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Résumé

Cette these est composée de trois parties essentiellement indépendantes, obtenues dans les arti-
cles [Pha22], [Pha23a], [Pha23b] de I’auteur. Dans la premiere partie, nous donnons une nou-
velle preuve plus simple de la description explicite de la champ des (¢, I')-modules de rang un
d’Emerton—Gee. Dans la deuxieme partie, nous définissons et étudions des champs paramétrant
les (i, I')-modules de Lubin—Tate. En particulier, nous les comparons avec les champs des (¢, I')-
modules cyclotomiques d’Emerton—Gee. En conséquence, nous déduisons la perfection du com-
plexe de Herr dans le cadre Lubin—Tate. Dans la troisiéme partie, nous étendons partiellement
I’équivalence de Bhatt—Scholze entre les ['-cristaux prismatiques et les réseaux dans les représen-
tations cristallines de Galois au “contexte de Lubin—Tate”. En cours de route, nous prouvons un
résultat général sur la pleine fidélité d’un foncteur de changement de base sur certains fibrés vecto-
riels sur le site prismatique, ce qui simplifie et raffine 1’étape clé dans 1’approche de Bhatt—Scholze
sans invoquer la séquence de fibres de Beilinson.

Mots clés : rang un, (o, I')-modules, champs, Lubin-Tate, F'-cristaux prismatiques, représenta-
tions Galoisiennes.






Abstract

This thesis is composed of three essentially independent parts, obtained in the articles [Pha22],
[Pha23a], [Pha23b] by the author. In the first part, we give a new and simpler proof of the explicit
description of the Emerton—-Gee stack of rank one (, I')-modules. In the second part, we define
and study stacks parametrizing Lubin-Tate (¢, I')-modules. In particular, we compare these with
the Emerton—Gee stacks of cyclotomic (¢, I')-modules. As a consequence, we deduce perfectness
of the Herr complex in the Lubin—Tate setting. In the third part, we extend partially the equivalence
of Bhatt—Scholze between prismatic F'-crystals and lattices in crystalline Galois representations to
the “Lubin—Tate context”. Along the way, we prove a general full faithfulness result for certain
vector bundles on the prismatic site, which simplifies and refines the key descent step in the ap-
proach of Bhatt—Scholze without invoking the Beilinson fibre sequence.

Keywords: rank one, (¢, I')-modules, moduli stacks, Lubin-Tate, prismatic F'-crystals, Galois
representations.
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Chapter 0

General introduction

0.1 Context

Galois representations and p-adic Hodge theory

Traditionally, number theory is the branch of mathematics that studies questions related to the inte-
gers. A typical problem in number theory is to determine the set of integers satisfying a system of
polynomial equations with rational coefficients. To such a system of equations, one can associate
a geometric object, called an algebraic variety, over the field of rational numbers Q. This change
of perspective is particularly fruitful as it allows the introduction of tools and intuitions from ge-
ometry to the study of algebraic equations. Thanks to the work of Grothendieck and his school,
one can then extract from such an algebraic variety X certain algebraic invariant known as its
étale cohomology groups H, ;3t(X6, Q,), one for each prime p. By general results, it is known that
for X /Q proper these groups are finite dimensional Q,-vector spaces equipped with a continuous
linear action of G, the absolute Galois group of Q. This is an example of a p-adic Galois repre-
sentation. Furthermore, the operation X — H{ (Xg, Q,) is not too drastic in the sense that very
often many geometric properties of the former are already encoded in the latter. As an example,
the Néron—Ogg—Shafarevich criterion allows one to read off the reduction type of an elliptic curve
over QQ at a prime p from its associated Galois representations.

Thus, in this optic, modern (algebraic) number theory can be essentially regarded as the study
of p-adic representations of the Galois group G'q of Q, or more generally of a number field. More-
over, as should be clear from our preceding discussion, it is important to understand the represen-
tations coming from geometry, which is to say, those arising as a subquotient of H, gt(XQ, Q,) for
some X and i. Now the representation theory of Gq is most interesting when one regards it not
merely as an abstract (topological) group but as a group equipped with additional local structure at
each prime number /. More precisely, for each /, the choice of an embedding Q — Q, gives rise
to a closed embedding Gq, — G which is determined up to conjugation. In particular, given a
p-adic representation of Gq, one obtains by restriction, a p-adic representation of Gq, for each £.
Conversely, in view of the Brauer—Nesbitt theorem, a representation of Gq coming from geometry
is uniquely determined by its various restrictions to Gq,. Thus, we may reduce our task to study
p-adic representations of the local Galois groups Gq, which are structurally much simpler than

7



8 Chapter 0. General introduction

Gq.

Now if ¢ # p, then because of the incompatibility between the ¢-adic and the p-adic topolo-
gies, the resulting category of representations of Gq, is relatively simple. In fact, Grothendieck’s
monodromy theorem states that any such representation is automatically “potentially unipotent”.
On the other hand, if / = p, i.e. if one is interested in p-adic representations of GQP, then the
situation is much more complicated. The main difference is that now wild inertia can act in a
highly nontrivial fashion, and there is no naive analogue of Grothendieck’s result (although see
Theorem 0.1.2 below). In this context, an approach introduced by Fontaine, which has proved to
be very successful, is to consider certain topological Q,-algebras B equipped with an action of
Gq, and certain additional structures preserved by this action (e.g. a filtration, a Frobenius or a
monodromy operator). For such algebra B, Fontaine then indicated how to single out a particular
class of representations which are called B-admissible. By definition, a representation V' of Gq, is
called B-admissible if it becomes trivial (as a B-semilinear representation) after extending scalars
along Q, — B. In this case, the ‘Dieudonnée module’ Dg(V) := (V ®q, B)“?» is naturally a
module over the invariant subring B“@ and is equipped with additional structures coming from
B. If the structures imposed on B are sufficiently fine, then one can hope to recover V' from the
linear algebraic object Dp(V).

The key part of the theory is therefore to define such algebras B. Most important examples of
these so-called period rings include Bgr, Beis and Bg. The resulting subcategories of admissible
representations are called de Rham, crystalline, and semistable respectively. For a detailed account
of the construction of these rings, we refer the reader to [BC09]. Here we only mention that Bag

~

is a complete discrete valuation ring with residue field C), := Qp equipped with its maximal adic
filtration; B is endowed with a Frobenius ¢ and a monodromy operator /V satisfying the relation
Ny = peN; and finally B, can be recovered as (Bst)NZO. The relation between these classes of
representations is given by the following hierachy:

{crystalline} ¢  {semistable} C {de Rham}.

= =

The following famous result of Faltings (see e.g. [11190]) in particular provides a natural source
of de Rham representations:

Theorem 0.1.1 (Faltings). Let X be a proper smooth scheme over Q,. Then for any 1, there is a
canonical isomorphism

H}(Xq,, Qp) ®q, Bar = Hip(X/Q,) ®q, Bar
respecting all structures. In particular each Hét(XQP, Q,) is a de Rham representation with
Dar(Hy (Xq,, Qp)) ~ Hig(X/Qy)-

In the same way, the property of being crystalline (resp. semistable) is meant to capture those
representations arising from p-adic étale cohomology of varieties over p-adic fields with good
(resp. semistable) reduction.

As mentioned above, there is no simple analogue of Grothendieck’s monodromy theorem in
the p-adic setting. However, if one restricts to the subclass of de Rham representations, then one
has the following celebrated result thanks to the work of André, Berger, Kedlaya and Mebkhout.
See Colmez’s Bourbaki talk [Col03] for an excellent account on this topic.
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Theorem 0.1.2 (p-adic local monodromy theorem). Any de Rham representation is potentially
semistable.

Combining with our previous discussion, the above theorem can be thought of as a Galois-
theoretic shadow of the semistable reduction theorem for abelian varieties.

After Theorem 0.1.1, we see in particular that for a smooth projective variety X/Q, the Gq-
representation /7, gt(X@ Q,) is de Rham when restricted to the Galois group at p. Moreover, as
X is easily seen to have good reduction outside finitely many primes, standard results in étale
cohomology imply that the G'q-action on H ét(XQ, Q,) is unramified almost everywhere. At this
point, we cannot resist the pleasure of stating the following beautiful conjecture of Fontaine and
Mazur, which says that these are in fact the only obstructions for a global Galois representation to
come from geometry.

Conjecture 0.1.3 (Fontaine-Mazur). Let p : Gq — GL,(Q,) be a continuous, absolutely irre-
ducible representation. Then p ‘comes from geometry’ if and only if it is (i) unramified almost
everywhere, and (ii) de Rham at p.

Fontaine’s theory of (o, I')-modules

Let K/Q, be a finite extension. There is another (but related) approach, again introduced by
Fontaine, which aims to describe the category of all p-adic representations of Gx. In this ap-
proach, the basic idea is to consider “deeply ramified” subextensions X C K., C K which
encodes interesting ramifications of K /K, yet whose Galois group Gal( K, /K) is simply enough
to control. The difficult ramified part K /K, is then subsumed into certain complicated coefficient
rings, which will then also remember the “easy” Galois action coming from K,/ K. Thus, the key
part of the theory once again lies in the construction of these coefficient rings! When K,/ K is the
cyclotomic extension, this idea was realized by Fontaine in [Fon90] via his theory of étale (¢, I')-
modules. Before recalling his result, we need to introduce some notation. For simplicity assume

K/Q, is unramified. Consider the ring A := W(T:)FT)) where the hat denotes the p-adic com-
pletion. This ring is endowed with two commuting actions of ¢ and I' := Gal(K ((p~)/K) ~ Z
given respectively by o(T') = (1+T)?—1and y(T) = (14+T)? — 1 for y € T". Then by definition,
an étale (¢, I')-module (with Z,-coefficients) is a finite A -module endowed with two semilinear
commuting actions ¢ and  with the property that the linearization of ¢ is an isomorphism. The
following classical result of Fontaine underlies the relevance of the notion of (¢, I')-modules in the
study of p-adic local Galois representations.

Theorem 0.1.4 (Fontaine). There is a natural equivalence between the category of étale (p,T')-
modules and the category of representations of Gk on finite Z,-modules.

Moduli spaces of Galois representations

Putting objects in families has proved to be a useful technique in algebraic geometry for a long
time. Partially inspired by Hida’s theory of ordinary families of p-adic modular forms, the theory
of Galois deformation was initiated by Mazur in the late 1980s. The work of Mazur can be thought
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of as the first systematic introduction of moduli spaces to the study of Galois representations. Given
a mod p representation p : Gx — GL4(F,), Mazur proposed to consider the space of lifts of p to
local Artinian rings with residue field F,,. Under certain rigidity condition on p, Mazur showed that
the space of such lifts is represented by a formal scheme Spf(R;) for some complete Noetherian
local ring RR5. The study of such lifts is very important in the Langlands program; for instance,
after the work of Wiles ([W1l95]), it became clear that for the purpose of proving modularity lifting
theorems it was important to understand loci in Spf( ;) cut out by various p-adic Hodge theoretic
conditions.

Given the work of Mazur, it is natural to ask if one can construct a more global moduli space
of p-adic Galois representations in which the residual representation p is allowed to vary. While
one can naively define a stack parametrizing literal Galois representations G — GLg4(A) for
varying p-complete test rings A (cf. the work [Wanl18]), the resulting stack is not truly global
in the sense that the families of mod p Galois representations appearing on each of its connected
components will have constant semisimplification. In a recent advance ([EG23]), Emerton and
Gee have realized how to overcome this problem, and thereby obtaining the desired globalization
of Mazur’s deformation rings. The key insight of Emerton—Gee is to work instead with families of
étale (p,')-modules in the sense of Fontaine. More precisely, for each d > 1, the Emerton-Gee
stack X 4 is by definition the functor defined on p-complete algebras, taking such ring A to the
groupoid of rank d projective étale (¢, I')-modules with A-coefficients. Here the category of étale
(p, T')-modules with A-coefficients is defined in exactly the same way as before except that the
coefficient ring A i is now replaced by the completed tensor product A 4 := A K@)ZPA.

The following summarizes the main geometric properties of the Emerton—Gee stacks.

Theorem 0.1.5 ([EG23, Thm. 1.2.1]). Xk 4 is a Noetherian formal algebraic stack over Z,. The
underlying reduced substack (X 4)rea is an algebraic stack of finite type over ¥, which is equidi-
mensional of dimension [K : Q,|d(d — 1)/2. Moreover, the irreducible components of (X 4)red
admits a natural labeling by Serre weights of GL,.

Using the preceding correspondence between étale (¢, I')-modules and Galois representations,
one sees easily that these stacks admit universal lifting rings as versal rings at finite type points,
and thus, as mentioned above, can be thought of as an algebraization of Mazur’s formal Galois
deformation rings. The existence of such stacks therefore opens up the possibility of employing
(global) geometric techniques in the study of p-adic Galois representations and their deformations.
As a first application, Emerton and Gee gave the first (and so far the only) proof of the existence
of crystalline lifts of a mod p Galois representation. The idea of using the global nature of the
Emerton—Gee stacks to obtain pointwise information by interpolation from *“easy” points has sub-
sequently also been exploited in some other problems. For instance, in [LLLM23] the authors
proved a generic case of the geometric Breuil-Mézard conjecture by spreading the result from the
tame case, using crucially the preceding mechanism.

The fact that the Emerton—Gee stack is defined in terms of (p,I')-modules also makes it ger-
mane to the p-adic local Langlands program. Indeed, at the heart of the construction of the corre-
spondence for GL,(Q,) is Colmez’s Montréal functor, which produces a (¢, I')-modules out of a
representation of GL2(Q,). It has also become more clear in recent years that it is the Emerton—
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Gee stack X'TC, rather than its substack of literal Galois representations, that is the natural geo-
metric object for the emerging categorical p-adic Langlands program.

Towards extending Colmez’s work beyond GL3(Q,), there have been now several proposed
generalizations of (p,I")-modules, including the Lubin-Tate (p,I')-modules, the multivariable
(o, I')-modules of Carter—Kedlaya—Zébradi ((CKZ21]), and the recent construction of [BHHMS23],
which can be seen roughly as a hybrid of the previous two. The precise relation between these no-
tions is still not yet clear, as predicted by the very mysterious nature of the p-adic Langlands cor-
respondence outside the case GL2(Q,). The theme of my thesis is to study these various flavors
of families of (¢, I')-modules, establish their geometric properties as well as the relation between
them.

0.2 Organization of the thesis

We now discuss in more detail the content of this thesis. As the main results in each chapter are
essentially independent of each other, the title of each subsection below is simply taken to be that
of the corresponding chapter. Furthermore, for convenience of the reader, each chapter will begin
with essentially a reprise of the introductions below.

0.2.1 The Emerton—Gee stack of rank one (, I')-modules

In the first chapter, we give a new and simpler proof of the following explicit description of the
Emerton—Gee stack of rank one étale (o, I')-modules, first obtained in [EG23].

Theorem 0.2.1 ([EG23, Prop. 7.2.17]). There is an isomorphism
| (SpH(OIIT]) % G ) /G| = X,

where, in the formation of the quotient stack, the action of G,, is taken to be trivial.

We remark that after choosing an isomorphism WP ~ [2> x Z, this result shows in particular
that Xk ; can be regarded as the moduli stack of continuous characters of the Weil group Wi
of K. This again illustrates the difference between the Emerton—Gee stack &) and its substack
parametrizing literal Galois representations: while the universal unramified character does not
correspond to a G -representation, it does give rise to a representation of the Weil group.

We now explain our approach to the above theorem. To begin with, we need to construct a mor-
phism between the two given stacks, which we will then show is an isomorphism. This amounts to
extending Fontaine’s construction of rank one étale (¢, I')-modules from Galois characters to the
case of an arbitrary p-complete test ring, which in turn reduces to the construction of the universal
unramified character. We refer the reader to Section 1.2 below for more detail. Now in order to
show that the resulting map is indeed an isomorphism, Emerton and Gee proved a general crite-
rion for a morphism of stacks to be an isomorphism, and then showed that it indeed applies to the
present situation by carefully analyzing the ramification of certain families of characters valued
in Artinian algebras. Although the general strategy for this last step is rather standard, the actual
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argument is quite involved; in particular one needs to be slightly careful in the case when K is not
unramified.

