore almost injective, i.e.,
every element in ker(Agp — Ag) is killed by W (m”), where m” C 0% is the
maximal ideal. As we have already seen, Ar has no p-torsion and so the
kernel is zero on the nose, as yu € W (m?).
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We know fix G and G two p-divisible groups over R. As shown by Observation
(3), it is enough to find a quasi-regular semiperfectoid ring R’ over R, such that Ag
injects in Ags and such that the kernel of ag is killed by p. We take R = S’®sR,
where S’ is defined as in Observation (4) for the choice of a lift of the p-divisible
group G = G5 to S. By the same observation, the map Ap — Ap is injective. It
remains to check the assertion on the kernel of ag:.

From now on and until the end of this proof, to keep the notations light, we
rename S’ as S and R’ as R. As a consequence of the definitions, the quasi-
regular semiperfectoid ring R is the quotient of a perfectoid O¢c-algebra S, which
is integrally closed in S[1/p] and such that Gs s is trivialized on S[1/p]. By Propo-
sition L8] the natural map

Agés ) — MA(Gsyg)*

has its cokernel killed by pu. By base change along Ag — Ag, we get that the
cokernel of the map

HOIIIAR(ASGS2 ®ASAR,AR) — MA(GSQ)*@ASAR = MA(Gz)*

(the last equality comes from the fact that Gs2 ®s R = G2 by definition and the
fact that the prismatic Dieudonné module is finite locally free). Since

S¢s,®sR = Rg,,

by the Kiinneth formula for prismatic cohomology (PropositionB3.5.1]) and p-complete
flatness of S — S¢_ ,, we have

Bse, D br = bre,

Gs
and so we deduce that the map
(2) NR% — My (Go)*

has cokernel killed by pu.
Let f € Hompnr) (Mp(G2), Mp(G1)). We explained at the beginning of the
proof that the associated morphism ag(f) is the same thing as an element

Ny € Hochl,Gz (QP/ZP7 M;D°°)

and we want to prove that if n; is zero, then f = 0. By definition, 7 is the
morphism corresponding to the composition

fRa, &
Mp((bp= )R, cy) = Mp(GoRe, 6,) — Mp(G1Re, 6,) = Mp(Qp/Zp)Re, o))

where the left and right morphisms are induced by the two universal morphisms
coming from the definition of Rg, ¢a,.

Assume that 1y = 0. To conclude the proof of the theorem, it suffices to prove
that this implies that f = 0. Applying the considerations preceeding Proposi-
tion [.8.I] to the quasi-regular semiperfectoid ring R, and to the p-divisible group
G17R62, we know that the natural map

MA(GLRGz) — ARGl,Gz



72 JOHANNES ANSCHUTZ AND ARTHUR-CESAR LE BRAS

is injective, but by construction this map identifies with the map
MA(GLRGZ) - MA(Gl,Rcl,GZ) - MA((QP/Z;D)RGI,GQ )7

where the two maps are the natural ones. Considering the diagram

Mp((p=)Rg,) —= Mp (1) e, ;)

|

Mp(Ga,r,,)

lchz

Mp(Ghpg,) ——= M (G:

MA(GQ

MA((QP/ZZD)RGI,GQ )

we deduce that the composition

frRy
Mp((up=)rg,) = Mp(Gor,,) —F Mp(Giirg,)
is the zero map. Let a be the image of the generator of MA((/‘P“’)RGZ) in
MA(GlRGz) = MA(GQ) ®AR ARC;2'

Let v € M)(Gs). Since the cokernel of ([2)) is killed by p, there exists A € Ag
2
such that
AMa) = po.

Therefore, considering the commutative diagram

MA((MP“’)RGZ)

|

MA(GQ) _— MA(G27RC:2)

lf l/fRGl’Gz

MA(Gl) —— MA(GLR(‘;2)'

we deduce that
pf(w) = f(pv) = f(AMa)) =0,

since the composition
frRy
Mp((p)re,) = Mp(G2,re,) — Mp(Girg,)
has been proved to be zero. Hence, p.f = 0, which ends the proof. O

Remark 4.8.6. For quasi-regular semiperfect rings (the case n = 1, for which
the flatness condition is empty), one could instead use the results of [48 §4.3].
However, the proof of loc. cit. is more involved and requires results on the Hodge-
Tate sequence.
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Remark 4.8.7. Let R be a quasi-regular semiperfectoid algebra, flat over O¢ /p™
(including the limit case n = 00, i.e. the case where R is flat over O¢). The ring R/p
is quasi-regular semiperfect, so it would be tempting to try to prove the theorem
by reduction to the characteristic p case. For this, it is enough (by Observation (3)
in the above proof) to prove that the natural morphism

AR — AR/;D

is injective. This works fine if n = oo, i.e. if R is p-torsion free. This can also be
checked by hand in the special case R = O¢/p™. One could then try to use that
the morphism

AR — AR/])
is the completed base change along the map Ao, /,» — Ag of the injective map

A(’)c/p" - A(90/10

and to prove that Ag is (p, I)-completely flat over Ao, /,». But one issue is that in
general, the completed base change along a f-completely flat morphism between f-
complete rings with no f-torsion need not preserve short exact sequences of derived
f-adically complete modules. Here is an explicit counterexample. Set

R:=7Z[f, x|
and
R = Z[f,a*].
Then the morphism R — R’ is f-completely flat, and even flat. Consider the short
exact sequence

O%@Rsii@Rti%Q%O
i>0 i>0
where «a(s;) = ft; — at;—1 (with t_1 := 0) Let ¢; € Q be the image of ¢;. By
construction
Jfai = xqi—
for i > 0 and @ is derived f-complete (cf. [49] Example 09AT]). We claim that the
sequence e -
0— EPR'si & PRt - H(QErR) — 0
i>0 i>0
is not exact. Indeed,
H ' (Q®rR) =Ty (Q®r R') #0
as the element
(@wela®l/r,geel/z®..)
defines a non-zero element in the f-adic Tate module of Q ®r R'.
Therefore, one whould have to prove more about the morphism

Aoc/pn — AR.

e}
38If (" ris;) = 0, then for all i > 0 we get (ri,mi41) = (a;z,a; f) for some a; € R because
i=0
f,x is a regular sequence. From a;f = 7,41 = a;4+12 one derives
fmag=f™ oz =... = amz™ =0 mod z™

and therefore, using again that f,z is a regular sequence, that ag € (™) for all m. This forces
ag = 0 and then a; = 0 for all i > 0.
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One may hope for example that Ag is a topologically free A /pn-module, but this
does not follow simply from (p, I)-complete faithful flatness : there exist (p,I)-
completely faitfhfully flat Ao, /pn-modules which are not topologically free.

4.9. Essential surjectivity. Let R be quasi-regular semiperfectoid and let as be-
fore

MA(_)5 BT(R) — DFA(R), G~ (MA(G), FllMA(G), (pMA(G))
be the prismatic Dieudonné functor with values in the category of filtered prismatic
Dieudonné modules DF(R) (cf. Section 4.2 and Theorem HE.6.6)).

Let us fix a perfect prism (A4, I), a generator € € I and a surjection A/I - R.
Let € := ¢~ (). By Corollary we may assume that A/l is henselian along
ker(A/I — R).

Let us first assume that ker(A/I — R) is generated by some elements a;, j € J,

that admit compatible systems (a;, j/?, ajl/p2, ...) of p"-roots. Define
1/p™, .
S = A/I(X;"7] j € I)/(X;)

and S — R, X;/pn > a;/pn.
We note that by Theorem we can always arrange this situation after passing
to a quasi-syntomic cover of A/I>1.

Lemma 4.9.1. The base change functor DF(S) — DF(R) on filtered prismatic
Dieudonné modules is essentially surjective.

Proof. By Proposition .T.25] it suffices to show that each pair consisting of a finite
projective Ar-module M and an isomorphism @pr: @*M = M may be lifted to Ag.
For this it suffices to see that Ag — AR is surjective and henselian along its kernel
(cf. Lemma A.T20). The surjectivity follows from the Hodge-Tate comparison as
Ls/ayr — Lgyayr is surjective by our assumption that the aj,j € J, generate
ker(A/I — R). First note that the pair (S,ker(S — R)) is henselian because the
X Jl /P are nilpotent in S and we assumed that A/ is henselian along ker(A/I —
R). To show that Ag is henselian along K := ker(As — Ag) it suffices to see
S = Ag/ ker(fs) is henselian along K := (K +ker())/ ker() (cf. [49, Tag 0DYD])).
But K C S is contained in ker(S — R). Another application of [49, Tag 0DYD)]
therefore implies that S is henselian along K because (S, ker(S — R)) is henselian.
This finishes the proof. (I

Note that the ring
§=A/IX;"T G e d)/(X ] )
admits a surjection from the perfectoid rin
§:= A/IX;| j e T = AXTT| G € TN/E)
by sending X;/pn — X;/pn.

39Note that by the (the proof of) [11l Lemma 4.24] any morphism from a perfectoid ring to a
quasi-regular semiperfectoid ring is quasi-syntomic.

40More precisely, S is the p-adic completion of M_D;IA/I[[X;/pn‘ JjeJ
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Lemma 4.9.2. The natural functor
DF(S) — DF(S)
is essentially surjective.