In contrast, our approach avoids the need of such a ramification bound of characters, and in
particular works uniformly for all K. First, by combining a standard inductive argument and the
Herr complex, we show that it is in fact enough to show that the two stacks are isomorphic on
reduced test algebras. For this, it in turn suffices to show that the embedding

ur, : (G, /G| — X

induced by the universal unramified character is a closed immersion. While one can prove this by
identifying the source with the crystalline substack with Hodge type 0 of the target (using again
a general criterion for a morphism of stacks to be an isomorphism), we are able to give a more
elementary argument (without making use of the existence of the crystalline substacks of A7) as
follows. The key observation is that as crystalline representations (e.g. unramified characters)
are of finite height, the composition [G,,/G,,] —= X1 — R, should factor through the map
Cio — Ri. Here Cy (resp. R1) denotes the stack of Breuil-Kisin modules of height O (resp. of
étale po-modules), and X} — R, is the natural map given by “restriction to Gk C Gi”. Having

guessed this, we show that there is in fact an isomorphism [G,,,/G,,] =~ C; o making the diagram

[Gm/Gm] é Cl,()

o]

Xy, —— Ry

commute. As the right vertical map is known to be proper and the diagonal of the bottom horizontal
map is a closed immersion, the result now follows by the usual graph argument and the standard
fact that proper monomorphisms are closed immersions.

0.2.2 Moduli stacks of Lubin-Tate (o, I')-modules

As mentioned above, with an eye toward realizing a p-adic local Langlands correspondence for
fields other than Q,, there has been a growing interest in studying the analogue of Fontaine’s
notion in which the cyclotomic extension K. /K is replaced by a Lubin-Tate extension (in what
follows, we will often refer to these objects simply as Lubin—Tate (¢, I')-modules). We will not try
to survey these results, but instead refer the reader, for instance, to [KR09], [Sch17], and [KV22].

Our goal in the second chapter is to extend the aforementioned construction of Emerton—-Gee
to the Lubin—Tate setting. Before stating our main results, we need to introduce some notation.
Let 7 € K be a fixed uniformizer, and let /4 be a Lubin—Tate group for 7, with Frobenius power
series ¢(T') € Ok|[T]]. The corresponding ring map O — End(F,) is denoted by a — [a](T);
in particular [7](T") = ¢(T'). Let K /K be the extension generated by the torsion points of F
and let y : T’ := Gal(K./K) — Oj be the resuting Lubin-Tate character. For the purpose of
this introduction, we simply let

Ag = OK/((F)) = {ZanT” | a, € Ok and a,, — 0 asn — —oo},

nez
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where the hat denotes 7-adic completion. The ring A g is further endowed with a Frobenius
@, : f(T) — f([r](T)) and an action of T" given by (g, f(T")) — f([x(¢)](T)) for g € T’; as the
notation suggests, ¢, is a lift of the g-power Frobenius modulo 7. An étale (¢ , I')-module (over
A k) is then, by definition, a finite A x-module endowed with commuting continuous semilinear
actions of ¢, and I' such that the linearization of ¢, an isomorphism. There is again a natural
equivalence between étale (4, I')-modules and representations of G’k on finite O -modules. (One
can be slightly more general by allowing also representations on Op-modules with F' being a finite
subextension of K /Q,,. See Section 2.2 below.)

Fix now an integer d > 1. By definition, our stack X} takes a m-adically complete O-
algebra A to the groupoid of rank d projective étale (¢4, I')-modules over Ay 4 := A ko, A.

Theorem 0.2.2 (Proposition 2.3.24). X ]I;Td is a limit preserving Ind-algebraic stack over SpfOk,
with finitely presented affine diagonal.

The proof of Theorem 2.1.1 follows closely the argument used in [EG23] for the stack X} of
rank d projective cyclotomic étale (i, I')-modules. Namely, we will deduce the claimed properties
for X IL<T;Z from the corresponding properties of the stack of étale ¢,-modules.

The next result gives a comparison between X, and the stack X% in [EG23].

Theorem 0.2.3 (Corollary 2.4.2). There is an isomorphism
X = X

The proof proceeds by using the descent results in [EG23] to reduce the statement to a com-
parison between étale ¢,-modules over W (C”)®z, A and étale ,-modules over Wo, (C*) &0, A.

As a consequence of Theorem 2.1.2 and the results in [EG23], we deduce the following refine-
ment of Theorem 2.1.1 regarding the geometry of the stack of & };1;

Corollary 0.2.4 (Corollary 2.4.3). X II;Td is a Noetherian formal algebraic stack over Spf(QOy). The
underlying reduced substack ng};d is an algebraic stack of finite presentation over F. Moreover,
the irreducible components of Xéj;fed admits a natural labeling by Serre weights.

We also introduce a version of the Herr complex ([Her98]) in the Lubin-Tate setting with
coefficients, and give a new proof of the fact that this complex computes Galois cohomology
(Theorem 2.4.15). We refer the reader to Subsection 2.4.2 for the definition of this complex.
Finally, by using again the above comparison (Theorem 2.1.2), we are able to deduce the following
result, which may be of independent interest.

Theorem 0.2.5 (Theorem 2.4.12). Let A is a finite type m-nilpotent O-algebra, and let M be
a finite projective étale (p,,I')-module with A-coefficients. Then the Lubin—Tate Herr complex
associated to M is a perfect complex of A-modules, whose formation commutes with arbitrary
finite type base change in A.
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0.2.3 Prismatic /'-crystals and ‘“Lubin-Tate” crystalline Galois representa-
tions

Let K/Q, be a completed discrete valued extension with perfect residue field &, fixed completed
algebraic closure C, and absolute Galois group Gx. We have seen that the category of crystalline
Q,-linear representations of G i can be effectively described using filtered étale po-modules which
are objects of linear algebraic nature. However, for certain purposes such as Mazur’s theory of Ga-
lois deformations, it is useful to have an integral theory in which p-adic vector spaces are replaced
with lattices or even torsion modules. The study of such integral structures inside crystalline (or
more generally, semistable) representations itself form an important part of p-adic Hodge theory,
known as ‘Integral p-adic Hodge theory’.

There have been various (partial) classifications of such lattices, including Fontaine—Laffaille’s
theory [FL82], Breuil’s theory of strongly divisible S-lattices [Bre02], and Kisin’s theory of Breuil—
Kisin modules [Kis06]. In [BS23], Bhatt and Scholze give a site-theoretic description of such
lattices, which unifies many of the previous classifications, and in fact can recover them by “eval-
uating" suitably. To recall their result, let (Ok) denote the absolute prismatic site of Of; this
comes equipped with a structure sheaf O , a “Frobenius” ¢ : O — O , and an invertible ideal
sheaf Z C O .

Definition 0.2.6. A prismatic F'-crystal on O is a crystal of vector bundles on the ringed site
((Ok) ,O ) equipped with an isomorphism (¢*E)[1/Z | ~ E[1/Z ]; denote by Vect?((Ok) ,O )
the resulting category. Similarly, we obtain the category Vect?((Ox) ,O [1/Z ]}) of so-called
Laurent F'-crystals.

cris

In the statement below, Repy | (G k) denotes the category of Galois stable lattices in crystalline
Q,-representations of G .

Theorem 0.2.7 ([BS23]). There is a commutative diagram

Vect?((Ok) ,0 ) ——— Repz*(Gk)

J I

Vect?((Ok) ,O [1/T ])) —— Repg, (Gk).

Here the vertical embeddings are given by the obvious maps; the horizontal equivalences are
induced by evaluating on the Fontaine’s prism A,z the so-called étale realization functor.

(We note that the bottom horizontal equivalence was also obtained independently by Zhiyou
Wu [Wu21].) Motivated by the study of the stacks of Lubin-Tate (i, I')-modules in Chapter 2, it
is natural to ask if there is a variant of Theorem 3.1.2 for coefficient rings other than Z,. More
specifically, let £ be a finite extension of Q,, with residue field I, and a fixed uniformizer 7; we
are interested in crystalline representations of GG on finite dimensional F-vector spaces (or rather,
G i-stable Og-lattices in such).

Hypothesis 0.2.8. We assume throughout that there is an embedding 7y : £ — K, which we will
fix once and for all.



0.2. Organization of the thesis 15

Definition 0.2.9 ([KR09]). An E-linear representation V' of G is called E-crystalline if it is crys-
talline (as a Q,,-representation), and the C-semilinear representation P _ 2V ®E, Cls trivial'.

A natural source of such representations comes from the rational Tate modules of 7-divisible
Opg-modules over O; see Lemma 3.4.23. Later, we will show that, just as in the case £} = Q,,
E-crystalline representations can be classified using weakly admissible filtered ¢,-modules over
K. In fact, the above notion is indeed a natural extension of the usual notion in the sense that there
is a natural period ring B.s p with the property that an E-linear representation V' is F-crystalline
if and only if V' @ Beyis, g 18 trivial as a B,s p-semilinear representation (cf. Theorem 3.2.4).

Using the theory of Lubin-Tate (, I')-modules, Kisin—Ren give a classification of the category
of Galois stable lattices in E-crystalline representations of GGx (under a condition on the ramifica-
tion of K') [KR09, Theorem (0.1)], generalizing the earlier classification in terms of Wach modules
by Wach, Colmez and Berger (cf. [Ber04]).

In another direction, in [Mar23] Marks defines a variant of the (absolute) prismatic site (O)
2

O
of Oy “relative to Og”, using the notion of Og-prisms-, a mild generalization of prisms: they are
roughly Op-algebras A equipped with a lift ¢, : A — A of the g-power Frobenius modulo 7
together with a Cartier divisor I of Spec(A) satisfying 7 € (I, ¢,(I)) (cf. [Mar23, §3]). Further-
more, it is shown in loc. cit. that the étale realization functor again defines an equivalence

T :Vect*((Ok) .0 [1/T ]2) =~ Repp,, (Gk),

generalizing the aforementioned result of Wu and Bhatt—Scholze in the case £ = Q,. In this
chapter, we push this analogy further by showing the following extension of Theorem 3.1.2.

Theorem 0.2.10 (Theorem 3.4.7). The étale realization functor induces an equivalence

T : Vect?((Ok) O ) ~ Rep3®(G),

70E !

where the target denotes the category of Galois stable O -lattices in E-crystalline representations

OfGK

As will be explained in §3.4.5 below, by evaluating at a suitable prism in (Of) , Theorem
3.1.5 recovers the main equivalence from Kisin—Ren’s work [KR09].

Finally, by combining Theorem 3.1.5 with a key result from [AL23] (generalized to the “Opg-
context” in [Ito23]), we deduce the following classification of 7-divisible Og-modules over O.

Theorem 0.2.11 (Theorem 3.4.24). There is a natural equivalence between the category of -
divisible O g-modules over O and the category of minuscule Breuil-Kisin modules over Sg.

I'This is not quite the original definition in [KR09], but can be easily seen to be equivalent to it (see Lemma 3.2.2
below).
These are called E-typical prisms in [Mar23].
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0.2.3.1 Sketch of the proof of Theorem 3.1.5

Let us now briefly discuss the proof of Theorem 3.1.5. As alluded above, an important observation
is that the condition of being F-crystalline can be characterized in a manner similar to the usual
notion for & = Q,. Namely, there is a natural period ring Bis z With the property that an £-linear
representation V' is E-crystalline if and only if V' ® g B g 18 trivial as a B, p-representation;
see Theorem 3.2.4. Once this is justified, that the étale realization functor is well-defined and
fully faithful can be proved in exactly the same way as [BS23]. For essential surjectivity, we again
follow largely the proof in [BS23]; the main difference here is that instead of invoking the Beilinson
fibre sequence from [AMMN?22] for the key descent step, we are able to prove the following more
general result by adapting a key lemma from [DL22].

Proposition 0.2.12 (Theorem 3.4.15). Let (A, (d)) be a transversal Og-prism. Then the base
change

Vect?1(A)[1/7] — Vect?*(A(d/m)[1/7])
is fully faithful; here the source denotes the isogeny category of Vect¥e(A).

We regard Proposition 3.1.7 as a result of independent interest. For instance, as alluded above,
by specializing to the prism A =, 5 0, Oc> this recovers (and refines) Proposition 6.10 in
[BS23]. Furthermore, by specializing to a Breuil-Kisin prism (&, I), this recovers the embed-
ding

Vect @M (&)[1/p] — Vect®N(0)
from [Kis06, Lemma 1.3.13] without using Kedlaya’s results on slope filtrations; here O denotes
the ring of functions on the rigid open unit disk over K.

The proof of Proposition 3.1.7 proceeds by first reducing to the case of finite free modules
(which is the only case we need in proving essential surjectivity). In this case, by working with
matrices for the ¢4-actions, we reduce to showing that if

d"Y = Bp,(Y)C

with h > 0, Y € My(A(d/m)) and B,C € My(A), then Y € My(A[l/x]). Here the idea is to
approximate d-adically Y by matrices in M4(A). This is possible thanks to the following variant
of [DL22, Lemma 2.2.10] on the contracting effect of the Frobenius on the d-adic filtration on

A(d/T).

Lemma 0.2.13 (Lemma 3.4.12). Let (A, (d)) be a transversal Og-prism. Then given any h > 0,
g (d™A(d/T)) C A+ d™ " A(d/T)

for all m > 0 (depending only on h).

We now detail the organization of the chapter. In Section 3.2, we recall the definition of E-
crystalline representations from [KR09], and then in the appendix, following [FF18, Chapitre 10],
we interpret it in terms of vector bundles on the Fargues—Fontaine curve (Proposition 3.A.13). In
particular, we show that the category of F-crystalline representations of G is equivalent to the
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category of weakly admissible filtered ¢,-modules over K, and moreover that being F-crystalline
is equivalent to being B, p-admissible for a natural period ring B g. In Section 3.3, we adapt
some constructions from [Kis06] to the present context. Next, in Section 3.4, we review briefly the
notion of Og-prisms and define the étale realization functor in Theorem 3.1.2. Full faithfulness
is then addressed in Subsection 3.4.3. Subsection 3.4.4 begins with some further ring-theoretic
properties of transversal prisms, culminating with the proof of Proposition 3.4.15, which is then
used in the proof of essential surjectivity. Finally, in the last two subsections, we briefly discuss
an application of Theorem 3.1.5 to the theory of 7-divisible Og-modules over Oy as well as its
relation with Kisin—Ren’s classification in [KR09].
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Chapter 1

The Emerton—Gee stack of rank one
(¢, ')-modules

1.1 Introduction

Our goal in this chapter is to give a new and simpler proof of the following explicit description of
the Emerton—Gee stack of rank one étale (, I')-modules, first obtained in [EG23].

Theorem 1.1.1 ([EG23, Prop. 7.2.17]). There is an isomorphism
| (SpE(O[I2]) % G ) /G| = 21,

where, in the formation of the quotient stack, the action of G,, is taken to be trivial.

To begin with, we need to construct a morphism between the two given stacks, which we
will then show is an isomorphism. This amounts to extending Fontaines’ construction of Galois
characters from rank one (¢, I')-modules to the case of an arbitrary p-complete test ring, and is
reviewed in detail in Section 1.2 below. Now in order to show that the resulting map is indeed
an isomorphism, Emerton and Gee proved a general criterion for a morphism of stacks to be an
isomorphism, and then showed that it indeed applies to the present situation by carefully analyzing
the ramification of certain families of characters valued in Artinian algebras. Although the general
strategy for this last step is standard, the actual argument is rather involved; in particular one needs
to be slightly careful in the case when K is not unramified.

In contrast, our approach avoids the need of such a ramification bound of characters, and in
particular works uniformly for all K. First, by combining a standard inductive argument and the
Herr complex, we show that it is in fact enough to show that the two stacks are isomorphic on
reduced test algebras. For this, it in turn suffices to show that the embedding

ur, : (G, /G| — X

induced by the universal unramified character is a closed immersion. While one can prove this by
identifying the source with the crystalline substack with Hodge type 0 of the target (using again

20
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a general criterion for a morphism of stacks to be an isomorphism), we are able to give a more
elementary argument (without making use of the existence of the crystalline substacks of &) as
follows. The key observation is that as crystalline representations (e.g. unramified characters)
are of finite height, the composition [G,,/G,,] —= X, — R, should factor through the map
Cio — Ri. Here Cy (resp. R1) denotes the stack of Breuil-Kisin modules of height O (resp. of
étale ¢o-modules), and X} — R, is the natural map given by “restriction to Gk C Gi”. Having

guessed this, we show that there is in fact an isomorphism [G,,,/G,] ~ C; o making the diagram

[Gm/Gm] ; Cl,O

o]

Xy, —— R,y

commute. As the right vertical map is known to be proper, and proper monomorphisms are closed
immersions, the result now follows by the usual graph argument.

Remark 1.1.2. The method above is also suited in other situations. For instance, it also applies
to give explicit descriptions of the stacks of rank one étale p-modules (i.e. in the absence of a
['-action), generalizing another result of Emerton—Gee to a large class of coefficient rings; see
Subsection 1.3.3. Furthermore, we expect that the same method also applies in the context of rank
one multivariable (¢, I')-modules of Carter—Kedlaya—Zabradi ([(CKZ21]).

Notation 1.1.3. We mostly follow the notation in [EG23]. In particular, we fix a finite extension
K/Q, with residue field k and inertia degree f. Fix also an algebraic closure K of K, with absolute
Galois group G'ic, Weil group Wi, and inertia group Ix. As usual, Wi denotes the abelianization
of WK’A while 72> denotes the image of Ix in Wi. We denote by C” the tilt of the completion

C := K, by Ky the cyclotomic Z,-extension of K and by k. its residue field. We also fix a
finite extension £/Q,, with ring of integers O, which will serve as the base of our coefficients. As
usual, w (resp. F) denotes a uniformizer (resp. the residue field) of O. We will fix throughout an
embedding k — F.

We refer the reader to [EG23, §2.2] for the definition of the coefficient rings Ay 4 of our
(i, I')-modules. Finally, as the field K is fixed throughout, we will often drop K from the notation
in what follows.

1.2 (¢, ')-modules associated to characters of the Weil group

In this section, we explain how to associate a free étale (, I')-module of rank 1 to any character
of WK.

First recall the following result of Dee, which is a generalization of Fontaine’s equivalence
between Galois representations on finite Z,-modules and étale (¢, I')-modules to the context with
coefficients. For simplicity, we only state the result for Artinian coefficients.
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Theorem 1.2.1 ([Dee01]). Let A be a finite Artinian local O-algebra, and let W (C’) 4 := W (C")®g,
A. Then the functor
M Ta(M) := (W(C°)s ®ay, M)?="

defines an equivalence between the category of finite projective étale (p,1")-modules with A-
coefficients, and the category of finite free A-modules with a continuous action of G.

We want to extend the above construction of rank one étale (¢, I')-modules from Galois char-
acters to the case where A is an arbitrary w-adically complete O-algebra. We begin with the case
of unramified characters.

Lemma 1.2.2. Let A be an O-algebra, and let a € A*. Then, up to isomorphism, there is a unique
free étale p-module Dy, , of rank one over W (k) ®z, A with the property that ¢/ =1®aon Dy,

Proof. We need to show that the norm map (W (k)®z, A)* — A*,x — N(z) = zp(x)... o' (z)
is surjective with kernel given by the set {¢(y)/y | v € (W (k) ®z, A)*}. Since F is assumed
to contain k, O (and hence A) is naturally a W (k)-algebra. In particular, we have an A-algebra
isomorphism W (k) ®z, A — [[4A,2 ® 1 — (z,¢(x),...,¢/ *(x)). The lemma then follows
easily using this isomorphism. 0

Definition 1.2.3. Let A be a w-adically complete O-algebra, and leta € A*. Define A i 4(ur,) :=
Dy OW (k)©z, 4 Ak 4. This is a rank one étale (¢, I')-module with A-coefficients, where we let ¢
act diagonally, and I" act on the second factor.

Lemma 1.2.4. Let A be a finite Artinian local O-algebra, and let a € A*. Then, under Dee’s
equivalence (1.2.1), Ak a(ur,) corresponds to the unramified character ur, of G sending geo-
metric Frobenii to a.

Proof. By definition, the rank one A-representation of Gk corresponding to Ak 4(ur,) is given
by

V= (W(Cb)A ®AK,A AK,A(ura))cp:l
=~ {hv | h € W(C") ®g, A such that p(hv) = hv},

where v is a basis of Dy, ,. Assume V' has a basis hv with i € W(Fp) ®z, A. We verify that G
acts on this basis via the unramified character taking geometric Frobenii to a. First, for o € I,
we have o(hv) = o(h)v = hv (note that o(h) = has h € W(F,) ®z, A). Now, let 0 = ¢_ ' be
an arithmetic Frobenius. From the relation ¢(hv) = hv and the fact that ¢/ (v) = av, we obtain
o(h)av = ¢/ (hv) = hv whence o(hv) = o(h)v = a~'(hv), as desired.

It remains to find a basis as stated. If A is a field, say A = F, for some finite extension
F,/F, this can be done by using the ring isomorphism C’ or, F, = [1 C’. Indeed, h is a vector
in [ C” whose coordinates satisfy a finite set of polynomial equations with coefficients in F,,
so it necessarily lies in HE,. In general, by factoring A — A/my, as a chain of square-zero
thickenings, we may assume that, for some ideal I with I? = 0, there is a basis hv of V/IV with
h € W(F,) ®z, (A/I). Let h € W(F,) ®z, A be alift of h. Then p(hv) = g(hv) for some
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gel+W({F,)®I,sayg=1+¢g @m; + ...+ g, ® m, with g; € W(F,) and m; € I. For

each i, choose h; € W (F,) such that p(h;) —h; = —g;. Let f :=1+hy ®@my + ... h, @m, €

1+ W(F,) ® I. Then ¢(f) = f/g, and hence p(hfv) = hfv. Finally, as (hf)v lifts a basis of
V/IV,itis a basis of V by Nakayama’s lemma. [

Recall that ém denotes the w-adic completion of G,, 0. We denote the resulting map (A}m —
X1, a+— Ak a(ur,) by ur, (where we can think of z as the coordinate on G, = Spf(O[z,z71))),
and refer to it simply as the universal unramified character!.

We now consider the case of a general character of the Weil group Wi. It is convenient to
introduce some notation.

Definition 1.2.5. Let X" be the functor on ww-adically complete (O-algebras taking A to the set of
(continuous) characters ¢ : Wy — A*.

As a first remark, we note that fixing a geometric Frobenius 0 € Gk (or equivalently, an
isomorphism W2 = [3P x Z) is equivalent to fixing an isomorphism of (Noetherian) affine formal
schemes R

X ~ Spf(O[[I]]) x G,

over Spf(Q). Concretely, at the level of A-valued points (with A a wo-adically complete O-
algebra), this is given by the assignment (0 : Wi — A*) = (6] a0, 6(0)).

In what follows, we will always endow X?" with the trivial action of ém

Lemma 1.2.6. There is a morphism X — Xy, 0 — A () with the property that for any finite
Artinian O-algebra A, the (,1')-module Ak 4(0) corresponds, under Dee’s equivalence (1.2.1),
to the character .

Proof. Fix a geometric Frobenius o € G, and hence an isomorphism X" & Spf(O[[13P]]) x G-
For each finite Artinian quotient A of O[[I2]], we extend the map [2° — A to a character
Gk — A* by taking ¢ to 1. Under Dee’s equivalence (1.2.1), this gives rise to a rank one étale
(¢, ')-module with A-coefficients, i.e. an object of X;(A). As O[[I3P]] is the inverse limit of all
such quotients A, we obtain a map Spf(O[[I2*]]) — X;. We can now define X* — X as the
composite R R

X 2 Spf(O[[I&]]) X G — Xy X Gy — A,

where the last map is given by taking tensor product with the universal unramified character ur,.
That the map is compatible with Dee’s equivalence in case of Artinian coefficients follows imme-
diately from construction and Lemma (1.2.4). L]

It is easy to check that the construction § — Ak 4(6) is independent on our choice of o (see
also Remark (1.3.8) below), and that A g 4(0102) = A g A(01) @A, 4 Ak, 4(02) forall §;. Of course,
in case 6 = ur, is an unramified character, this agrees with the notation introduced earlier. For
a (¢, I')-module M with A-coefficients, we set M () := M ®a, , Ak, (), equipped with the
obvious (diagonal) (¢, I')-structure.

'Note that the definition given in [EG23, §5.3] of the map ur,, is slightly incorrect in the sense that it does not
agree with the construction of Dee for Artinian coefficients.
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1.3 Explicit descriptions of the rank one stacks

1.3.1 Statement

Our main result in this text is the following.

Theorem 1.3.1. Let A be a w-adically complete O-algebra. Let M be a rank one étale (p,1)-
module with A-coefficients. Then there exist a unique continuous character 6 : Wy — A* and a
unique (up to isomorphism) invertible A-module L, such that M = Ak 4(0) ®4 L.

Corollary 1.3.2 ((EG23, Prop. 7.2.17]). The map X** — Xy,0 — Ag a(6) induces an isomor-
phism
8,] = a0

Proof of Corollary (1.3.2). Since X*" is endowed with the trivial action of ém the quotient stack
[X**/G,,] is naturally identified with [Spf(O)/G,,] Xspe0) X*. In other words, for any w-
adically complete (O-algebra A, its groupoid of A-valued points is equivalent to the groupoid of
pairs (L, d) consisting of an invertible A-module L, and a character § € X*"(A). Via this identifi-
cation, the map X*"* — A factors through the map

[Xan/(im] S

defined by (L,0) — Ak 4(d) ®4 L. The result now follows from Theorem (1.3.1), and the fact
that the automorphism group of any rank one étale (¢, I')-module is given simply by the scalars:

Auta e (M) = ((M @ MY)#T=)% = (ARI) " = A%

here we have used [EG23, Lem. 2.2.19 and Prop. 2.2.12] for the last equality. [

1.3.2 Proof

This subsection is devoted to proving Theorem (1.3.1). In order to streamline the arguments, we
postpone the proof of one key result (Lemma (1.3.6)) to §1.3.2.1 below.
We begin with the uniqueness statement.

Lemma 1.3.3. The uniqueness part of Theorem (1.3.1) holds.

Proof. As (Ag.4)?=' = A, we necessarily have L = M (61)¥='. It remains to show that if
Ak a(0) =2 Aga(d) as (¢,I')-modules, then § = ¢’. Using that X*" and A&} are both limit
preserving (this is easy for X®" by its definition; for A3, see [EG23, Lem. 3.2.19]), we may
assume that A is a finite type O/w®-algebra for some a > 1. In this case, A embeds naturally
into the product of its Artinian quotients, and so we may assume further that A is a finite Artinian
O-algebra. The lemma now follows since the map 6 — A i 4(0) recovers the equivalence between
rank one étale (p, I')-modules and Galois characters for Artinian coefficients (Lemma (1.2.6)). [
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Remark 1.3.4. By Lemma (1.3.3) and the fact that the automorphism group of any rank one (i, I")
module is simply G, we see that the map [ X/ ém] — A} is at least a monomorphism. Showing
that it is in fact essentially surjective (i.e. an isomorphism) is equivalent to showing the existence
part of Theorem (1.3.1).

The next lemma allows us to reduce to the case where our test object A is a reduced F-algebra.

Lemma 1.3.5. If Theorem (1.3.1) holds for reduced finite type ¥-algebras A, then it holds for any
w-adically complete O-algebra A.

Proof. Let A be an O/w“-algebra for some a > 1, and let M be a rank one étale (¢, I')-module
with A-coefficients. We want to show that M = Ag 4(0) ®4 L for some § and L. As A& is
limit preserving, we may assume A is of finite type over O/w®. We will induct on the nilpotency
index e of the nilradical A°°. The case e = 1 is just our assumption. Assume now that e > 2.
Let I := (A*)*'and A := A/I By the induction hypothesis, M4 := M ®4 A has the form
Ay 4(0) ® 4 L for some character § and some invertible A-module L. Lifting § to a character
§ € X*(A), L to an invertible A-module L (recall that finite projective modules always deform
uniquely through nilpotent thickenings), and replacing M with M (6~ ') ®4 LY, we may assume
that M4 is trivial. By [EG23, Prop. 5.1.33], the set of isomorphism classes of such M is given by
H'(C*(Ak,)), where C*(Ak ) is the Herr complex of A ; := TAx 4 = (W(ks) ®z, I)((1)).
Namely, given such M, there is an Ak 4-basis v of M so that p(v) = fv and y(v) = gv for
some f,g € ker((Ag.a)* — (Ag.a)*) = 1+ Ak, where 7 is a fixed topological generator of
' = Z,. The corresponding cohomology class is then given by [(f — 1,9 — 1)].

Let (O/w®)[I] be the usual square-zero thickening defined by /. Using the above description
in terms of H'(C*(Ak)), we see that M arises as the base change of some rank one (p,T')-
module with (O/w®)[I]-coefficients via the natural map (O/w®)[I] — A. Thus we may reduce
to the case A = (O/w®)[I]. By writing [ as the colimit of its finite sub-O-modules and using
again the fact that &) is limit preserving, we may assume further that / is finite over O. But
in this case (O/w*)[I] is a finite Artinian O-algebra, so we are done by using (again) the fact
that the construction § — A 4(9) recovers the equivalence between Galois representations and
(¢, I')-modules for Artinian coefficients. O

Lemma 1.3.6. The map ur,, : CA}m — X induces a closed immersion [C‘.m/ém] — X].

The proof of Lemma (1.3.6) takes up §1.3.2.1 below. Armed with this crucial result, we now
finish our proof of Theorem (1.3.1).

Proof of Theorem (1.3.1). It remains to show that the monomorphism [X®* /G,,] < X, is an iso-
morphism. In view of Lemma (1.3.5), it suffices to show that the induced map between underlying
reduced substacks

{Xan /Gm] < (X)) red

re

is an isomorphism. As our stacks will all live over Spec(F) in the rest of this proof, we will drop
the subscript F for ease of notation. For each “Serre weight” § : [2* — F* (recall that F is
assumed to contain k), we abusively denote also by ¢ a fixed choice of an extension of it to G .
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By twisting 0 : Spec(F) — X?®" by unramified characters, we obtain a map G,, — X*". The
induced map [ [; G,, = (X®"),eq is then easily seen to be an isomorphism. In particular, we have

an isomorphism [ [[G,./G,.] = [X™/ G red. Thus, it suffices to show that the map

H [Gm/Gm] — (Xl)red

is an isomorphism. Of course, by construction the component [G,,/G,,] — (X}).eq indexed by
J is just obtained by twisting the residual gerbe [Spec(F)/G,,] < (X))wa associated to 0 by
unramified characters. In particular, for § = 1, we recover the map [G,,,/G,,] < (X )req induced
by the universal unramified character ur,.

By Lemma (1.3.6), this last map is a closed immersion. After twisting by J, we see that the
same is true of the map [G,,/G,,] = (X}).eq indexed by 6. As any character 0 : Gx — F; is
an unramified twist of exactly one of the 9, it is now straightforward (see Lemma (1.3.7) below) to
deduce that the map [ [[G,,/ G| < (X)req is indeed an isomorphism, as desired. O

Lemma 1.3.7. Let Z be a reduced algebraic stack locally of finite type over a field k. Let
Z1,..., 2, be a family of closed algebraic substacks of Z with the property that every k-point
of Z factors through exactly one of the Z;. Then the natural map ||, Z; — Z is an isomorphism.