Proof. The ring S is henselian along (X; | j € J). By using normal decompositions,
i.e., Proposition .1.25] it suffices to see that the functor

w— MOdAS - p— MOdAS
is essentially surjective. We note that by (a variant of) [I2, Proposition 3.13] (and
Proposition B.42)
X5 .
hs = Ag{?J |j€ J}(Apg)

as the X; form an infinite regular sequence in S. Define
B:=hg/(X; | j € ).

where Ag = A[[X; X | 7 € J]]. Then B is p-torsion free and é-torsion free and thus

defines a prism. Moreover, canonically S = B/ €. By the universal property of Ag
there exists therefore a canonical morphism

QIA5—>B.

Concretely, the morphism « sends X; — 0. Using a variant of Lemma [.T.24] we
see that Ag is henselian along ker(a). By Lemma 0.3 ¢(ker(ar)) C €Ag and /€ is
topologically nilpotent on ker(«). Thus by Lemma . T.27] the categories of windows
over Ag and B are equivalent. Therefore it suffices to see that windows over B can
be lifted to windows over Ag. After choosing a normal decomposition, this follows
as the functor
w— MOdAS — ¢ — Modpg

is essentially surjective, which is true as Ag is henselian along the kernel of Ag — B
(cf. the end of the proof of Lemma [LT.26). This finishes the proof. O

To finish the proof of Lemma [£.9.7] we have to prove the following lemmas.

Lemma 4.9.3. With the notations from the proof of Lemmal[{-9.9 we get p(ker(a)) C
Ehs and @1 := /& is topologically nilpotent on ker(a).

Proof. Set K := ker(a). Then K is the closure in the (p,g)—adic topology of the
Ag-submodule generated by 6™(X;/¢) for j € J and n > 0. By Lemma [£.9.74] the
module K equals the closure of the ideal generated by

x?"
j
P (E)n L (E)p -
for j € J and n > 0. Let us show that ¢(K) C £Ag. Clearly,

Zjm =

~ n+1

(3) <P(Zj,n) =P Zjn+1-

As NZ1Ag is closed in Ag (being the kernel of the continuous surjection Ag — S),
we can conclude K C NZ'Ag. Next, let us check that ¢ is topologically nilpotent
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on K. Fix [ > 1. We claim that for every m > 1 such that p™ >1[ and any k € K
we have

o1 (k) € E'K.
This implies as desired that ¢; is topologically nilpotent on K. As élK is closed
and " continuous (for the (p, é)-adic topology on K) it is enough to assume that
k = zj for some j € J,n > 1, because the z; , generate a dense submodule in
Using (Equation (B])) we can calculate

1, =l ~ ntm n+m
@T(Zj,n) =) 1(€p lzj,n-i-l) =...=af’ 12]7""1‘771 € fp 'K

for some a € Ag. But §pn+m_1K C 'K because p"t™ — 1 > [. This finishes the
proof. O

Lemma 4.9.4. Let (A,I) be a prism and let d € A be distinguished. Let further-
more x € A be an element of rank 1. Then for n > 1

“n = (pn(d)spn—xlp(d)P R I € A{g} = A{Z}/(dz o I)J

and the resulting morphism

x
Alyr gz, )/ (@ = dy vt = o(d)yz,y5 = 9*(d)ys, ) > AL} yn = 20
18 surjective.

By derived Nakayama the conclusion holds thus as well after (derived) (p, d)-adic
completion.

Proof. We can argue in the universal case A = Zy[z]{d, 5 d)}(p 4) Where o(z) =0,
thus we may assume that A is transversal, i.e., that (p,d) is a regular sequence in A,
and that (x,d) is a regular sequence. This implies that for all » > 1 the sequence
(¢"(d), "~ 1(d)) is regular as well (cf. Lemma T7). We first claim that for all
n > 0 the element

n

P

Zn 1= —

e T
lies in A{%}. If n = 0, then 2z, = £ € A{%}. For n > 0 we can calculate
xpn+1
SD Zn = mn
(2n) o H1(d) - - p(d)P

because @(z) = xP. The numerator z"  is divisible by d?"" in A{Z}. As
(@ o ti(d ) ©(d)P") is a regular sequence in A we can conclude that d?""

divides W’ ie., that z,11 € A{%}. Next we claim that the morphism

i
Alyr, 2, .. )/ (@ — dy1, 9} — o(d)y2, 5 — ©*(d)ys,...) = A{—}, Yn — Zn

is surjective. For this it suffices to show for all n > 0 that 6" (%) lies in the subring
Alz1,..., 2nq1] of A{Z} generated by the z1,...,2,11. This claim follows from the
assertion that §(z,) € A[z1,. .., zn+1] using induction and how § acts on sums and
products. For n = 0 we can calculate

1 =z P

S(e0) = 6(5) = ~(#(5) = ) = (@ = o)1 = 8(d= € AT}

4Dense for the (p,£)-adic topology.
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Similarly, we see
n+1

6(zn) = - ‘PnJrl (d))zn+1

— " *1(d)) lies in A. This finishes the proof. O

(d®

K=

where the term %(dfon+1

We can derive essential surjectivity.

Theorem 4.9.5. Let R be a quasi-regular semiperfectoid ring, which is flat over
Z/p™ (for some n > 0) or over Z,. Then the filtered prismatic Dieudonné functor

M, (—): BT(R) — DF(R)

from the category of p-divisible groups over R to the category of filtered prismatic
Dieudonné crystals over R is essentially surjective.

Proof. To prove the theorem, we may pass to a quasi-syntomic cover R’ of R:
indeed, let M € DF(R) such that its base change along the map R — R’ is of
the form M ) (G’), for some p-divisible group G’ over R. The descent datum for
M ) (G") expressing that it comes from a filtered prismatic Dieudonné module over
R (namely, M) gives rise to a descent datum for G’, since fully faithfulness over
R'@rR' is already proved (cf. Theorem EE8.5). This descent datum is effective, by
p-completely faithfully flat descent for p-divisible groups (cf. Proposition [ATT]), so
there exists a p-divisible group G over R, with M) (G) = M.

Therefore, by Theorem [3:3.9] we may and do assume that R = A/I/(a; | j € J)
for A/I a perfectoid ring and a; € R admitting compatible systems of p™-roots of
unity. Using Lemma [£.9.1] we may even assume that

R=A/IX)PT| je )/ (X;).

In this case we can invoke Lemma[£.9.2] and reduce to the case that R is perfectoid.
Then we can cite Corollary £3.8 to conclude that M, (—) is essentially surjective.
O

This concludes the proof of the main Theorem [4.6.9

Remark 4.9.6. Let R be quasi-syntomic ring, flat over Z/p™ for some n > 0 or
Zy. The filtered prismatic Dieudonné crystal of the étale p-divisible group Q,/Z,
is given by . .
MA(@P/ZP) = (OanuN21Oprlsu 90)7
see Section 471 The functor G from DF(R) to the category of abelian sheaves of
(R)qsyn, sending M € DF(R) to
g(M) = HOmDM(R) (M7 MA(QP/Z;D)) Xz, QP/ZZD

(which only depends on the underlying prismatic Dieudonné crystal) defines a quasi-
inverse of the filtered prismatic Dieudonné functor. Indeed, if G € BT(R), one has
a short exact sequence of abelian sheaves on (R)qgsyn

0 — Tp(G) = G =TH(G) ®z, Qy = G — 0
and for any R’ € (R)qgsyn,
TP(G)(R/> = Hom(R’)qsyn (Qp/va G)= HomDM(R’)(MA(G)v MA(QP/ZP>)a

since, R’ being itself quasi-syntomic over Z/p™ or Z,, the prismatic Dieudonné
functor over R’ is fully faithful. This shows that

G = G(M)(G)).
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By duality, one can rewrite the above formula more explicitely. Namely,
G(M) = (M) @z, Qp/Zy,

where MY denotes the OP"_linear dual of M.

Nevertheless, it does not seem that these formulas are very useful in practice.
It looks difficult to prove directly that G takes values in the category of (quasi-
syntomic sheaves attached to) p-divisible groups. In the case of étale p-divisible
groups Theorem yields an equivalence of Z,-local systems on R and finite
locally free OP*S-modules (resp. Az-modules if R is quasi-regular semiperfectoid)
M together with an isomorphism @a: *(M) = M. This is a generalization
of Katz’ correspondence between Z,-local systems on the spectrum Spec(k) of a
perfect field k& and ¢-modules over W (k) (cf. [27, Proposition 4.1.1.]. We thank
Benoit Stroh for pointing this out to us.
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5. COMPLEMENTS

5.1. Prismatic Dieudonné theory for finite locally free group schemes.
Let R be a perfectoid ring. We fix a generator £ of ker(#) and let & = ¢(¢).

Definition 5.1.1. A torsion prismatic Dieudonné module over R is a triple

(Ma@Mva)a

where M is a finitely presented Ajns(R)-module of projective dimension < 1 which
is annihilated by a power of p and where ¢y : M — M and ¥y : M — M are
respectively o-linear and ¢~ !-linear, and satisfy

evovm =& Yuopn =¢.
The category of torsion prismatic Dieudonné modules over R is denoted by DM;os(R).