Proof. As usual, we denote by | Z| the underlying topological space of Z, and similarly for | Z;|.
We first show that |Z| = [], |Z;| set-theoretically. Let Z’ be the scheme-theoretic image of the
map [, Z; — Z. Then Z' is a closed algebraic substack of Z with Z'(k) = Z(k). Since Z is
reduced, this forces Z’ = Z (this can be checked after passing to a smooth cover of Z by a reduced
scheme, where the result is standard). In particular, we have |Z| = |Z’|. As |Z’| is the closure
of |UJ;|Zi] in |Z| (cf. [Sta23, Tag 0CMLY]), and each |Z;| is a closed subset of |Z|, we see that
|Z| = U, |Zi|. Now for each ¢ # j, Z; Xz Z; is an algebraic stack locally of finite type over k&
with (Z; x z Z;)(k) = () by our assumption. This forces | Z;| N |Z;| = |Z; xz Z;| = (). Thus we
have a disjoint decomposition |Z| = [, |Z;|, and hence each |Z;| is also an open subset of | Z]|.
Let U; be the unique open substack of Z with underlying space |U;| = | Z;| (cf. [Sta23, Tag 06FJ]).
In particular, we have a decomposition Z = [, i; into open substacks. Now for each 7, the map
Z; — Z necessarily factors through a closed immersion Z; — U;. Since U; is reduced (being
an open substack of Z) and |Z;| = |U;| by construction, this closed immersion is necessarily an
isomorphism. O

Remark 1.3.8. Assume f : X" — X is a morphism of stacks over Spf(Q) with the property that
f(6) = Ak 4(0) for all characters  valued in a finite Artinian O-algebra. We claim that in fact
f(8) = A a(d) everywhere, or equivalently, that the map g : X — X;,0 — f(0)Axga(6)™?
satisfies g(9) = Ak 4 for any 0. Indeed, by [EG23, Lem. 7.1.14], our assumption on f implies that
g factors through the closed immersion [Spf(O)/ ém] — X (induced by the map Spf(Q) — X"
classifying trivial characters). It therefore suffices to show that any map X — [Spf(0)/G,,] is
“trivial”, 1.e. that any line bundle on the Noetherian affine formal scheme X®" is trivial. For this, it
suffices to check the same result for the underlying reduced subscheme (X*"),.q. But we have seen
that (X®),eq is just a disjoint union of finitely many copies of G,, ¥ = Spec(F)[z, 2], and hence
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(as F[x, z7 '] is a PID), we have the claimed result. Thus we see that there is a unique functorial
way to extend the construction d — A 4(d) appearing in Dee’s equivalence (1.2.1) from Artinian
coefficients to all zw-adically complete (O-algebras A.

1.3.2.1 Proof of Lemma (1.3.6)

First proof of Lemma (1.3.6). As in Remark (1.3.4), the map ur, : G, — A} induces a monomor-
phism L
ur, : (G, /G| — X

(More formally, this map is given by composing the monomorphism [ X"/ ém] — A with the
closed immersion [G,,/G.,] < [X**/G,,] induced by the closed immersion G,,, — X" classi-
fying unramified characters.) We want to show that this is in fact a closed immersion. As proper
monomorphisms are closed immersions, it suffices to show that ur, is (representable by algebraic
spaces and) proper. Note also that it suffices to work over O /w® for some a > 1 (for our proof of
Theorem (1.3.1) it suffices to take a = 1, but this will not simplify the argument).

Let C; ¢ be the stack of rank 1 projective Breuil-Kisin modules over & 4 of height at most 0
(in the terminology of [EG23]). Concretely, objects of C; ( are rank 1 projective & 4-modules 9t
equipped with an isomorphism ¢*9 ~ 9; here & 4 denotes the ring (W (k) ®z, A)[[t]], equipped
with the A-linear Frobenius ¢ taking ¢ — t” (and restricting to the natural Frobenius on W (k)).
Let R, be the the corresponding stack of rank 1 projective étale p-modules over Og 4, where
Og 4 := G4[1/t]. Our strategy is to relate ur, to the natural map C, o — Ry, — M[1/¢],
which is known to be proper. Intuitively, as the source of ur, classifies unramified characters,
and as crystalline representations (e.g. unramified characters) are of finite height, it is natural to
guess that the composition [G,,,/G,,] —> X} — R factors through the map Cio — Ri. Here
X1 — Ry is the natural map given by “restriction to G C Gg”, where K, := K (711/ poo) for a
compatible system 7/P* of p-power roots of some fixed uniformizer 7 of K (see [EG23, §3.7]).
We claim that this is indeed the case. More precisely, we will show that there is an isomorphism
|G,/ Gi] > Cy o making the diagram

[Gm/Gm] é Cl,()

ul l (13.8.1)

Xy, ——— Ry

commute. Indeed, as finite projective modules over G 4 are Zariski locally free on Spec(A) (see
e.g. [EG21, Prop. 5.1.9]), we see that

Cio~[LG/,]

where LG denotes the functor A — &7} and the quotient /,, is via the action of LG*(A) on
itself by p-twisted conjugation: g - M := gMp(g)~'. We have &4 = (W(k) ®z, A)[[t] ~
[To<j<f-1 Alltl],z ® a +— (¢’ (x)a);. Under this identification, the action of  on & 4 is given by
@ : (h;); = (p(hj+1));; here we also denote by ¢ the A-linear action on A[[t]] taking ¢ — t7. It is
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then easy to see that the map [[; A[[t]]* — A[[t]]*, (h;); = [[, ¢’ (h;) induces an equivalence of
groupoids

LGT(A)/p = A/t

Now since A[[t]]* = A* x (1 + tA[[t]]) and elements in 1 4 tA[[t]] are “killed” in the quotient
/o (given any h € 1 + tA[[t]], the series g := [],.,/™(h) € 1+ tA[[t]] is well-defined and
satisfies h = g/ (g)), we obtain A[[t]]* /s ~ A* JA* with A* acting trivially on itself, whence
Ci10 =~ [Gy,/G,,). Unwinding definitions, one checks that a quasi-inverse is given by a € A*
Dy, o QW (k)@z, A & 4, where Dy, , is the rank one ¢-module from Lemma (1.2.2). This description
also implies that the diagram (1.3.8.1) commutes (again by unwinding definitions), as claimed.

In conclusion, we deduce that the composition [G,,/G,] —% X; — R, is proper by [EG21,
Thm. 5.4.11 (1)]>. As the diagonal of the second map is a closed immersion by [EG23, Prop.

3.7.4], the usual graph argument shows that the first map is proper, as wanted. [

The following proof was actually our first approach; it is somewhat more complicated than the
previous proof in that it makes use of the existence of a certain crystalline substack of Aj.

Second proof of Lemma (1.3.6). We want to show that the monomorphism ur, : [(A}m / (A}m] — X
is a closed immersion. First recall that by [EG23, Thm. 4.8.12], X admits a closed O-flat p-adic
formal algebraic substack A", which is uniquely characterized by the property that, for any finite
flat O-algebra A, X" (A) is the subgroupoid of X;(A) consisting of characters Gx — A* which
are (after inverting p) crystalline of Hodge—Tate weights 0, or equivalently, unramified characters
Gk — A*. (Note that we are free to enlarge the field of coefficients £; in particular we may
assume that it contains the Galois closure of K" so that the running assumption of [EG23, Thm.
4.8.12] is satisfied.) We will show that the map ur, factors through an isomorphism [G,,/G,,] ~
XY, proving the lemma. Before continuing, we note that here it will be crucial to work directly
over O (as opposed to the previous proof where we work modulo @ for some a > 1).

We begin by showing that ur, factors through the closed substack X", or equivalently, that the
closed immersion L R

2, (G /Gl <> (G /G

is an isomorphism. As the target is a p-adic formal algebraic stack of finite type and flat over
Spf(O) (since it admits a smooth cover by the p-adic formal algebraic space CA}m which is of finite
type and flat over Spf(Q)), it follows from [LLLM23, Lem. 7.2.6 (3)] that it suffices to show that
for any morphism Spf(A) — [Gy, /G| whose source is a finite flat O-algebra (endowed with the
p-adic topology), the composite Spf(A) — [Gyn/Ghn] < &) factors through X}, This is clear as
[G./Gin] (A) is also equivalent (via the monomorphism [G,,/Gn] < X;) to the subgroupoid of
X1 (A) consisting of unramified characters G — A*.

2In this context (of usual Breuil-Kisin modules), a similar properness is first proved in [PR09, Cor. 2.6]. Note
however that the definition of étale ¢-modules in [EG21] (and [EG23]) is slightly less restrictive than that in [PR09]:
namely, in loc. cit., the authors demand furthermore that such a module M is free fpgc locally on Spec(A). In the
rank 1 case, it follows a posteriori from the explicit description in Corollary (1.3.12) below that this local freeness is
a consequence of M being projective (and even holds Zariski locally), and hence the two definitions yield the same
stack; in general we do not know whether or not this is true.
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It remains to show that the induced monomorphism
(G /Gin) = A

is in fact an isomorphism. As the source and target are both p-adic formal algebraic stacks which
are of finite type and flat over Spf(Q), and moreover X" is analytically unramified by Lemma
(1.3.10) below, it suffices, by [LLLM23, Lem. 7.2.6 (1)], to check that the above map induces an
isomorphism on any finite flat O-algebra A. This follows again from the fact that both sides admit
the same moduli description (namely, as unramified characters) on these points. [

The following lemma is presumably standard, but for lack of a reference, we include a proof
here.

Lemma 1.3.9. Let X be a p-adic formal algebraic stack locally of finite type over Spf(O). If X
admits reduced Noetherian versal rings at all finite type points, then X is (residually Jacobson
and) analytically unramified in the sense of [Eme, Rmk. 8.23].

Proof. Let X’ be the associated reduced formal algebraic substack of X, as defined in [Eme, Ex.
9.10]. We claim that X" is analytically unramified. Choose a smooth (in particular, representable by
algebraic spaces) surjection [ [, Spf(B;) — & where each B, is a p-adically complete O-algebra.
By construction of X/, we know that the base change X’ x y Spf(B;) is identified with Spf(B;) eq
(see [Eme, Ex. 9.10]), and furthermore that each Spf(B;),eq is analytically unramified (e.g. by
[Eme, Cor. 8.25], applied to the finite type adic map Spf(B;)rea — Spf(O)). As X’ receives a
smooth surjection from the disjoint union [ [, Spf(B;)eq of analytically unramified affine formal
algebraic spaces, it is analytically unramified by definition.

We now show that the closed immersion X’ < X is in fact an isomorphism (this will imply
that X is analytically unramified, as desired). As this can be checked at the level of Artinian points
(e.g. by [EG23, Lem. 7.1.14]), it in turn suffices to work with versal rings. More precisely, let
x € X(A) be a point valued in a finite Artinian local O-algebra A. By assumption, X admits a
reduced Noetherian versal ring Spf(B) at the finite type point induced by x. By versality, the map
x : Spec(A) — X factors through Spf(B) — X, so it suffices to show that the latter map factors
through X’. Choose a smooth cover [ [, Spf(B;) — X as before. It suffices to show that each
base change Spf(B) x y Spf(B;) — Spf(B;) factors through Spf(B;),eq, which in turn will follow
once we show that given any smooth morphism Spf(C) — Spf(B) xx Spf(B;), the composite
Spf(C') — Spf(B) xx Spf(B;) — Spf(B;) factors through Spf(B;);eq. As any ring map from B;
to a reduced ring necessarily factors through (B;).q, it suffices to show that C' is reduced. As B
is complete local Noetherian and reduced, it is analytically unramified by definition. The upshot
is that we have a smooth morphism Spf(C') — Spf(B) whose target is analytically unramified
(and residually Jacobson, as (Spf(B))ea = Spec(B/mp) is just a point). It then follows from
[Eme, Lem. 8.20] that the source Spf(C') is also analytically unramified, and in particular that C'
is reduced, as required. O]

Lemma 1.3.10. The stack X" is analytically unramified.

Proof. This follows from Lemma (1.3.9), [EG23, Prop. 4.8.10] and [KisO8, Thm. 3.3.8]. ]
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1.3.3 The case of étale o-modules

We end this note by briefly explaining how our method can also be used to give explicit descriptions
of the stacks of rank one étale p-modules (i.e. in the absence of a I'-action), generalizing [EG23,
Prop. 7.2.11] to a large class of coefficient rings. We will put ourselves in the context of Situation
2.2.15 in [EG23]. Namely, fix a finite field ¥ ~ F,; and write A* := W (k)[[t]]. Let A be the
p-adic completion of AT[1/¢]. Let ¢ : A — A be a ring map lifting the Frobenius modulo p (we
do not assume that ¢ preserves the subring A*). We note that o necessarily induces the natural
Frobenius on W (k). If A is a p-adically complete Z,-algebra, we write A} := (W (k) ®z, A)[[t]]
and let A 4 be the p-adic completion of A’ [1/¢], equipped with the A-linear extension of ¢. Let
R denote the stack of rank 1 projective étale (o-modules over A 4, as defined in [EG23, §3.1] (we
continue to assume that the coefficient ring O is large enough so that & — F). By Wy ) (resp.
Gr((t)))> we will mean the Weil group (resp. the Galois group) of the local field k((t)).

Proposition 1.3.11. There is a natural isomorphism
[XI?F(t))/Gm] — Ry;

here X ’??(t)) denotes the functor on p-adically complete O-algebras taking A to the set of contin-

uous characters § : Wiy )y — A*, and in the formation of the quotient stack, the G,,-action is
taken to be trivial.

Proof. Since the proof is very similar to that of Theorem (1.3.1), we will content ourselves with
indicating the main steps.

* Recall firstly that Dee’s equivalence (1.2.1) also admits a variant for étale p-modules: if
A is a finite Artinian (O-algebra, then there is a natural equivalence from the category of
finite projective étale -modules over A 4, to the category of finite free A-modules with a
continuous action of Gy (see [Dee01, Thm. 2.1.27]).

n

* Construct a map X Ky R1,6 — A,(d) extending Dee’s equivalence from Artinian
coefficients to all p-adically complete O-algebras A; the main point is again the construction
of the universal unramified character, which can be done similarly as in Definition (1.2.4)
(namely, given a € A*, we define A 4(ur,) := Dy, OW (k)®2, A A 4, where Dy, is the
(p-module from Lemma (1.2.2)).

* Show that the automorphisms of a rank one étale -modules are simply the scalars. This
amounts to showing that (A 4)?=' = A for any O/w-algebra A. The case a = 1 is clear as
then ¢(t) = tP. The general case then follows easily from this by dévissage.

Combining with the previous item, one obtains a natural monomorphism
[(Xi)/Gml] = R, (1.3.11.1)

which we want to show is an isomorphism.
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* Reduce to proving essential surjectivity of (1.3.11.1) for reduced test rings. The proof is
similar to that of Lemma (1.3.5), except that we have to be slightly more careful as we do
not know a priori if R, is limit preserving in general (recall that we do not assume that A"
is p-stable). To overcome this, the idea is to reduce first to the case A is an F-algebra by
mimicking the argument there for the ideal @ A. Note that the set of isomorphism classes of
objects in R4 (A) lifting the trivial object in R1(A/I) (I being a square-zero ideal) is now

given by A;/(¢ — 1), or more precisely, by H' of the complex [A; LA 1] (concretely,
any such object admits an A 4-basis v so that ¢(v) = fov for some f € ker(A} — A7 ) =
1 + Aj; the corresponding cohomology class is then given by [f — 1]). Again, here we
cannot immediately reduce to the case where [ is a finite O-module as in the proof of Lemma
(1.3.5). Instead, we will show directly that if w/ = 0 (which is the only case that we need),
then A;/(p — 1) = lim A, /(¢ — 1) where {/;} is the system of the finite sub-F-modules
of I. As k ®p, F ~ [[F, we have A;/(p — 1) ~ I((t))/(¢/ — 1) (here p(t) = t¥
as wl = 0). As elements in ¢/[[t]] are killed in the quotient (given h € tI[[t]], the series
g:=> 509" (h) € tI[|t]] is well-defined and satisfies h = (1—¢/)(g)), it suffices to prove
the analogous claim for /[1/t], which is obvious (as we are working with polynomials, as
opposed to (infinite) series). Finally, over F, the subring A is (-stable (as ¢(t) = tP), and
we can invoke [EG21, Thm. 5.4.11 (3)] to deduce that (R,) is limit preserving, and hence
reduce to the case A is a finite type F-algebra. We now run the same argument, but for the
(nilpotent) ideal A%,

* By the previous item, it suffices to show that the map (1.3.11.1) induces an isomorphism on
underlying reduced substacks. Again as there are only finitely many mod p characters of
Gi((+)) up to unramified twist, we are reduced to showing that the map

(G/Grlr = (R1)F (1.3.11.2)

induced by the universal unramified character is a closed immersion (see Lemma (1.3.7)).
Again, over F, the subring AT is p-stable (this is automatic in our first proof of Lemma
(1.3.6)), and we can invoke [EG21, Thm. 5.4.11 (1)] to see that the natural map C; oy — Ry
is proper, where the source denotes the stack (over F') of rank 1 projective ¢-modules over
A} of height at most 0. The rest of the proof is now as before: namely, we show that
the map (1.3.11.2) factors as [G,,/G,,] — Cio — Ri with the first map being given by
a€ A — Dkﬂ ®W(k’)®sz AZ

O

Specializing to the case A = A g, and combing with the Fontaine—Wintenberger isomorphism
GKeye = Groo((t)) (Which restricts to an isomorphism of Weil subgroups), we recover the following
result.

Corollary 1.3.12 ([EG23, Prop. 7.2.11]). There is an isomorphism
[(SpAOIE32, 1)) % Gin ) /Gin| = R

(again, in the formation of the quotient stack, the G, -action is taken to be trivial).
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Chapter 2

Moduli stacks of Lubin-Tate (¢, I')-modules

2.1 Introduction

Let K/Q, be a finite extension with algebraic closure K. A basic idea in p-adic Hodge theory
is to consider “deeply ramified” subextensions X C K., C K which encodes most interesting
ramifications of K /K, yet whose Galois group is simply enough to control. When K, /K is the
cyclotomic extension, this idea was realized in [Fon90], where Fontaine introduced the notion of
étale (¢, [')-modules, and showed that they are naturally equivalent to continuous representations
of G on finite Z,-modules. Since its introduction, the concept of (¢, I')-modules has proved to
be a very powerful tool in the study of p-adic Galois representations.

In [EG23], Emerton and Gee define and study stacks which interpolate Fontaine’s (¢, I)-
modules in families. More precisely, for each integer d > 1, they consider the stack X; over
SpfZ, whose groupoid of A-valued points, for any p-adically complete Z,-algebra A, is given by
the groupoid of rank d projective étale (¢, I')-modules with A-coefficients. The geometry of X
has been studied extensively in [EG23]. In particular, the authors show that X; is a Noetherian
formal algebraic stack, and moreover, its underlying reduced substack is an algebraic stack of fi-
nite type over F,,, whose irreducible components admit a natural labelling by Serre weights. The
stack X is also expected to play a critical role in the emerging categorical p-adic local Langlands
program (cf. [EGH22]).

With an eye toward realizing a p-adic local Langlands correspondence for fields other than
Q,, there has been a growing interest in studying the analogue of Fontaine’s notion in which the
cyclotomic extension K,/ K is replaced by a Lubin—Tate extension (in what follows, we will often
refer to these objects simply as Lubin-Tate (¢, [')-modules). We will not try to survey these results,
but instead refer the reader, for instance, to [KR09], [Sch17], and [KV22].

The goal of this chapter is to extend the aforementioned construction of Emerton—-Gee to the
Lubin—Tate setting. Before stating our main results, we need to introduce some notation. Let
m € K be a fixed uniformizer, and let F; be a Lubin-Tate group for 7, with Frobenius power series
o(T) € Ok|[[T]]. The corresponding ring map Ox — End(F,) is denoted by a — [a](T); in
particular [7](T") = ¢(T'). Let K/ K be the extension generated by the torsion points of F, and
let x : I := Gal(K/K) = O} be the resuting Lubin-Tate character. For the purpose of this
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introduction, we simply let

nez

Ag = OK/((F)) = {ZanT” | a, € Ok and a,, - 0 asn — —oo},

where the hat denotes 7-adic completion. The ring Ay is further endowed with a Frobenius
0, : f(T) — f([r](T)) and an action of I" given by (g, f(T")) — f([x(9)](T)) for g € T’; as the
notation suggests, ¢, is a lift of the g-power Frobenius modulo 7. An étale (¢ , I')-module (over
A k) is then, by definition, a finite A x-module endowed with commuting continuous semilinear
actions of ¢, and I" such that the linearization of ¢, an isomorphism. There is again a natural
equivalence between étale (¢ , I')-modules and representations of G’k on finite O -modules. (One
can be slightly more general by allowing also representations on Op-modules with F' being a finite
subextension of K /Q,,. See Section 2.2 below.)

Fix now an integer d > 1. By definition, our stack X, takes a m-adically complete O-

algebra A to the groupoid of rank d projective étale (¢ , I')-modules over A 4 := Ag Ro LA

Theorem 2.1.1 (Proposition 2.3.24). X II;B is a limit preserving Ind-algebraic stack over SpfO,
with finitely presented affine diagonal.

The proof of Theorem 2.1.1 follows closely the argument used in [EG23] for the stack X []?Gd of
rank d projective cyclotomic étale (i, I')-modules. Namely, we will deduce the claimed properties
for X }fc‘l from the corresponding properties of the stack of étale ¢,-modules.

The next result gives a comparison between X, and the stack X% in [EG23].

Theorem 2.1.2 (Corollary 2.4.2). There is an isomorphism
X = X85,

The proof proceeds by using the descent results in [EG23] to reduce the statement to a com-
parison between étale ¢,-modules over W (C”)®z, A and étale ,-modules over Wo, (C*) &0, A.

As a consequence of Theorem 2.1.2 and the results in [EG23], we deduce the following refine-
ment of Theorem 2.1.1 regarding the geometry of the stack of & };1;

Corollary 2.1.3 (Corollary 2.4.3). X II;Td is a Noetherian formal algebraic stack over SpfOg. The
underlying reduced substack XdL;Fed is an algebraic stack of finite presentation over ¥. Moreover,
the irreducible components of X dLJTed admits a natural labeling by Serre weights.

We also introduce a version of the Herr complex ([Her98]) in the Lubin-Tate setting with
coefficients, and give a new proof of the fact that this complex computes Galois cohomology
(Theorem 2.4.15). We refer the reader to Subsection 2.4.2 for the definition of this complex.
Finally, by using again the above comparison (Theorem 2.1.2), we are able to deduce the following
result, which may be of independent interest.

Theorem 2.1.4 (Theorem 2.4.12). Let A is a finite type m-nilpotent O-algebra, and let M be
a finite projective étale (p,,I')-module with A-coefficients. Then the Lubin—Tate Herr complex
associated to M is a perfect complex of A-modules, whose formation commutes with arbitrary
finite type base change in A.
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2.2 Generalities on p,-modules

2.2.1 Setup

Fix a complete algebraic closure C := Qp of Q,. All algebraic extensions of Q,, will be regarded
as subfields of C. Let F'/Q,, be a finite extension with ring of integers O, uniformizer 7, residue
field £ of cardinality q.

Let ¢ € Op[[T]] be a Frobenius power series for  (i.e. ¢(T) = 7T mod T? and ¢(T) =
T9 mod ) and let F; be the corresponding Lubin-Tate formal group law over Op. As usual,
denote by [-|4 : Op — Endo,.(F,) the unique ring homomorphism satisfying [a]4(7") = T mod
T2 for all a € Op, and (7], = ¢. We have a natural Or-module structure on my given by
x4y = Fy(z,y) and a.x := [a]y(z) for x,y € mypand a € Op. Let Fn = F(F,[n"]) be the
field obtained by adjoining to F" all the 7"-torsion points of mz, and set Fi := [, > ' (note that
the extensions F},/F' (and hence i,/ F') only depend on 7 and not on the ch01ce of ¢).

We write x : Gp — r = O} for the Lubin-Tate character associated to F, where r Foi=
Gal(F./F)'. We also let TF; := Jim F,[m"] be the Tate module of F. This is a free Op-
module of rank 1. We have a G p-equivariant map ¢ : T'F, — O%\ C O given by mapping
v = (vg,v1,...) € TFyto(v) := (vo mod m,v; mod ,...). Thiso;nap is indeed well-defined,
since O is naturally identified with im  Oc/m, andif [7](vit1) = v, then vfy; = v; mod 7
by the defining property of ¢. Note also that the image of ¢ is in fact contained in the maximal
ideal m— (see [Sch17, Rem. 2.1.1)).

Finally, if K is a finite extension of F, we let K,, := KF,, K, = KF,, and fK =
Gal(Ky/K).

2.2.2 Rings

We now introduce the various coefficient rings for our Lubin-Tate (¢, r & )-modules. In what fol-
lows, Wo,.(A) := W(A) @ww,) Or will denote the ring of ramified Witt vectors with coefficients
in a perfect F,-algebra A. We also denote by ¢, the natural Frobenius on Wy, (A) (induced by
functoriality and the g-power Frobenius on A).

Lemma 2.2.1. There is a unique set-theoretic map {-} : mg, — Wo,(O%) lifting the inclusion
mer C Of, such that [1)4({z}) = ¢,({z}) for all x € mg,. Moreover, {-} respects the action of
G (where G acts on W, (O%) by functoriality), and

(i) Foralla € Op and v € T'Fy, the series [a|s({c(v)}) converges and we have [a)s({c(v)}) =

{t(av)}.
(ii) The action of Gr on {L(TFs)} C Wo, (OF) factors through Ty andforg elp

X(9)]s({e(v)}) = {e(gv)} = {g - t(v)} = g - {e(v)}.

IThere is a slight conflict with the notation I" used in the Introduction; this is however to make it compatible with
those in [EG23]. We hope that this won’t cause any confusion.
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Proof. This is [Col02, Lem. 9.3]. Concretely, the map x — {x} is given by
{z} = lim[7"]y([z* "))

(recall that we always endow Wo, (O%) with the weak topology, i.e. the (7, u)-adic topology,
where u € C” is an arbitrary pseudo-uniformizer). (Strictly speaking, unlike loc. cit., here {-}
is only defined on m¢,. This is because we are not assuming that ¢ is actually a polynomial;
consequently, restricting the domain to me» is necessary to ensure that the limit defining {z}
indeed exists. See [Sch17, Lem. 2.1.11] and the surrounding material.) ]

We begin with the case where K = F. Let v € TF, be an Op-generator. There is an
embedding k[[T]] — O%\ C 0% sending T — ¢(v), whose image is identified with the ring of
integers of the imperfect norm field E}. := Xp(F) (cf. [Win83, §2]) via a canonical embedding

Xp(Fy) — Fo\ob C C’ (this embedding identifies the target with the completion of the perfect
closure of the source, see [Win83, Cor. 4.3.4]). Since {¢(v)} is a lift of «(v) by construction, we
obtain an embedding

OF([T]] = Wo, (O%) € Wo,(Oc)

sending 7"+ {¢(v)} (the source being endowed with the (7, T')-topology, and the target with its
weak topology), which extends further to a map

—

Or((T)) = Wo, (Fa) € Wo, (C),

whose image we denote by A’ (where the hat denotes the 7-adic completion). It is a complete
discrete valuation ring with uniformizer 7 and residue field Xp(F,,) = k((7')), which is in fact
independent on the choice of v € T'F, ([Sch17, Rem. 2.1.17]). By Lemma 2.2.1, A’, are stable by
¢, and by the natural action of G’ on Wo,,(O%). Moreover, the G'p-action on A’ factors through
T, )

To summarize, A’ is (¢4, I'»)-equivariantly isomorphic to the ring

O?((?))%’ {ZanT” | anEOFandan%Oasn%—oo},

nez

where the actions of ¢, and I'r on the latter ring are given by 0, f(T) = f([7]s(T)) and
g9: /(1) = f(Ix(9)]s(T)) for g € T'p.

We now return to the case of a general finite extension K/ F'. Since K, = K F,, by definition,
the norm field E, := X (K ) associated to the extension K, /K is a finite separable extension
of E» (despite the notation, the field X k(K ) depends only on K, and not on K itself, see
[Win83, Rem. 2.1.4]). As B’ := A’.[1/p] is a discrete valued field with uniformizer 7 and
residue field E’., it follows that there is a unique finite unramified extension of B’ contained in
the field W (C”)[1/p] with residue field E/,. We denote this extension by B’;, and by A’ its ring of
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integers, or equivalently, A’ := B’ N W (C"). Thus, we see that A’ is a discrete valuation ring,
admitting 7 as a uniformizer, and that A’ /TrA’, = E/.. In order to emphasize the dependence
on F, we will sometimes denote A’ by A’K| 7> and similarly for the related notation. There is

a natural lift of the g-power Frobenius ¢, from E’ to Ag. Furthermore the action of T'x on
E’ = Xk (K) induces an action of I'x on Ay, and this action commutes with that of ,.

As in [EG23, §2.1.9], it will be convenient for us to introduce a variant of the ring A’.. Let
Af be the torsion subgroup of I'x. As Ik can be identified with an open subgroup of O}, (via the

Lubin—Tate character), we have an isomorphism r k 2T X Ak, where I'je = Z?[F:Q”]. We now
let AK = (A/K)%

Lemma 2.2.2. A g is again is a complete discrete valuation ring with uniformizer m and residue
field By = (E})AK,

Proof. Only the statement on residue field needs a proof. We claim that T'x (hence Ay) acts
faithfully on E. (hence on A’,). Equivalently, we need to show that if ¢ € G acts trivially on
E’., then necessarily ¢ € G,_ . Indeed, in this case we can view ¢ as an element in GE/K. We
can then find some ¢' € G which maps into g under the Fontaine—Wintenberger isomorphism
Gk.. — G, . This means that the actions of g and g’ on (Ef)*® agree. As (Ef)*" is dense in
C’ (cf. [Schl17, Prop. 1.4.27]), they in fact agree on C’, hence g =4 € Gg_, as claimed. (We
can also prove the claim by first reducing to the case &K' = F’, and then use the explicit description
of Ef. as Ef. = Ek((¢(v)), where recall that v is a generator of the Tate module 7'F.)

It now follows from Artin’s lemma in Galois theory that A’ is finite free of rank #Ax over
A = (A%)?% (e.g. after passing to their fraction fields). In particular, the same is true for the
induced extension of residue fields. Similarly, we see that E; has degree #A g over (E)2% =:
E, and so the latter must coincide with the residue field of Ax = (A% )%, O

Clearly, A is ¢,-stable and equipped with an induced action of I'x = fK /Ak. We let
By := Ag[1/7] be its fraction field, so that B = (B )2%.

If T is any lift of a uniformizer of E; to A, then there is an identification W, @ (Th)) =
A’y (again the hat denotes the m-adic completion), where k7, ., denotes the residue field of K.