The base change of torsion prismatic Dieudonné modules behaves well.

Lemma 5.1.2. Let R — R’ be a morphism of perfectoid rings and M € DM;ors(R).
Then M ® 4, (r) Aint(R') is concentrated in degree 0. In particular, the base change
functor DMiors(R) = DMiors(R') is ezact.

Proof. Let

0— M 5 My - M =0
be a resolution of M by finite locally free Ajn¢(R)-modules. As M is killed by p™
for some n > 0, there exists g: My — M; such that fog = p™. Then p" =go f
(using that f is injective). The base change M) ® 4, .(r) Aint(R') is p-torsion free
as Ains(R’) is. This implies that the base change of f to Ain¢(R’) remains injective,
which finishes the proof. O

Before stating the main result, let us introduce a notation, which will be in use
only in this section.

Notation 5.1.3. If S is a p-complete ring, let Bs (resp. Cs) denote the category
whose objects are O)-modules on (S), (resp. Op-modules on (S5)), endowed with
a @-linear Frobenius), and whose morphisms are O -linear morphisms (resp. O)-
linear morphisms commuting with Frobenius).

Theorem 5.1.4. There is a natural evacts antiequivalence

H = (Mp(H), ¢ny () Yary (1)
between the category of finite locally free group schemes of p-power order on R and
the category DMiors(R) of torsion prismatic Dieudonné modules over R, such that
the Aint(R)-module My (H) is given by the formula

M) (H) = Ext(g), (u"'H,0p)
and such that opr, () is the map induced by the Frobenius of O).

Remark 5.1.5. A similar statement can be found in [36, Theorem 10.12]. Apart
from the change of terminology, the only difference with the result in loc. cit. is that
we remove the assumption that p > 3 and provide a formula for the underlying A;-
module of the torsion minuscule Breuil-Kisin-Fargues module attached to a finite
locally free group scheme of p-power order.

42This includes the non-formal assertion that the inverse equivalence is exact, too.
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The proof of Theorem [5.T.4] will make use of the following lemma.

Lemma 5.1.6. Let (A, I) be a bounded prism, such that A is p-torsion free and let
S be a p-completely syntomic A/I—algebr. Then

H°(S,Ag)a)
is p-torsion free.

Proof. As S is a p-completely syntomic A/I-algebra the derived prismatic coho-
mology Ag/4 agrees with the cohomology RI'((S/A)p,Op) of the prismatic site of
S over A (this follows by descent from the quasi-regular semiperfectoid case and
Proposition B:42). By [12, Proposition 3.13] and the assumption that S is a p-
completely syntomic A/I-algebra, one can calculate Ag/4 by some Cech-Alexander
complex that has p-complete p-completely flat terms over A. Therefore it suffices
to see that each p-complete p-completely flat A-algebra B has no p-torsion. As A
is p-torsion free, A, and thus B, is p-completely flat over Z,. But any p-completely
flat p-complete module over Z, is topologically free and thus p-torsion free. ([

Proof of Theorem[5.1.7] The construction of the antiequivalence is exactly similar
to the one of [36, Theorem 10.12], replacing Theorem 9.8 in loc. cit. by Corol-
lary 3.8 so we do not give it and refer the reader to [36]. The simple principle is
that Zariski-locally on Spec(R), any finite locally free group scheme of p-power order
is the kernel of an isogeny of p-divisible groups (and even an isogeny of p-divisible
groups associated to abelian schemes, cf. Theorem [L6.1]) ; similarly, Zariski-locally
on Spec(R), any torsion prismatic Dieudonné module is the cokernel of an isogeny
of prismatic Dieudonné modules (|36, Lemma 10.10]).
Let us now prove that

M)(H) = Ext%R)A (w'H,0))
and that the functor M) (—) preserves exactness for a short exact sequence
0—-H —H—H"—0

of finite locally free group schemes of p-power order over R. Note that this implies
by Mittag-Leffler exactness of

0— MA(H/) — MA(H) —)MA(H”) —0

if H',H,H"” are finite locally free group schemes of p-power order or p-divisible
groups.

By construction of the antiequivalence, it suffices to check that if H is the kernel
of an isogeny X — X’  with X, X’ are abelian schemes over R, the natural map

M) (X [p™]) = Ext(gy, (v 'X,0p) = Extip), (u"'H,0))

is surjective. But the cokernel of this map embeds in EXt%R)A (u=1X', Op), which
is zero by Theorem

For exactness, start with a short exact sequence of finite locally free group
schemes of p-power order on R

0—-H —H—=H'—=0,

437 morphism R — R’ between p-complete rings of bounded p®°-torsion is p-completely syn-
tomic if R'/p = R’ ®@% R/p and R/p — R’ /p is syntomic in the sense of [49, Tag 00SL].
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which we see as an exact sequence of abelian sheaves on (R)qsyn. The surjectivity
of the map

My(H) — My(H')
can be checked locally and so we can assume that H, and so also H', embeds in an
abelian scheme X. But we know that the map

Mp(X[p™]) = My(H')

is already surjective, again because EXt%R)A (u1X/H', Op) = 0. Thus, the same
holds for the map

MA(H) — MA(H/).
To prove injectivity of the map

Mp(H") = My (H),
it suffices by the long exact sequence for RHomg), (—, O)) to prove that

IIOID(R)A (uilH/, OA) =0.

Let us prove that Homg), (u='H’,0)) is p-torsion free. This is enough : indeed,
we know it is also killed by a power of p, because w1 H’ is. As

HOm(R)A(uilH/, OA) C Ho(uilH/, OA) = HO(H/,AH//Ainf),

it suffices to prove that the latter is p-torsion free. This is the content of Lemma[5.1.6]
when applied to the p-completely syntomic R-scheme H'.
Let

G: DM;ors — {finite locally free group schemes of p-power order over R}
be an inverse functor to My (—). We claim that G is exact. Let
0— My — My — Mz —0
be an exact sequence in DM;qs(R). For any morphism R — R’ the base change
of it along Ains(R) — Aine(R') will stay exact by BEI.21 By [19, Proposition 1.1.]
and compatibility of G with base change in R we can therefore assume that R is
a perfect field of characteristic p. In this case the category of finite locally free

group schemes of p-power order and the category DM, are abelian and thus any
equivalence between them is automatically exact. (I

Remark 5.1.7. Let H be a finite locally free group scheme of p-power order over
the perfectoid ring R. We have seen in the previous proof that

IIOID(R)A (uilH, OA) =0.

Assume pR = 0, i.e. that R is a perfect IF,-algebra. This result is to be contrasted
with the fact that

Hom(ryz,).,,. () " H, Ocrys)
is far from being 0. It is isomorphic to the Ocys-linear dual of the crystalline
Dieudonné module

MCT}’S (H) = S,Tt%R/Zp)ays ((uCrys)—1H7 Ocrys)

of the Cartier dual of H. In fact, one has a natural isomorphism ([5, Theorem
5.2.7))

Tt RHOom(ryz,)0y. (W) T H, Ocrys) ¥ [~1] = 7<1 RHom (52, 0y, () T H, Ocys),

crys
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where

(=)" == RHomo,,,.(~, Octys)-
The previous equality is deduced from this by taking cohomology in degree O.
Similarly, one has a natural isomorphism

7’311{;"[0771(}%)A (uilH, OA)V[—I] ~ TﬁlRHC’m(R)A (uilg, OA)’
where
(_)\/ = R’HOWL@A(—, OA)'
One does not see anything interesting by taking cohomology in degree 0 on both
sides. But in degree 1, one obtains

Ea:t}% (Ext%R)A (u'H,0)),0)) ~ Ext%R)A (w'H,0p),
and therefore
Ext) (Mp(H),Ar) =~ My(H)
expressing the compatibility of the functor M) with Cartier duality on the category
of finite locally free group schemes of p-power order.

Remark 5.1.8. Let R be quasi-syntomic ring, flat over Z/p™ or Z,,. Although the
same trick allows in principle to deduce from Theorem a classification result
for finite locally free group schemes of p-power order over R, it seems more subtle
to obtain a nice description of the target category, i.e. of the objects which can
locally on R be written as the cokernel of an isogeny of filtered prismatic Dieudonné
crystals on R. At least the arguments given above should go through whenever the
forgetful functor
DF(R) — DM(R)

is an equivalence, like in the case of perfectoid rings or in the Breuil-Kisin case to
be discussed in the next section (where the classification of finite flat group schemes
is already known, and was proved by Kisin following the same technique, cf. [30,
Section 2.3.]).

5.2. Comparison over Of. In this section, we want to extract from Theorem [4.6.9]
a concrete classification of p-divisible groups over p-complete regular local rings with
perfect residue field of characteristic p. This will in particular recover Breuil-Kisin’s
classification ([I4], [30]), as extended to all p by Kim [29], Lau [35] and Liu [3§],
over Og, for a complete discretely valued extension of Q, with perfect residue field.

Proposition 5.2.1. Let R be a p-complete Noetherian ring. If R is reqular, there
exists a quasi-syntomic perfectoid cover R of R.