Similarly, for any lift 7 of a uniformizer of Ej, we have an isomorphism W, (k;oo\) (Tx)) =
A, where ki o, denotes the residue field of the subfield of K, corresponding to the subgroup
Ag CTk. N

In general, it seems difficult to explicitly write down formulas for the actions of ¢, and I'x on
A’.. This is possible however in the case where K is unramified over F (equivalently, K = Ky F).
Indeed, we claim that in this case the element ¢(v) defined earlier is also a uniformizer of E/,. We
have seen that it is a uniformizer of E;, hence it suffices to show that E; is unramified over E’,,
which is true because [E : E}] = [K, : F] = [K : K F\/E&] =[K : F|] = [kk : kp] <

|kk.. : Kp|. Thus, if we choose T}, := {¢(v)}, then A’y = Ok, r((T})), and the actions of ¢, and
I'x = I'r on T}, are given exactly as before. We furthermore let T := [ A, g {¢(v)} so that

—

Tk € Ak (asitis fixed by Ar = Ag). By Lemma 2.2.3 below, we have A x = Ok, r((Tk)), and
furthermore, the “integral” subring A}, := O, r[[Tk]] is stable under the actions of , and I'.
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—

Lemma 2.2.3. Assuming K/ F is unramified. Then Ax = Ok, r((Tk)). Furthermore, the subring
AL = Ok, rl[Tk]] is (py, T )-stable; in fact, p,(Tx) € Tk A} and g(Tx) € Tx AL for all
g c FK.

Proof. For the first statement, it suffices to show that the image T'xc of Tk in E}. = kg ((1(v))) is
a uniformizer of the residue field E := (E’)*% of Ak. Since E//(E} )X is a totally ramified
extension of degree #/4\, we only need to show that |T x|, = |L(U)|b#A. To see this, first recall
that for each n > 1, there is a canonical isomorphism (Op/7")* = Gal(F),/F) defined by
a0, = (z — [a]y(z),z € Fy[n™]). We can now compute

Txly =[] le(av)l;

a€A

= ][ I([als(vo) mod =, [a]y(v1) mod 7, ...)];

a€A

I tim falo(vn)”
acA
= [ [ lim [oq(va)[*"
a€EA "
= H lim |v,,|?"
n
[ASTAN

o |(vo mod 7, v; mod 7, ...) fA = |i(v) fA

)

as desired. Set A} := Of,r[[Tk]] with Tk defined as above. We check that A}, is stable under
the actions of ¢, and I'x. As the ring Ok, r[[T)]] is visibly (¢,, [ )-stable, it suffices to show
that Ay N Ok, r|[Tk]] = Ak. To see this, let f € Ax N Ok, rl[Tk]] € Ok,rl[Tk]]- Then
fmodm € Ex N O, = O, = kx[[Tk]] whence f = fy + mg, for some fy € A7} and
g1 € Ok, r|[T)]]- Since f and f, are both fixed by A, the same is true for g;. Thus, by induction,
we can find a sequence (f,,) C A} such that

f=fotrnfi+.. . +a"f, (mod 7" Ok, r[[TF]])

for all n > 0. Since Ok, r|[Tk]] and Ok, r|[[T)]] are both w-adically completed, this implies
f € AL, as required. By using the same argument (i.e. consider the reductions modulo 7), we see
that ¢, (Tx) € Tk A} and g(Tx) € T A forall g € T'k. O

For each finite extension K/F', we let K.y denote the subfield of K, corersponding to the
torsion subgroup Ay of 'k (it can also be characterized as the unique subextension of K., /K

whose Galois groups is isomorphic to Z;? [F:Q”]). The following definition is modeled on [EG23,
Defn. 2.1.12].

Definition 2.2.4. We say that K is F'-basic if it is contained in (/o F").y., or equivalently, Ky, =

]

(KoF)cyc (to see this equivalence, it suffices to note that any open subgroup of Z;‘? Q] g jtself

isomorphic to Z5F ).
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Thus, if K is F-basic, then Ax = Ag,r and the action of I'x is just the restriction of
the action of 'k, om Ak, r. Thus by Lemma 2.2.3, we can choose Tk := Tk, r so that the
integral subring A} = Ok, r[[Tk]] is (o4, [x)-stable, and moreover o, (Tx) € TxA}; and
9(Tx) € Tx A} for all g € Tk (and similarly for A’ and (A% )T). In general, as explained
above, we can still choose some Tk so that Ax = Wo,.(kk.~)((Tk)); once this is done, we will
set AL = Wo, (kroo)[[Tk]]. We endow A} with the (7, T )-adic topology, and A x with the
unique topology for which a fundamental system of open neighborhoods of 0 € A is given by
the sets " Ax + TH AL, n,m > 0% (one can check easily that the subspace topology on A is
indeed the (7, T )-adic topology).

Remark 2.2.5. We have seen that if © € A is any element lifting a uniformizer of the residue

field of A, then A can be identified with W, (kk ~)((u)). However, for a general choice of
u, the integral subring AL := Wo, (kx )[[u]] may not be ,-stable (cf. [Her98, §1.1.2.2]). As
in [EG23], the advantage of having ¢,-stability for A} is that it allows us to invoke the geometric
properties proved in [EG21] of (a variant of) the stack R, of étale p,-modules over Ag (see
Theorem 2.3.7 below).

2.2.3 Coefficients

As we will be interested in moduli stacks parametrizing famillies of Lubin—Tate (i, I )-modules
(or related variants), it is necessary to introduce the version of the various rings considered in
Subsection 2.2.2 relative to a varying coefficient ring A. As the stacks we consider will liver
over the p-adic formal scheme SpfZ,, the test ring A will be always assumed to be a p-adically
complete. In fact, as in [EG23], it will be convenient to introduce an auxiliary base ring over which
A lives. More precisely, we will fix a finite extension F/F with ring of integers O, uniformizer
w and residue field F'; accordingly, A will be taken to be a w-adically complete O-algebra. (We
will sometimes need to assume £ is large enough, e.g. so that it contains all the images of all
embeddings K — Qp, but for now this is irrelevant to us.)

For A as above, we will set A}Qy 1= AJ®0, A, where the completed tensor product is taken
with respect to the w-adic topology on A and the (7, Tk )-adic topology topology on A} (where
as above T is a lift of a uniformizer of Ex to A} so that we have A} = Wo,. (kk.)[[Tk])), i-e.

A;—(,A = I&HA—;{/(]?, TK)n Xop A= @(I&H A}/(pma Tlré) Kop A)
Similarly, we define Ak 4 to be the completed tensor product A xR0 A taken with respect to the

m-adic topology on A and the natural topology on A (cf. the discussion following Definition
2.2.4). Concretely, we have

Ag.a = lm((lim Aj/(p™, T) ®o, A)[1/Tk]).

Thus, we see that Ay , = (Wo, (kkeo) ®o, A)[[Tk]], whereas A g 4 is the p-adic completion of
A 4[1/Tk]. Similarly, we can define the rings (A’ 4)* and A’ , (use T} in place of T).

2This is designed so that the quotient topology on the local field A ;¢ /7 = kx ~((Tk)) is its valuation topology.
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Recall that we have the actions of ¢, and I'x on A . We can extend these actions on each
A 4 by decreeing that they are A-linear. In case A} is (¢,, I')-stable (e.g. when K is F-basic),
the same is true of the ring A} , for each A. For a more detailed discussion on these actions, see
[EG23, Prop. 2.2.17] (which in turn rests on [EG23, Lem. B.31] and [EG23, Lem. B.34]).

2.2.4 The relationship with Galois representations

Denote by A% C W, (C) the r-adic completion of the maximal unramified extension of A%,
(or equivalently of A%) in Wo,.(C’). As A’ is preserved by the natural actions of ¢, and Gk on
Wo, (O%), the same is true for the ring A by functoriality.

Let (E/)*°P be the separable closure of E/; inside C. It is clear that the natural action of G

— —b
on C’ preserves (E)*P. If, in addition, g € Gal(K/K,), then g fixes K, , and in particular,
E’.. In this way, we obtain a natural homomorphism

GKoo — GE}(

which turns out to be an isomorphism by the theory of norm fields of Fontaine—Wintenberger.
From this, we can deduce the following result.

Theorem 2.2.6. The functor
Vs D(V) = (V ®o, A})%%=

gives an equivalence of categories between the category Repy, . (G ) of continuous G -representations

on finite Op-modules and the category of finite étale (4, I c)-modules over A'y.. A quasi-inverse
functor is given by M — T(M) := (A} @a; M)#e=",
Furthermore, V' is free of rank d over O if and only if D(V') is free of rank d over A.

Proof. This is proved in [KR09, Thm. 1.6], see also [Sch17, Thm. 3.3.10] for a more detailed
exposition. (Strictly speaking, the latter reference only considers the case K = F', but the proof
for general K follows the same strategy.) [

In fact, there is also an analogous equivalence of categories using (¢,, Ik )-modules, and tak-

ing A-invariants gives an equivalence of categories between (¢4, I )-modules and (¢, I'x)-
modules (see Lemma 2.2.8 below). Since it is the version with A g-coefficients that we will work
mostly with, let us record the equivalence for (y,, 'k )-modules over A i separately below.

Theorem 2.2.7. (Recall that K. denotes the subextension of K, corresponding to the subgroup
Ak of I'k.) The functor
Vi D(V) = (V ®o, AR)% e

gives an equivalence of categories between the category Repg, . (G k) of continuous G k-representations
on finite O p-modules and the category of finite étale (p,, I i )-modules over A k. A quasi-inverse
functor is given by M + T(M) := (A% ®@a, M)?7="

Furthermore, V' is free of rank d over O if and only if D(V') is free of rank d over A .
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Lemma 2.2.8. The functor
M M :=A @x, M

gives an equivalence of categories between finite étale (¢4, I i )-module over A and finite étale
(¢4, Lic)-module over A'.. A quasi-inverse functor is given by M’ s (M')".
Again, M is free of rank d over Ak if and only if M’ is free of rank d over A/.

Proof. We first show that the natural map (M')* ®a, A} — M’ is an isomorphism for any
finite étale (g, fK)—module M’ over A’ (the induced ¢, -action on M* is then automatically
étale as its linearization becomes an isomorphism after base changing along the faithfully flat map

As M = im M '/7™, we may reduce to the case where M’ is killed by #™ for some n > 1
(as A'; is finite free over Ak, tensoring with A’ commutes with inverse limits). The case n = 1
follows directly from Hilbert’s 90 theorem. Note also that H'(A, M”) = 0 in this case. Now
assume n > 1 and M’ is killed by 7!, Let M” := 7#"M' and M" := M'/M" so that we have
an exact sequence 0 — M"” — M’ — M" — 0. As M" is killed by =, H*(A, M") = 0, and the
sequence 0 — (M")2 — (M")® — (M™)% — 0 remains exact. Thus, we obtain a commutative
diagram with exact rows:

0 —— Al R4, (M)A —— Al @4, (M) —— Al Qa, (M)A —— 0

| | |

0 s M" s M’ s M — s 0.

By induction, the outer vertical maps are isomoprhisms, and hence the same is true of the middle
map.

Using a similar inductive argument, we can show that for any finite étale (¢, 'k )-module M
over Ay, the natural injection M — M’ := A’ ®4, M identifies M with (M')* (injectivity
follows from the fact that A’ is faithfully flat over A k). The last statement is clear as any finite
m-torsion free module over the discrete valuation ring A g is necessarily free. [

2.3 Moduli stacks of ¢ -modules and Lubin-Tate (¢, [ )-modules

2.3.1 Moduli stacks of p,-modules

In this subsection, we briefly define the moduli stacks of étale ¢,-modules, and show in particular
that they are Ind-algebraic stacks (Theorem 2.3.7).

Setup 2.3.1. Fix a finite extension I O k D F,. let A" := W(I)[[T]], and let A be the p-adic
completion of A*[1/T]. Let ¢ be a ring endomorphism of A which is trivial on the subring
W (k) C W (l), and moreover congruent to the ¢g-power Frobenius modulo p for some fixed power

q of p.



42 Chapter 2. Moduli stacks of Lubin-Tate (i, I')-modules

As before, we will fix a finite extension E /W (k)[1/p] with uniformizer @ and ring of integers
O, which will serve as the base for our test rings. If A is a w-adically complete O-algebra, we set
AT = (W) @w A)[[T]], equipped with the (p, T')-adic topology. We also let A 4 be the p-adic
completion of A [1/T7], and endow it with the unique topology for which a fundamental system of
neighborhoods of 0 is given by the sets p" A 4 +T™A™, n, m > 0 (again one checks easily that the
subspace topology on A7 is indeed the (p, T)-adic topology). In particular, we see that the rings
A}Qy 4, Ak 4 introduced earlier are special case of the this construction (with [ = kx , being the
residue field of K. and k being the residue field of [).

Again, as in [EG23, Prop. 2.2.17], we can extend ¢ to a continuous A-linear action on A 4. In
case A is moreover ¢-stable, the same is true of each AJAT.

Remark 2.3.2. Our setting here is slightly more general than that considered in [EG21, Chap. 5]
as we are considering power series (or Laurent series) over rings of the form W () @y ) A (as
opposed to the ring W (I) ®z, A in that reference). Nevertheless, as we will see shortly, we can
deduce various results about our stacks from the corresponding results in that paper.

Definition 2.3.3. Let A be a w-adically complete O-algebra. An étale p-module with A-coefficients
is a finitely generated A 4-module, equipped with a ¢-semilinear morphism ¢y, : M — M for
which the linearized map ®j; : ¢*M — M is an isomorphism.

Definition 2.3.4. Fix an integer d > 1. For each a > 1, let R be the fibered category over
Spec(O/w®) taking an O/w“-algebra A to the groupoid of rank d projective étale p-modules
with A-coefficients. It follows from Drinfeld’s descent results (cf. [EG21, Thm. 5.1.18]) that R
is in fact an fpgc (hence fppf) stack over O/w®. As usual, we may regard RS as an fppf stack
over Spec O (equipped with a map to Spec(O/w?)). We then define R, as the colimit of the
stacks R over all @ > 1. Thus R, is an fppf stack over Spec O which furthermore admits a
(necessarily unique) morphism to SpfQ. Moreover, using [GD71, Prop. 0.7.2.10(ii)] we see that
for any w-adically complete O-algebra A (not just those living over some O/w®), R4(A) (which,
by definition, is the groupoid of morphisms SpfA — R,) is equivalent to the groupoid of rank d
projective étale p-modules with A-coefficients.

We now define the moduli stacks of so-called finite height ¢-modules. For this, we need to
assume that A* is p-stable. We also need to fix a polynomial F' in (W (1) @w ) O)[[T]] which is
congruent to a positive power of 7" modulo ¢ (e.g. F' can be 7' itself, or an Eisenstein polynomial).

Definition 2.3.5. Assume A" is p-stable. Let 4 be a non-negative integer, and let A be a w-
adically complete O-algebra. A p-module of F-height < h with A-coefficients is a finitely gen-
erated T-torsion free Aj-module 90, equipped with a @-semilinear morphism gy : 9 — M for
which the linearized map ®gy : ©*9 — M is injective, and has cokernel killed by F™*.

Definition 2.3.6. Fixd > 1 and h > 0. Foreach a > 1, let C§, be the fppf stack over Spec(O/w*)
taking an O /w“-algebra A to the groupoid of rank d projective ¢-modules of F'-height < h with
A-coefficients. Again, the colimit Cy, := ligla Ci, 1s an fppf stack over SpfO, whose groupoid of
A-valued points, for any w-adically complete O-algebra A, is equivalent to the groupoid of rank d
projective p-modules of F-height < h with A-coefficients.
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For each a > 1, as T is invertible in A 4, the same is true of F'; thus, we have a natural
morphism Cj, — Rj taking 9t > OM[1/T]. Taking the colimit over @ > 1, we obtain a map
Cd,h — Rd.

Theorem 2.3.7. Assume that A™ is o-stable.
(1) Cqpn is a p-adic formal algebraic stack of finite presentation over SptO, with affine diagonal.

(2) The morphism Cyj, — R is representable by algebraic spaces, proper, and of finite presen-
tation.

(3) Ry is a limit preserving Ind-algebraic stack, whose diagonal is representable by algebraic
spaces, affine, and of finite presentation.

Proof. By [EG23, Prop. A.13], it suffices to show that C, is an algebraic stack of finite pre-
sentation over Spec O/w?®, with affine diagonal. That Cqp 1s an algebraic stack of finite type
over Spec O/w® is [PRO9, Thm. 2.1 (a)]. More precisely, the arguments in that reference re-
main valid in our setting provided that we replace the group G' there by Resy ()/wx)GLq, that
we replace [PRO9, Prop. 2.2] by [EG21, Lem. 5.2.9], and accordingly, that in [PR09, §3] we
replace eah by the quantity n(a, h) in [EG21, Lem. 5.2.9]. The point of [EG21, Lem. 5.2.9] is
that when n > n(a, h), one can replace the p-conjugation action of U, := 1 + T"My(A}) on
LG=h .= {A € GLy(A4) | AT € T"My(A})} by the free action of U,, given by left trans-
lations. Together with the fact that any object in C7, (M) admits a basis locally on Spec A (cf.
[EG21, Lem. 5.1.9 (1)]), one can then show that Cg,, can be written as the quotient stack of a finite
type O/w®-scheme by the action of a smooth finite type group scheme over O/w®, and so is an
algebraic stack of finite type over O/w* (e.g. by [Sta23, Tag 06FI]).

With the same modifications, the arguments in [PR09, Thm. 2.5 (b)] show that the natural
morphism Cg;, — R puetrees I8+ IM[1/T7] is representable by algebraic spaces, proper, and
of finite presentation, where Rg ., ._g.. 1S the substack of Ry classifying those objects which are
furthermore free fpgc locally on Spec A. Combining this with the arguments in [EG21, Lem.
5.4.10], [EG21, Thm. 5.4.11], we deduce that the map Cj, — Rj is representable by algebraic
spaces, proper, and of finite presentation. At this point, we have shown (1) and (2), except the claim
that C,, has affine diagonal (indeed, once this is done, it will follow that C;;, has quasi-compact
and quasi-separated diagonal, hence is quasi-separated and then of finite presentation over O/w?).
As the map C;, — 'Rj is representable by algebraic spaces, and proper (hence separated), its
diagonal is a proper monomorphism, hence a closed immersion. Using this, we are reduced to
show that the diagonal of ‘R is affine. This will be done in part (3) below.

(3) When W (k) = Z,, this is one of the main results of [EG21]. As alluded earlier, our strategy
for the general case is to relate R with the “corresponding” stack introduced in [EG21]. More
precisely, let RdEG’“ be the fppf stack over Spec O /w?, taking an O /w*-algebra A to the groupoid
of rank d projective étale ¢-modules over (W (l) ®z, A)((T)). Clearly, we have REGA(A) =
R3(W (k) ®z, A). Combining with the A-algebra isomorphism W (k) ®z, A = [, 5, A it
follows that there is an isomorphism RdEG’“ = [ [, R of stacks over O/w®.

Assume for the moment that the diagonal of R is affine, and of finite presentation. By induc-
tion and the standard graph argument, we deduce that the diagonal A, : R§ — [[,.,-,, R has the
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same properties for all n > 1 (factor A, as A,,;; followed by the projection [, R§ — ], R
onto the first n components, and note that the latter map, being a base change of the structure map
R% — Spec(O/w®), also has finitely presented affine diagonal). In particular, we obtain a mor-
phism R — REG"‘ which is affine, and of finite presentation. Now it follows from [EG23, Cor.
3.2.9], [EG21, Thm. 5.4.11] and [EG21, Thm. 5.4.20] that R has the claimed properties.

Thus, it remains to show that the diagonal of R is affine, and of finite presentation. Mutatis
mutandis, this is proved in [EG21, Prop. 5.4.8]. O]

2.3.2 Moduli stacks of Lubin-Tate (¢, I'x)-modules

We can now define our main objects of interest. We will keep the notation as in Setup 2.2.1;
in particular we will fix a finite extension F'/Q,, a Lubin-Tate formal group law associated to
a uniformizer 7 of F', and a finite extension K of F. As in Subsection 2.2.3, we will also fix
throughout a finite extension F/F with uniformizer w and ring of integers O, which will serve as
the base of our coefficients A. Recall also that by an étale (¢, Ik )-module with A-coefficients,
we mean an €étale (goq, I")-module over A 4 in the usual sense.

Definition 2.3.8. Fix an integer d > 1. We let X };1;1 denote the fppf stack over SpfO, whose
groupoid of A-valued points, for any cw-adically complete O-algebra A, is equivalent to the groupoid
of rank d étale (¢, I'x)-modules with A-coefficients. (That this is well-defined follows exactly as
in the definitions of the stacks R4 and C, 5,; in particular we have implicitly used Drinfeld’s descent
results for verifying the stack property.)

2.3.2.1 Basic geometric properties of X,

We want to show the following preliminary result regarding the geometry of the stack X };Td A
more detailed study of its geometric properties will be given in Section 2.4; in particular, we will
show that it is in fact a Noetherian formal algebraic stack (Corollary 2.4.3).

Theorem 2.3.9. X II;T;I is a limit preserving Ind-algebraic stack whose diagonal is affine (in partic-
ular, representable by schemes), and of finite presentation.

For this we will follow closely the argument used in [EG23] for the stack Xk 4 of usual (cy-
clotomic) étale (i, I')-modules; in particular, the strategy is to deduce the claimed properties for
X [L(Td from the corresponding properties of the stack of étale ¢ ,-modules. Thus, let us first define
the latter.

Definition 2.3.10. We let R x 4 be the moduli stack of étale ¢,-modules over A k; in other words,
it is the stack R, defined in Subsection 2.3.1, with A there taken to be A .

In case the ring A} 4 18 pg-stable (e.g. if K is ['-basic in the sense of Definition 2.2.4), we
can apply Theorem 2.3.7 to use various properties of the stack R 4. Our first goal is to show that
these properties still hold for general K (i.e. without assuming that A}, is o, -stable).

Definition 2.3.11 ([EG23, Defn. 3.2.3]). We set K %1€ := K N (Ko F)cye-
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It is easy to see that K¢ is indeed F'-basic and (K9)eye = (KoF)cye, and that the natural
map ["grasic — ' is an isomorphism. Furthermore, as A i is finite free of rank [Kcyc K é’;ﬁic] =
K : K baSiC] over A guasic, we have a natural forgetful map R g — R jvasic,aix: sbasic] -

Lemma 2.3.12. The natural map R g — R vasic 4. kvasic| IS affine, and of finite presentation.
Proof. Again the proof of [EG23, Lem. 3.2.5] works mutatis mutandis in our setting. [

Corollary 2.3.13. For any K/F, Ry 4 is a limit preserving Ind-algebraic stack, whose diagonal
is affine, and of finite presentation.

Proof. Combine Theorem 2.3.7, Lemma 2.3.12, and [EG23, Cor. 3.2.9]. []

Having shown that R 4 has the claimed properties, the next step is to define and study an
“intermediate” stack sitting between R 4 and Xk 4, namely, it will be a stack of étale ,-modules
which are furthermore equipped with an action of certain “discretization” of I'x. More precisely,
let v1,...,7F.q,) be a Z,-free basis for I'x, = Z;? [F:Q”], and accordingly, I'4iic € 'k be the sub-
Z-module generated by 1, ...,7Vr.q,)- Let Rgdi“ be the moduli stack of étale ¢,-modules over
A i 4 equipped with a (not necessarily continuous!) semilinear action of I'4;s. that commutes with

@.

Lemma 2.3.14. The natural morphism Rdrd‘“ — Ry given by forgetting the 1 gis.-action, is affine,
and of finite presentation.

Proof. We can prove the statement after pulling back along a morphism Spec A — R, where A
is a Z/p®-algebra for some a > 1. Denote by M the étale p,-module over Ak 4 corresponding
to this morphism. Note firstly that the data of a commuting semi-linear action of I'gi. on M is
precisely the data of isomorphisms «; : 77 M = M of ¢,-modules for 1 < < [F : Q,] such that
@; o yfa; = aj oy, for all 4, j. Thus we need to show that the functor on A-algebras sending B
to the set

{(Oéz‘)z‘ € HISOTHAK,BW (i Mp, Mp) | a; oy = avj o yj ey for all iJ}

]

is represented by an affine A-scheme of finite presentation. By [EG21, Prop. 5.4.8], the functor
on A-algebras sending B to [, Isoma . .o, (7 Mp, Mp) is represented by an affine scheme of
finite presentation over A. More precisely, as in the proof of that proposition, we may reduce to
the case where Mp is finite free over A i p; then after choosing bases, any morphism «; : 7 M 5
M of p,-modules is determined by the coefficients of finitely many powers of 7" in the Laurent
series expansions of the entries of the matrix representing «;. To conclude, it suffices to note
that, the conditions «; o 7;a; = «; 0 7j«y; are evidently given by finitely many equations in these
coefficients. [

Corollary 2.3.15. RZ‘“SC is a limit preserving Ind-algebraic stack whose diagonal is affine, and of
finite presentation.

Proof. This follows from Lemma 2.3.14 and [EG23, Lem. 3.2.9]. OJ
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Restricting the I'x-action from an étale (¢, I'x)-module to I'g;s. defines a fully faithful mor-
phism X [IgTd — Rgdisc. Indeed, by construction, any linear map between two finite projective Ak 4-
modules is continuous with respect to the canonical topology (cf. [Dri06, Exam. 3.2.2], [EG23,
Rem. D.2]). As ['4is is dense in ['g, it follows that any I'g;s.-equivariant morphism between two
objects of X, is automatically I' x-equivariant.

Corollary 2.3.16. The diagonal of X [L(Td is representable by algebraic spaces, affine, and of finite
presentation.

Proof. As the map XKL — Rg‘““’ 1s a monomorphism, its diagonal is an isomorphism. Using the
cartesian diagram

LT LT LT LT
Xia XRgdisc Xiqg — X g Xspto XK 4

| |

Laj Tai Tai
Rd isc s Rd isc XSpfo Rd isc

we see that the diagonal of X}'T is a base change of that of Rgdi“, which has the claimed properties
by Corollary 2.3.15. U

The next lemma allows us to reduce to the case where K is ['-basic (in proving Theorem 2.3.9).

Lemma 2.3.17. We have a Cartesian diagram

LT y LT
XK7d XKbasic’d[K:Kbasic]

| I

Laj Caj
RK’gc RKI;ZCsic7d[K:Kbasic} )

where the horizontal arrows are the natural forgetful maps, and the vertical arrows are the monomor-
phisms given by restricting the action of I' i to I gisc.

Proof. This is clear because ['4i5c acts continuously on an object M of Rgg’ﬁc only if it does so

when M is regarded as an object of RFKdgi‘;c’ d[K e basic] L]

Corollary 2.3.18. The natural map X II;B — X };{mc AR Febasic] is affine, and of finite presentation.

Proof. This follows easily from Lemmas 2.3.14, 2.3.12, and 2.3.17. O]

In view of Corollaries 2.3.16, 2.3.18 and [EG23, Cor. 3.2.9], it remains to show that if KX =
Kb is F-basic, then X%, is a limit preserving Ind-algebraic stack. For this we will need to
understand the continuity condition in the definition of an object of X’ II;Td more carefully.

The following is an analogue of [EG23, Lem. 3.2.18] in our setting.

Lemma 2.3.19. For any v € ', we have y(T) — T € nAga + T?Aj 4. If K is F-basic, then
V(T) =T € (r, T)TA
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Proof. The proof is identical to that of [EG23, Lem. 3.2.18], except we consider the reduction
modulo 7 instead of modulo p (recall also that in case K is F'-basic, we have chosen 7' so that
Y(T) € TA , forally € T'k). O

Using Lemma 2.3.19, we can obtain (among other things) an analogue of [EG23, Lem. D.28]
in our setting. This will be worked out in Appendix 2.A linear below. In particular, we can now
apply these results to study the action of I'x on the objects of X [I;Td

Lemma 2.3.20. The stack X };E is limit preserving.

Proof. We may assume that K is F'-basic. As the natural map X }gTd — RE;?‘;C is fully faithful
with limit preserving target, it suffices to show that the map is limit preserving on objects. In other
words, given any direct limit A = @Dm A; of O /w“-algebra for some a > 1 and any object M
of R (A;,) such that My == M ®a, a,, Ax.a lies in the subgroupoid X Kq(A), we need to find
some i > ig such that My, € X (A;), i.e. that the action of T'gisc 0n My, extends (uniquely) to
a continuous action of I'k. This follows from the Lemma 2.A.8 below and (the proof of) [EG23,

Lem. D.31] (note also the obvious observation that the action of I'y;. is continuous if and if its
restriction to each (vy;) is continuous). O

XY is an Ind-algebraic stack

We now turn to showing that X [I;Td is an Ind-algebraic stack (thereby completing our proof of
Theorem 2.3.9). As in [EG23], we will need to relate X [L(Td with the moduli stacks of weak Wach
modules. We will assume throughout that K is ['-basic.

Definition 2.3.21 ([EG23, Def. 3.3.2]). (Assume K is F-basic.) A rank d projective weak Wach
module of T-height < h with A-coefficients is a rank d projective ¢,-module 9t over A}; 4 of
T-height < h, such that Mt[1/7] is equipped with a continuous semi-linear action of I'x.

If s > 0, then we say that 9% has level < s if (Vf’s — (M) C TN forall 1 <i < n.

Denote by W;;, the moduli stack of weak Wach modules which are of T'x-height < h. For
each s > 0, denote by W, s the substack of those weak Wach modules of level < s. (Again, by
using Drinfeld’s descent results, we see that these are fppf stacks over Spf(.) By Lemma 2.A.8
below, any projective weak Wach module is of level < s for some s > 0.

Let C4 5, denote the moduli stack of rank d projective ¢,-modules of T-height < h over A}
(that is, it is the stack Cq defined in Subsection 2.3.1 with A taken to be Ak 4). By Theorem
2.3.7, this is a p-adic formal algebraic stack of finite presentation over SpfO. Consider the fiber
product Rgd‘“ X, Can Where the map Rgdi“ — Ry is given by forgetting the I'4.-action. This is
the moduli stack of rank d projective ,-modules 91 of T-height < £, equipped with a semilinear
action of T'gisc on M[1/T]. As the map Rgdisc — 'Rq 1s representable by algebraic spaces, and
of finite presentation (by Lemma 2.3.14), the same is true of the map Rgdisc Xr, Can — Cap. It
follows that R}, % x,Cy is also a p-adic formal algebraic stack of finite presentation over SpfO.

By restricting the I'x-action to I'4is, we obtain a natural morphism W, ,; — Rgdi“ Xr, Can
which is again fully faithful since I'y;. is dense ['k.
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Proposition 2.3.22. For each s > 0, the natural morphism
Wans — Ry xn Can

is a closed immersion of finite presentation. In particular, each Wy, s is a p-adic formal algebraic
stack of finite presentation over SptO, and Wy ), = hﬂs W, s is an Ind-algebraic stack.

Proof. See the proof of [EG23, Lem. 3.3.5]. ]

Foreacha > 1,let Wy, . := Wan s Xspro Spec O/w*®, an algebraic stack of finite presentation
over O/w®. As Rg‘“sc is an Ind-algebraic stack, it makes sense to consider the scheme-theoretic
image X7, . of the composite

F( isc
chlb,h,s — Wd,h,s - Rdl ’

As the map Wy, . — RZ‘“SC is representable by algebraic spaces, proper and of finite presentation
by Proposition 2.3.22 (recall that the natural map C;;, — R4 has the same properties by Theorem
2.3.7), we find that X7, _ is a closed algebraic substack of RL%= which is of finite presentation
over Spec O/w*, and moreover, the induced map Wg, . — &7, _ is proper, scheme-theoretically
dominant and surjective.

Proposition 2.3.23. Each X3, . is a closed (algebraic) substack of X5, Moreover, the induced
map ling - Xg, = X K is an isomorphism. Thus X% is an Ind-algebraic stack, and may in
fact be written as the inductive limit of algebraic stacks of finite presentation over Spec O, with the
transition maps being closed immersions.