Proof. The existence of a faithfully flat cover R — R, with R, perfectoid, is
explained in [0, Ex. 3.8]. Assume first that pR = 0 or that R is unramified. Since
R is in particular an integral domain, R is either flat over Z, or pR = 0. In the
first case set A := Z,, and in the second A := F,. By [49, Tag 07GB] the morphism
A — R is a filtered colimit of smooth ring maps and thus Lg,s has p-complete
Tor-amplitude in degree 0. The triangle attached to the composite A -+ R — R,
shows that Lr_,r has p-complete Tor-amplitude in degree —1. Therefore the
map R — Ry is indeed a quasi-syntomic cover. Finally, when R is ramified of
mixed characteristic, one sees from the explicit construction of [, Ex. 3.8 (5)] that
R — R is the p-completion of a colimit of syntomic morphisms (obtained by
extracting pth-roots), hence is quasi-syntomic. O
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Remark 5.2.2. Conversely, the main result of [J] asserts that a Noetherian ring
with p in its Jacobson radical which admits a faithfully flat map to a perfectoid
ring has to be regular (this is a generalization of a theorem of Kunz [31] in positive
characteristic).

Proposition 5.2.3. Let R be a p-complete reqular ring. The forgetful functor
DF(R) — DM(R)

from filtered prismatic Dieudonné crystals to prismatic Dieudonné crystals is an
equivalence.

Proof. The forgetful functor is obviously faithful. Since R is quasi-syntomic and
either p-torsion free or such that pR = 0, we know by Theorem .85 (and quasi-
syntomic descent) that the composite functor

BT(R) — DF(R) — DM(R)

is fully faithful. This implies that the forgetful functor over R is also full.

Let us prove essential surjectivity. Let (M,par) € DM(R). Let Ro be a
perfectoid quasi-syntomic cover of R, as in Proposition 521l Let M, € DM(R)
be the base change of M, which we see as a prismatic Dieudonné module M, over
R, via the equivalence of Proposition LT.T3l We know (Lemma LT.T5]) that the
forgetful functor

DF(R) — DM(R)
is an equivalence. In particular, Mo, € DM(R) acquires a unique filtration FilM
such that
M = (Me,FilMoo, onr..)
is a filtered prismatic Dieudonné module over R,,. We want to see that FilM,
descends, i.e., that the images of FilM, along the two base change maps

AROQ — AR{”,

where R/ = Roo®@rRoo, coincide. This holds because a prismatic Dieudonné mod-
ule over R/ admits at most one filtration making it a filtered prismatic Dieudonné
module, i.e., because the forgetful functor

DF(R.) — DM(R.,)

is fully faithful. Indeed, R/  is quasi-regular semiperfectoid and either p-torsion
free or of characteristic p (since it is p-completely faithfully flat over the regular
ring R) ; therefore, exactly as above for R, we know that the forgetful functor over
R/ is fully faithful (using again Theorem [L83]). O

Recall the following definition, which already appeared in Example [ Z.T.21] before.

Definition 5.2.4. Let (A, = (d)) be a prism. A Breuil-Kisin module (M, ppr)
over (A,I), or just A if I is understood, is a finite free A-module M together with
an isomorphism

L1
o 9 M7= M[-].
If opr(0* M) C M with cokernel killed by I and finite projective as an A/I-module,
then (M, par) is called minuscule.
We denote by BK(A) the category of Breuil-Kisin modules over A and by

BKpin(A4) € BK(A) its full subcategory of minuscule ones.
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We now specialize the previous discussion to the case where R is a complete
regular local ring with perfect residue field k of characteristic p. Any such R can
be written as

R = W(k)[[ulv i '7ud]]/(E)7

where d = dim R and F is a power series with constant term of p-value one (cf. [40,
Theorem 29.7, Theorem 29.8 (ii)]). Let (A, I) be the prism

(A, 1) = (W(K)[[u, ..., udl], (E)),

where the d-ring structure on A is the usual one on W (k) and is such that é(u;) = 0,
for ¢ = 1,...,d. For simplicity, we assume d = 1 in the following, but the general
case works similarly.

Remark 5.2.5. Since R and A are regular, the condition that the cokernel is
projective over A/(E) = R in the definition of a minuscule Breuil-Kisin module
over A is automatic, as can be seen using the Auslander-Buchsbaum formula.

Theorem 5.2.6. Let R be a complete reqular local ring with perfect residue field
of characteristic p. The functor

BT(R) = BKmin(4) 5 G = 0" My(G)(A D)) = Extip), (u™'G,Op)(a)
is an equivalence of categories.

The case where pR = 0 follows from Corollary .33 the classical fact that a
Dieudonné crystal over R is the same thing as a minuscule Breuil-Kisin module
over A (with respect to p) together with an integrable topologically quasi-nilpotent
connection making Frobenius horizontal and [16, Proposition 2.7.3], which proves
that for this particular ring A, the connection is necessarily unique. Hence in the
following, we will always assume that R is p-torsion free. In this case, the pair
(p, E) is transversal.

Remark 5.2.7. When R = Ok, with K a complete discretely valued extension of
Q, with perfect residue field, A is usually denoted by & (a notation which seems
to originate from [I4]). We will see below that the antiequivalence of the theorem
coincides in this case with the one studied by Kisin for p odd and Kim, Lau and
Liu when p = 2.

We will describe prismatic Dieudonné crystals over Ok via descent using the
following lemma.

Lemma 5.2.8. The natural map from the sheaf represented by (A, I) to the final
object of Shv((R)p) is an epimorphism for the p-completely faithfully flat topology.

Proof. Indeed, let (B,.J) € (R)). Let Ay be the perfection of A ; the map R =
A/l = Ro = As/TAw is a quasi-syntomic cover. By base change, the map

B/J — B/J®pRs

is therefore a quasi-syntomic cover as well. By PropositionB.3.8 there exists a prism
(C, JC) which is p-completely faithfully flat over (B,.J) such that there exists a
morphism of B/J-algebras B/J®rRs — C/J. Since Ry, is perfectoid, it implies
that (C, JC) lives over (As, [ Aoo) (cf. Proposition2.1.11]), and a fortiori over (A, I),
as desired. O
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Proof of Theorem [5.2.0. By Theorem [£.6.9] and Proposition £.2.3] we know that
the prismatic Dieudonné functor

M, : BT(R) — DM(R)
is an antiequivalence. Therefore, it suffices to prove that the functor
M = v*M((A, 1))

from prismatic Dieudonné crystals DM (R) to minuscule Breuil-Kisin modules BK i, (A)
is an equivalence. Let B the absolute product of A with itself in (R),. One has
(cf. [I2, Proposition 3.13])

U= U\ ApBw)

where we wrote E(u) for E® 1. By Lemma [5.2.8 below and Proposition I.I8 a
prismatic Dieudonné crystal M over R is the same thing as a minuscule Breuil-Kisin
module N over A, together with a descent datum, i.e., an isomorphism

N®A1p1 B %N@)A’m B

(where p1,p2 : A — B are the two natural maps), satisfying the usual cocycle
condition.

We claim that any N € BK,,in(A) comes with a unique descent datum. Indeed,
let f: B — A be the map extending the multiplication map A @) A — A.
Proposition below shows that base change along f induces an equivalence
between BKpyin(B) and BK,in(A4). In particular, this base change functor is fully
faithful, and so it suffices to produce the descent datum after base change along f.
But fop; = fopy =1d 4, so one can simply take the isomorphism corresponding to
the identity of N. The same argument shows that the descent datum is unique. 0O

The proof of Proposition [5.2.T0] relies on the following technical lemma.

Lemma 5.2.9. With the notation from the proof of Theorem[5.2.0 the ideal J C B
is contained in NZ'B, stable by ©1 and @i is topologically nilpotent on J, with
respect to the (p, E)-adic topology.

Proof. Write E := E(u). The ideal J is generated (up to completion) by the
o-translates of

z:=(u—v)/E,
so to check that J C N'Z!B, it is enough to prove that §"(z) € N=!B for all n. We
prove by induction on n that for all k > 0, ©*(5"(2)) is divisible by E. For n = 0,
one has, for any k£ > 1,

E(z) = uPh — Pk (4 — ) (PR uPR 2y PR T2 P
’ P (E) () |

Since (E, ¥ (E)) is regular (as (p, F) is transversal because B is p-completely faith-
fully flat over W (k)[[u]] by [12], Proposition 3.13]) and u — v is divisible by F in B,
we deduce that E divides ©¥(z). Let now n > 0 and assume the result is known
for 6™(z). We have, for k > 0,

pet (8" (2)) = " (8" (2)) = D" (0(8"(2) = 0" (2)7) = (" (2)) — " (6"(2))",

441f similarly, E(v) = 1® E, then E(u)/E(v) is a unit in B by [I2] Lemma 2.24] because E(u)

divides E(v) in B. Namely, E(v) = E(u)(% +1) in B and u — v divides E(u) — E(v).
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so the statement for §"*1(z) follows by induction hypothesis, and the fact that p
and E are transversal. This concludes the proof that J C NZ1B.
Let z € J. We have

E.f(e1(2)) = fe(x)) = (f(x)) = 0.
Since E is a non-zero divisor in A, we must have f(¢1(z)) = 0 and therefore
v1(z) € J, i.e., o1 stabilizes J.
It remains to prove that the divided Frobenius is topologically nilpotent on .J,
endowed with the (p, F)-adic topology. Let

Ap
A A { p(E) } ,
p

which by [12, Lemma 2.35] identifies with the (p-completed) divided power envelope
DA((E))" of A in (E). The composition

ar A5 A A
defines a morphism of prisms (4, (E)) — (4’, (p)). Let

B = Dygy a0V,

where J' is the kernel of the map A®y ()4 — R. The ideal J' is generated by E
and u — v, which form a regular sequence in A®W(k)A /p, and therefore

B' = (A®w ) A) {—w(E)’ i(u —v) }; ~ (A®w (i A) {pi’ g:;zlE; ?) };(E)

=D s((E).

Ay (1) A
(In the second isomorphism we used again [I2] Lemma 2.24], and in the first and
last [12] Lemma 2.37].) In particular, the map « induces a map, which we still
denote by the same letter :
a:B— B.
It sends J C B to the kernel K C B’ of the map B’ — A’ (which extends the
multiplication on AQyy (A — A), and commutes with the divided Frobenius (be-
cause B’ is p- and thus ¢(E)-torsion free). The ideal K C B’ is generated (up to
completion) by (v — v) and the é-translates of
plu=v) _ glu—)

p p(E)
As the kernel J of B — A is stable by ¢1, this implies that K = JB’ is stable by
1, and thus in particular contained in N =1 B’.

Observe also that
pB'NB = (p,E).B

To see this, one needs to show that the map induced by «
B/(p,E) = B'[p
is injective, i.e., by faithful flatness of ¢: A — A that the natural map
B/(p,¢(E)) = B/(p, E”) = B'/p = Dp((E))/p
is injective. But since B is p-torsion free,

B'/p = B/(p, E*)[ X0, X1,...]/ (X8, XT,...)"?
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and the above map is simply the natural inclusion map. Hence, it suffices to
prove topological nilpotence of p; = "¢/p(E)” on K with respect to the p-adic
topologyttl. We do it in two steps.

Note first that ¢ is topologically nilpotent on K. More precisely, using that K
is stable by ¢;, one easily sees by induction that ¢*(2) is divisible by p*, for all
z € K and k > 1 (with ¢*(2)/p* € K, because A’ is p-torsion free). The equality

e1(zy) = p(x)e1(y)
for z,y € K, implies by induction that for any n > 1 :

o1 (zy) = @™ (2)7 (y)-
This shows that the second divided power ideal K[! is stable by ¢, (since K is
stable by ¢,¢1) and, by what we just said, that the left hand side is divisible by p™
in K. In fact, one can do better. Let m > 1 and « € K. In the previous equality,
take y = 2™ 1. Seeing it in B’[1/p] (recall that B’ is p-torsion free), one can divide
both sides by m!. It reads :

2 .

1 (v () =

The left hand side always makes sense in K since K has divided powers, and for n
big enough, the right hand side as well since ¢™(x) tends p-adically to 0 and thus is
divisible by m! for n big enough. Letting n go to infinity, we see that the left hand
side goes to 0 in K. These considerations prove that ¢; is topologically nilpotent
(with respect to the p-adic topology) on K [ as it is topologically nilpotent on K2
and all divided powers ~,,(x), m > 2, for z € K.

Let e be the degree of the polynomial E. Since K is stable by ¢1, @1
defines a semi-linear endomorphism of the quotient K/K 2l Let us now prove
that ©7°(K/KP) c p.K/K!?. We know that the A’-module K/K? is isomor-
phic to (Q4)"» ®4 A’ (where the map A — A’ is the natural inclusion). It
is a free A’-module of rank generated by du and via this identification, one has
©1(du) = uP~tdu. But the image of uP¢ in A’ is divisible by p since p divides E? in
A" and F is an Eisenstein polynomial. Therefore p (even pP~1) divides ¢} (du ® 1)
in K/K[.

Finally, let us check that these two steps imply the desired topological nilpotence.
Let x € K, x its class in K/Km. Fix an integer n > 1. By the second step, we
have

P (z) € pK /KB,
i.e., there exists y € K such that
Pl (z) €y +p K.
By the first step, there exists m > 1 such that ¢7*(y) € p"K, and so

"M (z) € p"K,

as desired. O
et us clarify what we mean by the various ¢1’s, whenever they are defined. On A we set

»1 = ¢/E which is the restriction of 1 = ¢/@(E) along a. In B’ the element ¢(E)/p is a unit
and thus ¢1 = ﬁ %, i.e., both possible definition of the divided Frobenius differ by a unit.
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Proposition 5.2.10. With the notations from the proof of Theorem [5.2.0] the map
f: B — A induces an equivalence:

BKmin (B) — BKmin (A)

Proof. From Lemma [5.2.9] and the fact that the map B — A is surjective, one
deduces fully faithfulness of the functor

BKmin (B) — BKmin (A)

as in the proof of Lemma 4.T.27] For essential surjectivity, observe that the map
t: A — B sending a to the image of a ® 1 in B is a section of the map B — A.
Therefore, any M € BK,in(A) is the image by the functor

BKmin(B) — BKin (A)
of t* M € BKpin(A). O

Finally, let K be a complete, discretely valued extension of Q,, let Ox C K be
its ring of integers and assume the residue field k of Ok is perfect. We will show
that the equivalence of Theorem coincides with the equivalence established
by Kisin (cf. [30, Theorem 0.4]). Set

S := W(K)[[u]]

with Frobenius lift ¢: W (k)[[u]] — W (k)[[u]] sending u — wP. Fix a uniformizer
7 € Ok and define the morphism

é:G—)OK, U > T,

Then the kernel ker(f) = (F) is generated by an Eisenstein polynomial E
W (k)[u]. Let S be the p-completed divided power envelope of the ideal (E) C
ie.,

€
S,

s - (A2,

in the category of §-rings. Note that the composition
V6 5H G~ S

induces to a morphism (&, (E)) — (S, (p)) of prisms. Via the composition O =

G/(E) LN S/(p) we consider (S, (p)) as an object of the (absolute) prismatic site
(Ok)p- The antiequivalence

MKiS(_): BT(Ok) = BKmin(Ok)

of Kisin has the characteristic property (cf. [30, Theorem (2.2.7)]) that for a p-
divisible group G over O there is a canonical Frobenius equivariant isomorphism

M¥5(G) ®e,4 S = D(G)(S)

where the right hand side denotes the evaluation of the crystalline Dieudonné crystal
of G on the PD-thickening S — Ok (which sends all divided powers of E to zero).

Let G be a p-divisible group over Ok with absolute filtered prismatic Dieudonné
crystal M (G). We use Lemma [£.2.4 and Proposition B.1.4 and consider M ) (G)
as a crystal on the absolute prismatic site (O ).
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Lemma 5.2.11. There is a natural Frobenius equivariant, filtered isomorphism
ak: Mp(G)(S, (p)) = D(G)(S).

Here D(G)(S) denotes the evaluation of the Dieudonné crystal of G at the PD-
thickening S — Ok.

Proof. This follows from Lemma [£.3.4] O

We want to show that the natural isomorphism ok restricts to an isomorphism
Mp(G)((S,(F)) = M¥(G). In other words, we want to prove the existence of
the dotted morphisms in the diagram

—

MpC)(&,(B) M)

< — —

Mp(G)(S, (p)) ==D(G)(9).

Let C be the completion of an algebraic closure of K and let O¢ C C be its ring
of integers. Set Aint := Ainr(Oc), Acrys := Aarys(Oc).
We can extend the morphism O — O¢ to a morphism of prism
f : (67 (E)) - (Ainfv (5))
by sending u +— 7” = [(w,7*/?,...)] (after choosing a compatible system of p-power
roots w'/?" € O¢ of 7). Let

©
¢C: Ainf — Ainf — Acrys'

Then analogous ¥¢ induces a morphism (Aing, (§)) = (Acrys, (p)) of prisms.
By faithful flatness of & — Ajus (cf. [10, Lemma 4.30]) it suffices to prove the
existence of the dotted arrows after base change to Ajns:

@ My(@(®.(B) oy A M(G) Be,s A

Mu(G)(S, (p) ®e, 5 Aing =—=D(G)(S) ®e,s Ain-
By flat base change of PD-envelopes (cf. [49, Tag 07THD]) we get
S®e Ainf = Acrys
and thus D(G)(S) @ Aint = D(Go ) (Acrys)-
Similar to Lemma [5.2.17] there is a canonical isomorphism

ac: Mp(G)(Aarys; (p) = D(Goc ) (Acrys)

by Lemma .34 and thus the lower horizontal isomorphism in (Equation () iden-
tifies with ac. By the crystal property of M) (G) the left vertical injection

MA(G) (6, (E))) ®s,f Aint = Mp(Goo) (S, (p) ®es,f Aint.

identifies with the inclusion

Mp(G)(Aint; (€))) = Mp(Goc)(Aerys, (P))

46Note that we take £, not €.
47But note that our map f differs from the one of [I0], which is ¢ o f.
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along the morphisms of prism ¥¢: (Aint, (€)) = (Acrys, (p)). By Proposition 3.7
there is a canonical isomorphism
B+ 5, M (G) (Aint, (€))) = M (G)(Ains, () =M™ (Goo )"

to the dual of the functor constructed by Scholze-Weinstein. By [47, Theorem
14.4.3] M3W(G)* ® a,; Acrys 2 D(Goy /p)(Acrys) and moreover the diagram

inf

My (@) (A, () —— MY (Go,)*

MA(G)((£Crysu () —=D(G)(Acrys) = MV (Goc)* @a
commutes. Hence, it suffices to prove that there exists an isomorphism
v: M¥%(G) ®e g Aing = M5V (Go,)*
where g = ¢ o f is a morphism of prisms

9:(&,(E)) = (At (),

©h

inf

Acrys

inf

such that the diagram

M¥5(G) @,y At ———— M3V (Go,.)*

| l

D(GOC)(Acrysv (p)) é MSW(GOC>* XA Acrys

inf
commutes.

Let T be the dual of the p-adic Tate module T,,G of G. Then T is a lattice in
a crystalline representation of Gal(K /K) (where K C C is the algebraic closure of
K) and M¥(G) =2 M(T) where M (—) is Kisin’s functor from lattices in crystalline
representations to Breuil-Kisin modules. By [10, Proposition 4.34] M(T) g, Aint
corresponds under Fargues’ equivalence (cf. [47, Theorem 14.1.1]) to the pair (T, Z)
with 2 C T®z, Byr the B:{R—lattice generated by Dyr (Tg,) = (T'®z, Bggr) Gl (E/K)
But this pair is exactly the one associated to Go. by Scholze-Weinstein.

Thus in the end our discussion implies the following proposition.

Proposition 5.2.12. The two functors
G — MXs(Q)
G = M)(G)(S,(E))
from p-divisible groups over Ok to minuscule Breuil-Kisin modules are naturally

isomorphic.

5.3. Filtered prismatic Dieudonné crystals and displays. The work of Zink
provides a classification of connected p-divisible groups over p-adically complete
rings (cf. [50]). In this section, we want to relate it to the classification obtained
(for quasi-syntomic rings) in Theorem

Definition 5.3.1. Let R be a p-complete ring. A display over R is a window (cf.
Section ] and [37, Example 5.4.]) over the frame

W(0) = (W(0), I(0) := ker(W(O) — O), F, F}),
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in the topos of sheaves on the p-completely faithfully flat site of R, where F is the
Witt vector Frobenius and Fj the inverse of the bijective Verschiebung morphism
V:I1(0) - W(0O).

The category of displays over R is denoted by Disp(R).

Remark 5.3.2. The category of displays satisfies faithfully flat descent : see [50),
Theorem 37]. Since displays over a p-complete ring R (with bounded p®°-torsion)
are equivalent to compatible systems of displays over R/p™ for all n > 1, we see
that displays even satisfy p-completely faithfully flat descent (cf. [I1, Corollary
4.8]). Hence the category of displays over R in the sense of Definition B.3.1] is
the same as the usual category of displays over R (i.e., windows over the frame
(W (R), I(R), F, F\)).

Proposition 5.3.3. Let R be a quasi-reqular semiperfectoid ring. Assume that
pR =0 or that R is p-torsion free. The natural morphism from Theorem [34.0]

AR — R
(given by moding out N=1Ag) lifts to a morphism of frames (in the general sense

of [16, Definition 2.1.5])
AR,Nyg — E(R)7

where Ap nyg 15 the frame associated to (Ag,I) and £, as in Example [£118

Proof. By adjunction (cf. [26, Theoreme 4]), the morphism Ar — R gives rise to a
morphism of §-rings :
f:br — W(R),
lifting the morphism to R, i.e., sending N='Ag to I(R). In particular, f(¢) € I(R),
and thus
f(&) = (f(£)) = pe1(f(€))

and so p divides f(€). By [12, Lemma 2.24], we deduce that (p) = (f(€)). It is
then easy to conclude when W(R) is p-torsion free since the commutation (up to a
unit) of f with the divided Frobenius can be proved after multiplying by p. In the
case where pR = 0 one argues as in [36, Lemma 7.4]. O

It would be nice to prove that for any R quasi-regular semiperfectoid, the mor-
phism of the proposition always defines a morphism of frames. Although we did

not succeed in doing so, the next proposition shows that one can circumvent this
difficulty.

Proposition 5.3.4. Let R be a quasi-syntomic ring. There exists a natural functor,
unique up to isomorphism,

Zp : BT(R) = Disp(R), G = Zy(G) = (Zr(G),Fil Zr(G), F, 1)

such that the triple (Zr(G),Fil Zr(G), F) is obtained by base change of M (G)
along the morphism of §-pairs

(Opris,/\/zl(?pris) = (W(0),ker(W(0O) = O)).
Moreover, it coincides with the composition of the filtered prismatic Dieudonné

functor with the functor induced by the morphism of frames of Proposition [5.3.3
when R is quasi-regular semiperfectoid and pR = 0 or R is p-torsion free.
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Proof. The requirement of the proposition already says what
(Zr(G),Fil Zgr(G), F)

must be. Therefore, the only issue is to define the divided Frobenius Fj.

Assume first that R is quasi-regular semiperfectoid and p-torsion free. Then one
defines Z , as the composition of the filtered prismatic Dieudonné functor with the
functor induced by the morphism of frames of Proposition5.33l By quasi-syntomic
descent (Remark [(.3.2)), one gets a functor Zg for any p-torsion free quasi-syntomic
ring R. For such rings R, the functor Zp is necessarily unique by p-torsion freeness
of W(R). In particular, it commutes with base change in R.

To obtain the functor Zg in general, we use smoothness of the stack of p-divisible
groups, following an idea of Lau, [34] Proposition 2.1]. Let X = Spec(4) —
BT x Spec(Z,) be a smooth presentation of the stack of p-divisible groups as in
loc. cit. Then Spec(B) = X xp7 X is affine. The p-adic completions A and B are
both p-torsion free (cf. [34, Lemma 1.6.]).

Let R be a quasi-syntomic ring and G be a p-divisible group over R. It gives rise
to a map « : Spec(R) — BT X Spec(Zp). Let

Spec(S) = Spec(R) X pTxspec(z,) Spec(4),
and
Spec(T') = Spec(S) Xgpec(a) Spec(B).
Let S and T be their p-adic completions. The rings A and B are p-completely

smooth, and therefore quasi-syntomic. By base change the rings S and T are also
quasi-syntomic. The base change

(Z5(Gg), Fil Zg(Gy), F)

of the triple (Zg(G),Fil Zr(G),F) along R — S is also the base change of the
triple
Zi(Hz),Fil Z;(Hy), F)

along a® A of the universal p-divisible group H over A. The divided Frobenius F}
on Z;(H 4;) (coming from the first part of the proof) therefore induces an operator
Fy on Zg(Gg). This operator I is compatible with the descent datum for the
base change along the two natural maps S — T, since the functor Z 4 exists and is
unique. By descent (Remark [5.3.2), this defines a display structure Z(G) on the
triple (Zr(G),Fil Zr(G), F).

This display structure is uniquely determined by the requirement that it is com-
patible with the maps R — S’, S =5 A In particular, it has to coincide with
the composition of the filtered prismatic Dieudonné functor with the functor in-
duced by the morphism of frames of Proposition [£.3.3] also when R is quasi-regular
semiperfectoid and killed by p. O

The functor of Proposition 5.3.4] is not an antiequivalence when p = 2. Never-
theless, one has the following positive result, reproving the main result of [50], [32]
in the special case of quasi-syntomic rings.

Proposition 5.3.5. Let R be a quasi-syntomic ring, flat over Z/p™ (for some
n>0) or Zy. The functor Zp restricts to an antiequivalence

BTI(R) = Dispnilp(R)
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between the category of formal p-divisible groups over R and the category of F-
nilpotent displays over R.

Recall that a display is said to be F'-nilpotent if its Frobenius is nilpotent modulo
.

Proof. Assume first that R is quasi-regular semiperfect. The functor Zj is the
composite of the filtered prismatic Dieudonné functor, which is an antiequivalence
by Theorem [£6.9] and of the functor induced by the morphism of frames

(AR = Acrys(R)uN21AR7<Pu 901) - (W(R)vl(R)vFv Fl)'

The morphism Ar — W(R) is surjective (since it is so modulo p and both sides
are p-complete ; note that we assume pR = 0). The kernel of this morphism is
generated by the elements [z](™), for 2 € ker(R* — R) and n > 1. For such an
element, one has

n )l

or(l)) = L g,

Iterating, one sees that 7 is topologically nilpotent on the kernel (with respect to
the p-adic topology). By Lemma [LT.27 the functor

DF(R) — Disp(R)

is an equivalence. It is easily seen that it restricts to an antiequivalence between
formal p-divisible groups and F-nilpotent displays.

By quasi-syntomic descent, this yields the statement of the proposition when R
is quasi-syntomic with pR = 0. In general, R/p is quasi-syntomic ([I1, Lemma 4.16
(2)]) and one can consider the following commutative diagram :

Zp .
BT(R) — Disp(R)

NPT

BT(R/p) —— Disp(R/p).

Grothendieck-Messing theory for F-nilpotent displays (cf. [50, Theorem 48]) cou-
pled with Grothendieck-Messing theory for p-divisible groups (cf. [42, V (1.6)] and
[50, Corollary 97]) show that this diagram is 2-cartesian. Since Zp/,, is an antiequiv-
alence, Zp also is one. 0

5.4. Etale comparison for p-divisible groups. Let R be a quasi-syntomic ring
and let G be a p-divisible group over R. In this section we show how the (dual
of the) Tate module of the generic fiber of R, seen as a diamond ([46, Definition
11.1]), can be recovered from the (filtered) prismatic Dieudonné crystal M) (G) of
G.
Let
Opris
be the prismatic sheaf on (R)qsyn and
T .= :paris g Opris

the natural invertible OP"S-module (cf. Definition EET.T]). Fix n > 0. Note that the
Frobenius
©: Opris _y pris
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induces a morphism, again called Frobenius,
p: OP [p[1/T] — OP*™ /p"[1/1]
as p(Z) C (p,Z) although Z is not stable under ¢.
We let
(R)o
be the v-site of all maps Spf(S) — Spf(R) with S a perfectoid ring over R. By

definition the coverings in (R), are v-covers Spf(S’) — Spf(S) (cf. [12] Section
8.1.]). Let

(R)qsynﬁqrsp

be the site of all maps Spf(S) — Spf(R) with S quasi-regular semiperfectoid (covers
given by quasisyntomic covers). The perfectoidization functor

S Spcrfd
from [12] Definition 8.2.] induces a continuous functor
a: (R)y = (B)qgsyn,arsp

sending Spf(S) to Spf(Sperta). Indeed, by [12, Proposition 8.10.] and the fact that
quasi-syntomic covers are v-covers the conditions of [49, Tag 00WV] are satisfied.
Moreover, we have the “inclusion of the generic fiber”

J: Spa(R[1/p], R); — (R).

induced by sending Spf(S) to Spa(S[1/p], SYH. Here Spa(R[1/p], R)? is the v-site of
the diamond associated with Spa(R[1/p], R) (cf. [46, Section 15.1.], [46, Definition
14.1.iii))).

Lemma 5.4.1. There are natural isomorphism
a(Z[p") = (0P [p)#=
and
(a0 j)u(Z/p") = (OP™ /p"[1/T])*~!
of sheaves on (R)qsyn,qrsp-

Here (—)#=! denotes the (non-derived) invariants of ¢ on the sheaf OP*s /p"[1/Z].

Proof. We only prove the second statement. The first is similar (but easier). Let
S be a quasi-regular semiperfectoid R-algebra. Then

(0P /p[1/T))P=1(8) 2 (lig OP /" [1/T]) 7= (5) = (timy OV (5) /p")*=".

The first isomorphisms follows from commuting a kernel with a filtered limit and

the second as S is quasi-regular semiperfectoid (which implies that the p-torsion free

sheaf MEOP“S has no higher cohomology over S). Then [12] Lemma 9.2.] implies
]

that
(liy OP™(8) /p™)#=" = (Aing (Sperta) /D" [1/Z])#

48We use the notation Spa(S[1/p],S) when S is not necessarily integrally closed in S[1/p).
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By [12, Lemma 9.3.], the equivalence of underlying topological spaces under tilting
of perfectoid spaces, [47, Theorem 7.1.1.], and [28, Proposition 3.2.7.] the right-
hand side becomes

Wn((Sperfd[l/p])b)g):l = Homes (o (Spa(Sperta[1/p], Sperta)), Z/p"),
which agrees with
(a0 )« (Z/p")(S).
This finishes the proof. ([

We can derive the following description of the Tate module of the generic fiber.

Proposition 5.4.2. Let G be a p-divisible group over R with prismatic Dieudonné
crystal My (G) and let n > 0. Then

Jrat (M (G) /" [1/ T

is canonically isomorphic to Homz,n (Gp"]y, Z/p™) where G[p"],, denotes the sheaf
Spa(S[1/pl, S) = G[p"|(S[1/p]) on Spa(R[1/p], R);.

Proof. Set M := M) (G). By Lemma [£.2.8
M =Hom(g),.n awen (TG, orris),
From the proof of Proposition we can conclude that
T,G, OP™) /p" = Hom(R) .y e (Tp G, OP° /p")
2 HOM(R)quy e (GIP"], OV /7).

Hom(R)qSynaqrsp(
It follows that
M/P"[L/T) = Hom(gy,y o (GIP™], OP7° /p"[1/T])

as using Section {4l the functor Hom(g), ... ..., (G[P"], —) commutes with filtered
colimits. Finally,

M/P /TP 2 Hom Ry gy (GIP™), OP /" [1/Z]77).
By Lemma [5.4.7]
OP™ [p"[1/T)=" 2= (a0 j).(Z/p")
and thus

M/ [/ 2= HOM Ry gy (Gl (00 0 5) (/™))
= (o j)s(Homg e ((a 0 3)"G[p"], Z/p")))-

The definitions of a and j imply
(a0 ) M/p"[1/T]*=" = Homy e ((a 0 §)*G[p"™), Z/p"),
as we can conclude from Lemma [5.4.3] O

Lemma 5.4.3. With the notations from Proposition [5.4.2,
(a0 ) Glp"] = Gp"]y-
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Proof. By right exactness of (« o j)*, it suffices to show
(a0 J)' TG = T,Gy,.
Moreover, we may assume that R is perfectoid by passing to slice topoi. Let S be

the R-algebra representing 7,,G on p-complete rings. Thus S is the p-completion
of ligSm where S, represents G[p™]. Then S is quasi-regular semiperfectoid. By
m

definition (v o j)*T,G is represented by the perfectoid space
Spa(Spcrfd [1/p]7 S;_erfd)

over Spa(R[1/p|, R) where S’;Crfd is the integral closure of Sperfa In Sperfa[l/p].

Let Spa(T,T7T) be an affinoid perfectoid space over Spa(R[1/p], R), in particular
we assume that 77T is integrally closed in T' = T*[1/p]. Then any morphism
Spertd[1/p] — T sends S;r orid — T because S is a p-completed direct limit of finite

R-algebras and T'" is perfectoid and integrally closed in T'. Thus
Hom(R[l/p],R) ((Spcrfd[l/p]v S;rerfd)v (Ta T+)) = HomR(S;)Lerfdv T+)
=~ Hompg(S,T™)
= HomR(lig S, TT)

= Homp(lim Sy, T') = T,G(T)

where S, represents G[p™] (thus S is the p-adic completion of lim Sm)). In the last

isomorphism we used again that all S, are finite over R and thus any morphism
Sm — T of R-algebras factors over T, O
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APPENDIX A. DESCENT FOR p-COMPLETELY FAITHFULLY FLAT MORPHISMS

In this appendix, we prove descent results for the p-completely faithfully flat
topology on p-complete rings. We expect the statements in this section to be more
or less known, but we did not find a written source.

Let R be a p-complete ring with bounded p*°-torsion. The property that R has
bounded p°°-torsion is important as it implies that the pro-systems

{R/p"}n>0
and
{R®7 Z/p"}nz0
are pro-isomorphic@. In particular, for every complex M of R-modules there is an
isomorphism of pro-systems

{M ®% R/p"}nz0 = {M QL Z/p" }nzo.

Let us recall how faithfully flat descent for modules follows from the Barr-Beck
theorem (cf. [20, Chapitre 4]).

Let
T:C—7D
be a functor between two categories and assume that 7" admits a rightadjoint
U:D—C.
Set

F:=ToU:D—7D.
The unit ¢: F = TU — Idp and the natural transformation
p: F=TU - FoF =TUTU

induced from the counit Id¢ — UT give F' the structure of a comonad. An object
D € D together with a morphism ap: D — FD is called an comodule for F' if the
composition

D% FD 5 D

FD -2 prp
commutes. For each C' € C the canonical morphism
TC—-TUTC

induced from the counit C — TUC gives a comodule structure on the object
D :=TC. The theorem of Barr-Beck states the following converse.

Theorem A.1 (Barr-Beck). Assume that
o A pair of morphisms a,b: C; — Cs in C admits an equalizer if Ta, Tb: TCy; —
TC5 admits one

o Ifc: Cy — Cq equalizes a, b, then c is an equalizer of a, b if T'c is an equalizer
of Ta, Tb.

is the identity and the diagram

49The pro-system H (R ®L Z/p™) = R[p"] is pro-zero as R has bounded p>-torsion.
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Then the functor T induces an equivalence of C with the category of comodules for

F.

If A — B is a faithfully flat morphism of rings, then faithfully flat descent be
deduced from Theorem [A Tl by setting C := Mod 4, D := Modg and T := B® 4 (—).
Namely in this case comodules in D can be identified with B-modules with descent
datum (cf. [20, Chapitre 4.2]) and the theorem of Barr-Beck applies because the
functor T = B ®4 (—) satisfies both hypothesis in Theorem [AJl as A — B is
faithfully flat.

Assume from now on that R a p-complete ring with bounded p>-torsion. Let
Modpg,. be the abelian category of derived p-complete R-modules and let R — R’
be a p-completely flat morphism of rings and assume that R’ is p-complete with
bounded p>°-torsion.

For an R-module M we set

T(M) = R &% M
where the completion is derived. We let
Modg,¢,pda € ModRg, ¢
be the full subcategory of R-modules with bounded p®°-torsion. Equivalently, it is
the full subcategory consisting of R-modules M such that the pro-system
{H (M @ R/p"}n>0 = {H (M &5 Z/p}n>0

is pro-zero. Namely, if M is an abelian group such that the p*°-torsion in M is
unbounded, then

{HH (M @5 Z/p")}nz0 = {M[p"}n0
is not pro-zero. If it were, then there exists an m > 0, such that the morphism
p" T M[p™] — Mp]
is zero. But as M has unbounded p*°-torsion there exists a non-zero element in
M[p™]\ M[p™~1].
Lemma A.2. The functor T: Modg,cbda = Modprs ¢ b has the forgetful functor
Modp/ ¢,bdd = ModRg,cbad as a right adjoint.

Proof. The functor T' is well-defined. Namely, for M € Modg cbaq the complex
T (M) is p-adically complete and T' (M) ®L,/p R/p=M ®Hé/p R’ /p is concentrated
in degree 0 as R — R’ is p-completely flat, and the pro-system

{H (M &% R /p")}nz0 = {H (M ®% R/p") @pypn R /D" Inzo

is zero. For the adjunction it suffices to see that the restriction of a derived p-
complete R'-module M with bounded p°°-torsion is a derived p-complete R-module
with bounded p*°-torsion. But derived p-completeness and the torsion only depends
on the underlying Z-module and thus the claim follows. ([l

Lemma A.3. Let 0 = My — M; — My — 0 be an exact sequence in Modg,c bdd-
Then the sequence

0—T(My) —T(M;)—T(My) —0

15 exact.
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Proof. The triangle
My ®% R — My ®% R — M, ®% R’
is distinguished and each term is concenctrated in degree 0. (I

Lemma A.4. The category ModRg, ¢ bdaa of p-complete R-modules with bounded p -
torsion admits kernels and the inclusion Modg, ¢ r,da — Modgr commutes with these.
Moreover, the functor T': ModRg, ¢,bdd — Modprs ¢ bdd commutes with kernels.

Proof. Let My — M5 be a morphism in Modg, ¢ baq and K its kernel as a morphism
of R-modules. Then K is (derived) p-complete (because it identifies with a coho-
mology group of the derived p-complete mapping cone of M7 — Ms). Moreover, K
has bounded p*°-torsion because M; has. In the exact sequence

0—>K—M —M/K—=0

the right term is (derived) p-complete and has bounded p®-torsion (because it
embeds into Ms). Therefore the statement on p-completely flat base change follows
from Lemma [A3] O

Lemma A.5. The functor
T: ModRg,cbdd = Modpr/ c.bad
is conservative, i.e., reflects isomorphisms.

Proof. Let My — Ms be a morphism, such that T'(M;) — T(Ms) is an isomor-
phism. By p-completeness of M; and M, it suffices to see that M, ®HI‘% R/p —
M, ®% R/p is an isomorphism. By p-complete faithful flatness of R — R’ this may
be checked after base change to R’. But for M € Modg ¢ baa we get that

M@y R/p&Y, R /p= M@ R &% R [p= (M &% R @ R /p=T(M)®k R /p
and thus the statement follows. O

Lemma A.6. Let R — R’ be p-completely faithfully flat and let 0 — My — M7 —
My be a sequence of morphisms in Modg, ¢ bda such that 0 — T(My) — T(M7) —
T(M>) is exact. Then 0 — My — My — Ms is exact.

Proof. Let K be the kernel of M7 — M. It suffices to see that the natural map
My — K is an isomorphism. Using Lemma [A 4] this follows from Lemma [A.3l O

Now, we can conclude descent for p-completed R-modules with bounded p®°-
torsion from the Barr-Beck theorem.

Theorem A.7. The category Modg ¢ bdd s equivalent to the category of descent
data (M, o), where M € Modpgs ¢ pbaa and « an isomorphism of the base changes of

M to R' ®% R’ satisfying the cocycle condition over R’ @Y% R’ ®@'% R'.

Proof. From Lemma and Lemma [A4] we can conclude that the hypothesis of
the theorem of Barr-Beck Theorem [A]] are satisfied. As in [20, Chapitre 4.2.] one
can conclude the statement on descent data. (]

Under descent the property of being finite projective is preserved.

—

Lemma A.8. Let M € Mod. gpaa- If T(M) =M ®Hj% R’ is finite projective over
R, then M s finite projective over R.
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Proof. From classical faithfully flat descent of finite projective modules we can
conclude that
M &% R/p
is a finite projective R/p-module as
M &% R/p®'p,, R [p
is. Therefore the claim follows from Lemma [A.0l O

Lemma A.9. Let R be a p-complete ring with bounded p*° -torsion and let M be a
derived p-complete complex of R-modules such that M ®Hj% R/p is a finite projective
R/p-module placed in degree 0. Then M is (quasi-isomorphic to) a finite projective
R-module.

Proof. We first show that M is concentrated in degree 0. Indeed,
M= Rim(M @5 2/p") = Rlim(M & R/p"),

where we use that R has bounded p*>°-torsion in the second isomorphism. Moreover,
all M ®% R/p™ are concentrated in degree 0 by the flatness of M ®% R/p over R/p
and the exact triangles

(M @5 R/p) @F, 0")/ (") = M @5 R/p"™ — M &% R/p".

By Mittag-Leffler we thus get that M is concentrated in degree 0. By p-completeness
of M we can conclude from the derived Nakayama lemma that M is finitely gener-
ated because M ®HI‘% R/p is. Therefore there exists a short exact sequence

0—-K—R"—-M—0.

Then K is derived p-complete and because M ®HI‘% R/p is concentrated in degree 0
the sequence

0—K/p— (R/n)" = M/p—0
remains exact. As M/p = M ®% R/p is projective over R/p, K/p is finitely gen-
erated. Therefore K is finitely generated by the derived Nakayama lemma and
therefore M is finitely presented. Let x € Spec(R) be a closed point. Then by
p-completeness of R the point x lies in Spec(R/p). Thus we can conclude that

M @, k(z) = (M ©F R/p) ©F ), k()
is concentrated in degree 0 as M ®% R/p is a finite projective R/p-module. Using
Lemma [A.10l we can conclude. O
Lemma A.10. Let S be a ring and let M be a finitely presented S-module. If
M ®% k(z)
is concentrated in degree 0 for all closed points x € Spec(S), then M is finite
projective.

Proof. Using that M is finitely presented we may after replacing S by a localisation
at a maximal ideal assume that S is local with unique closed point z € Spec(S).
Then let

0K —=S"% M0

be a short exact sequence such that a®gk(z) is an isomorphism. Then K is finitely
generated because M is finitely presented. Hence, by Nakayama it suffices to prove
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K ®g k(z) = 0. But M ®% k(z) is discrete and a ®g k() is an isomorphism, thus
even K ®@% k(z) =0. O

Proposition A.11. The fibered categories of p-divisible groups and finite locally
free group schemes over p-complete rings with bounded p°-torsion are stacks for
the p-completely faithfully flat topology.

Proof. Tt suffices to show the statement for finite locally free group schemes as p-
divisible groups are canonically a colimit of such. From Theorem[A.7land Lemma[A 8|
we know that finite locally free modules form a stack for the p-completely faithfully
flat topology on p-complete rings with bounded p*-torsion. As base change com-
mutes with fiber products, this implies that finite locally free group schemes form
a stack, too. O

Recall that a morphism
(A, I) — (B,J)
of prisms is called faithfully flat if it is (p, I)-completely flat.
Proposition A.12. The fibered category
(A, I) — { finite projective A — modules}
on the category of bounded prisms is a stack for the faithfully flat topology.

Proof. If (A, I) is a prism, then A is classically I-complete and thus finite projective
A-modules are equivalent to compatible systems of finite projective A/I"™-modules,
ie.,

{ finite projective A — modules} =2 — l&n{ finite projective A/I"™ — modules}
(cf. [49, Tag 0D4B]). As the 2-limit of stacks is again a stack it suffices to show that
for any n > 0 the fibered category

(A, T) — { finite projective A/I"™ — modules}

is a stack on bounded prisms. If (A,7) — (B,J) is a faithfully flat morphim of
prisms, then

A/I" — B/J"
is a p-completely faithfully flat morphism of rings with bounded p°°-torsion. Thus
the proposition follows from Theorem [A.7] and Lemma [A.8 O

Example A.13. We give an example of a ring R which is classically (p, f)-complete
where f € R is a non-zero divisor, such that R/f has bounded p>-torsion, but R
has unbounded p>°-torsion. Set

R:=Z[f,x;]i>0,0<j<i]*®n/J
with J generated by the elements
bxij — fl“z'.,j+1
(where x; ;41 := 0). Then f is a non-zero divisor in R and all p>-torsion in
R/ f = Zzi ]/ (pxi ;)
is killed by p. But
pZIi70 = piIi_l =...= fl{Eiyl‘ }é 0
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while p'™tx; o = fipx;; = 0. This shows that R has unbounded p™-torsion. As f
is a non-zero divisor in R the (p, f)*°-torsion in R is zero.
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