Proof. The arguments given in [EG23, Lem. 3.4.8, 3.4.9 and 3.4.10] go through provided one
replaces the condition “(*" — 1)(M) C TN with “(7" — 1)(9M) C TN for all i" everywhere.
For convenience of the reader, we sketch the proof here. We begin with the first assertion. It
suffices to show that X7, . is a substack of X [I;Td By definition, this amounts to showing that
if M is an étale p-module with coefficients in a finite type O/w®-algebra A, equipped with a
I"gisc-action for which the map Spec A — Rgdi“ classifying M factors through X7, ., then the
["gisc-action on M is continuous. In view of Lemma 2.A.8, we need to produce a lattice 9T C M
such that (77 - 1)t C 7901 for all i. By embedding A into the product of its Artinian quotients,
we may reduce to the case where A is a finite Artinian O /w“-algebra. In this case, the existence
of the desired lattice is established in [EG23, Lem. 3.4.8] provided one modifies the definition of
the subfunctor I’ there by imposing the condition that (7" — 1)90t, C T for all .

For the second assertion, we need to show that any morphism Spec A — X };1;1 whose source
is a Noetherian O /w“-algebra necessarily factors through some X s It suffices to do this after
replacing A by some algebra B for which the map Spec B — Spec A is scheme-theoretically
dominant. Thus, by [EG21, Lem. 5.4.7], we may assume that M is free, where M is the étale
p-module over A 4 classified by the map Spec A — R,4. In particular, we can choose a free
p-stable lattice 2T inside M, say of height < h for some h large enough. As the ['-action on
M is continuous by definition, Lemma 2.A.8 implies that for all s sufficiently large, we have
(o7 - 1)t C 790 for all 4. It follows that the map Spec A — X II;Td classifying M factors through
Wi 1.s» and hence through X7, , as required. O
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As mentioned before, using Corollary 2.3.18, we can now drop the assumption that K is F'-
basic.

Proposition 2.3.24. Let K be an arbitrary finite extension of F. Then X II;Td is a limit preserving
Ind-algebraic stack, which can in fact be written as the inductive limit of a sequence of algebraic
stacks of finite presentations over Spec O with transition maps being closed immersions. Fur-
thermore the diagonal of X [L(Td is affine (in particular, representable by schemes), and of finite
presentation.

2.3.3 Galois representations with coefficients

As one might expect from the case of cyclotomic (, I')-modules, there is also an analogue of the
equivalence in Theorem 2.2.6 in the presence of coefficients.

To this end, let A be a complete local Noetherian (O-algebra with residue field. As in [EG23,
§3.6.1], we denote by Ak 4 the my-adic completion of Ay 4, and we define a formal étale
(g, 'k )-module with A-coefficients to be an étale (¢, 'x)-module over KK 4 in the obvious
sense. We also let K% 4 be the m 4-adic completion of the tensor product A™ ®¢,, A.

Theorem 2.3.25. The functor
Vs DA(V) = (V @4 Al ,)Gre

gives an equivalence of categories between the category of continuous G g-representations on
finite free A-modules and the category of finite projective formal étale (p,, I i )-modules with A-
coefficients. A quasi-inverse functor is given by M+ Ta(M) := (A¥ , @z,  M)#="

Proof. This is a generalization of of [Dee0Ol, Thm. 2.2.1] to the setting of Lubin-Tate (¢, ['x)-
modules. The idea is to first consider the case where V' has finite length. In this case D4 (V)
simplifies to Dy, (V') where in the latter we view V' as a module over Op; in particular, we can
make use of the already-established case of Og-linear representations (Theorem 2.2.6). Once this
is done, we pass to the limit to deduce the general case (after checking that everything behave well
under taking limits). A detailed proof has been recently worked out in [AK19, Thm. 7.18]. [l

The above equivalence also holds in the case where A = Fp (this follows easily from the fact
that X };Td is limit preserving). In other words, we see that the groupoid of F,-points of X’ }gjzl is

equivalent to the groupoid of representations G — GLd(Fp). Using this equivalence, we can
deduce easily that taking versal rings of the stack X’ II;Td at finite type points recovers the usual
framed Galois deformation rings.

2.4 Finer geometric properties of X!,

2.4.1 Relation with the Emerton—-Gee stack

Having established that X II;Td is an Ind-algebraic stack, our goal in this subsection is to make a more
detailed study of its geometry. More precisely, we will show that our stack of (rank d) Lubin—Tate
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étale (4, [')-modules is in fact isomorphic to the Emerton-Gee stack of (rank d) cyclotomic
(i, I')-modules. As an immediate consequence, we deduce that X [I;Td is in fact a Noetherian formal
algebraic stack.

We maintain our notation from the previous section. Our main result is the following.

Proposition 2.4.1. Assume A is a finite type O/w®-algebra for some a > 1. Then there is an
exact tensor-compatible rank-preserving equivalence between the category of finite projective étale

(¢4, Txc)-modules over A g a, and the category of finite projective étale (i, '5%)-modules over
AES,

Here, as the notation suggests, A%}A is the coefficient ring for the cyclotomic (¢, I')-modules
considered in [EG23] (it is denoted by A i 4 in loc. cit.). Also, exactness here means that both the
equivalence and its inverses are exact.

Proof. By [EG23, Prop. 2.7.8], if A is as in the statement, then the functor M +— M ® AEG,

(A®z, W (C")) defines an exact equivalence between finite projective étale (¢, I'E%)-modules over
A%S), and finite projective étale (i, G )-modules over ARz, W (C?) (exactness follows from fully
faithfulness of the map AR, — ARz, W(C’), cf. [EG23, Prop. 2.2.12]). In the same way,
extending scalars along Ax 4 = ARo,Ax — ARe,Wo,(C") defines an exact equivalence
between the category of finite projective étale (¢, I )-modules over Ak 4, and finite projective
étale (¢,, G )-modules over ARy, Wo,.(C") (loc. cit. is written only for the ring of unramified
Witt vectors, but the proof works in general).
It thus suffices to relate étale p-modules over A®z, W (C”), and étale ¢,-modules over AR, Wo,.(C”).

To this end, let oy : kp — C° be the canonical embedding. For each j € Z [fZ,leto; == opo0 @,
where ¢ is the p-power Frobenius on kp. As W(kp) ®z, W(C’) = [1; W(C),a @z
(0(a)x);, we obtain an isomorphism

ARz, W (C") = ABw (k) (W (k) ®z, W(C))
= [T A®w .0, (C)

J
= 1] A®oy.0,Wo,.(C).

J

Thus, any module M over A@ZPW(Cb) decomposes as M = [] ; M;, where M, is the base
change of M along the map p; : ARz, W (C’) —» A@)OF,UJ. Wo, C”). We claim that the functor
M — M, defines an equivalence between the category of étale p-modules over AQ@ZPW( C’), and
the category of étale p,-module over A@)oF,gO Wo, (C?) (as the map py is clearly I x-equivariant,
we then obtain an equivalence between the corresponding categories of étale (¢, G i )-modules).
Let us abusively denote also by ¢ the ring map ARo,., Wo,(C*) = ARo,.0,,, Wo,(C’) in-
duced by the p-power Frobenius on C’. As ©op; = p;+10¢, the isomorphism @y, : p*M = M in-
duces an isomorphism ©*M; — M, for each j. In particular, we have an isomorphism oMo =
(¢)*My = My, i.e. M, is an étale @ ,-module. Conversely, given such M, we can define M
to be the module over ARz, W (C”) corresponding to the tuple ((¢?)*My);. By design, there is a
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linear isomorphism p*M = M as (p*M);11 = p*(M;) = p*((p?)* M) = (¢ 1) My = M; 14
for each j. In other words, M is an étale p-module, as desired. OJ

Corollary 2.4.2. There is an isomorphism

~

LT EG
XK,d _> XK,d

Proof. This follows immediately from Proposition 2.4.1 as X!, and X7F are both limit preserving
by Lemma 2.3.20 and [EG23, Lem. 3.2.19]. ]

As an immediate consequence of the above comparison result, we obtain the following refine-
ment of Theorem 2.3.9 on the geometry of the stack X’ II;Td See also Subsection 2.4.3 below for a
related discussion.

Corollary 2.4.3. X 1135 is a Noetherian formal algebraic stack over SpfO. The underlying reduced
substack X;};d is an algebraic stack of finite presentation over ¥. Moreover, the irreducible com-

ponents of X, L%;I;d admits a natural labeling by Serre weights.

Proof. This follows from Corollary 2.4.2, and the corresponding properties of the stack X }?Gd see
[EG23, Cor. 5.5.18] and [EG23, Thm. 6.5.1]. O

2.4.2 The Lubin—-Tate Herr complex

In this subsection we introduce a version of the Herr complex for Lubin—Tate (¢, I )-modules
with coefficients; the goal is to show that it is a perfect complex. Although this is not strictly
needed in our proof that X’ [L(Td is a Noetherian formal algebraic stack, the result itself may be of
independent interest.

Again, we will keep the notation in Section 2.2. In particular, we fix a set {71,...,7,} of
topological generators of the group ['x = fo F:Qs],

Let A be a w-adically complete O-algebra, and let M be a finite projective étale (¢, ['x)-
module with A-coefficients. The Herr complex C*(M) of M is by definition the cohomological
Koszul complex of M with respect to the commuting operators ¢, — 1,7 — 1,...,7, — 1. Con-

cretely, if we let v, := ¢, then C* (M) is by the complex

MS ush P M. P Du

0<i1<n 0<iy <iz<n 0<i1 <...<in<n
sitting in (cohomological) degrees 0,1,...,n + 1, where for each 0 < r < n, the component
d"[7'S7S)* 0 M — M of the rth differential d” is the multiplication by

{0 if {iv, i} & Lt g}
(=1)°(y = 1) if{j,.. . Jra} = {in, i Y TG}

where s is the number of elements in the set {i; < ... < 4, }, which are smaller than j.
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Example 2.4.4. If n = 2, then C*(M ) can be identified with the complex

wq—1 —(m-1) »g-1 0
(71_1> —(-1) O pg—1
21/, o3 0 —(2-1) (m-1) (r2—-1 —(n—-1)

MEB3

(M LN Vi)

In what follows, unless otherwise stated, we assume that A is an O/w“-algebra for some
a > 1. We have the following generalization of [EG23, Lem. 5.1.2], which allows us to interpret
the cohomology groups of the Herr complex entirely in terms of the ambient category of étale
(g, I' ik )-modules.

~

Proposition 2.4.5. There is a natural isomorphism of cohomological é-functors H'(C*(-))) —
EXt‘iT(A-K7A7 ').

Let us first recall the definition of the extension groups Ext} (A x 4, M). Let Mj’%ﬂ be the
category of finite projective étale (¢4, ' )-modules over Ag 4. This is an exact full additive
subcategory of the abelian category of all finite étale (¢, I'x)-modules over A 4 (in the sense
that if 0 - M — N — P — 0 is a short exact sequence of finite étale (¢,, I'x)-module with
M, P finite projective, then the same is true for V).

As is the case for any exact category, given any object M in M?}’%T and any ¢ > 1, we have the
abelian group Ext}.(A K4, M) of equivalence classes of so-called degree 7 Yoneda extensions of
Ag 4 by Min MEET, By definition, such an extension is an exact sequence

e, I
EZO—)M—)Mi_1—>Mi_2—>...—)M0—>AK7A—>O

in Mi’%n, and the relevant equivalence relation is generated by the relation that identifies two
extensions F and E’ whenever there is a map of extensions £ — F’, i.e. a commutative diagram

0 > M > M;_1 » My —— Aga —— 0
idl l l lid
0 > M > M, » M) —— Aga — 0.

Concretely, E' and £’ are equivalent if and only if there is some extension E” together with maps
of extensions £/ <— E” — FE’ as above.

It is easy to see that the abelian group Ext} (A 4, M) is naturally an A-module with a € A
acting via the map a : Exti (A a, M) — Ext|(Agk.a, M) induced by the multiplication by
a on M (or on Ag 4). As usual, for i = 0, we define Ext) (A 4, M) to be the A-module of
morphisms Ag 4 — M in MgﬁT.

The collection of functors (Exti (Ax. 4,-))i>o forms a (cohomological) §-functor from the

exact category M?’%T to the abelian category of A-modules. More precisely, given any short

3This is to say that the sequence is exact when viewed as a sequence in the abelian category of all finite étale
(¢q, T )-modules over A 4.
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exact sequence 0 — M — N — P — 0, there is an associated long exact sequence for Yoneda
extensions

.= Extip(Aga, M) = Extin(Aga, N) = Bxtip(Axa, P) 2 ExtiE (Aga, M) = ...
(2.4.5.1)

where the connecting map ¢ is defined by “splicing” a degree ¢ extension [0 — P — Z; ; —
oo = Zy = Aga — 0] in Ext}(Ag 4, P) with the given short exact sequence 0 — M —
N — P — 0. A proof of this can be found in [Mit65, Chap. VII, Thm. 5.1] (strictly speaking,
the reference works throughout with an abelian category, but the proof goes over unchanged to any
exact category).

Similarly, as the association M +— C*(M) is clearly functorial and exact in M, we see easily
that the collection (H'(C*(+))):>o also forms a d-functor between the same categories.

In what follows by an embedding M < N between objects in Miﬁ’FLT, we will mean an
equivariant injective map M — N which splits on the level of underlying A i 4-modules (so that
the quotient P := N/M will also be an object in ./\/lii’FLT“).

Lemma 2.4.6. For eachi > 1, the functor M +— Exti (A4, M) is effaceable. In particular; the
collection (Exti(Ak 4, ))i>0 forms a universal d-functor.

Proof. Given any M € Mf:’lgT, and any class £ € Ext}(Ag 4, M), we need to find an em-
bedding M — N in M3 so that E = 0 in Extjp(Axa, N). IF[0 = M — N — Z;,_5 —

. — Zy — Ak — 0] is an extension representing F, then £ = §(E’) by construction of
the connecting map J, where E’ is the class in Ext{;'(Ax 4, P) represented by the extension
0— P — Zi_o— ... > Zy = Aga — 0] (as above, we set P := Im(N — Z;_»), an object
in Mif,’lfT). Using the long exact sequence (2.4.5.1), we find that £ = 0 in Extl (Ag 4, N), as
desired. [

Lemma 2.4.7. For each i > 1, the functor M +— H'(C*(M)) is effaceable. In particular, the
collection (H'(C*()))i>o0 forms a universal d-functor.

Proof. Given any class cin H'(C*(M)), we need to find an embedding M < N in M?”IPT so that
¢ becomes zero in H'(C*(N)). For brevity, in this proof and the next two lemmas, by “enlarging”
M, we mean replacing M by an appropriate object N in ./\/lit”FLT for which there is an embedding
M — N as in the statement.

There is nothing to prove if ¢ > n+1. Now consider the case © = 1. We need to show that given
n+1

any tuple (zg, x1,...,x,) € (") such that (vi—1D(zk) = (ye—1)(z;) forall 0 < j < k < n,
where 7y := ¢,, we can find N and some = € N so that (7, — 1)(z) = z; forall 0 < j < n.
This is clear: we can just set N := M @& Ak 4z with ;2 := x + z; foreach 0 < j < n. We can
check easily that our assumption on the tuple (z,); guarantees precisely that these actions pairwise
commute, and so define an €étale ((pq, ' )-module structure on N, as wanted.

“In a general exact category, such embedding is often called a strict (or admissible) monomorphism.
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The case : = n+-1 follows directly from Lemma 2.4.9 below. It remains to treat the case where
n+1
2 <4 < n. In this case, given any tuple (Yjoi,...j; 1 )o<jo<..<ji_1<n € M@( ) such that

> (=1 (= 1)y 5.5, =0 2.4.7.1)

k=0

forall (i41)-tuples 0 < jo < ... < j; < n(where, as usual, by }k we indicate that we have omitted
Ji from the tuple (jo, . .., Jk, - - -, Ji)), weneed to find M — N, and atuple (xj, j, ,)o<jo<..<jia<n €

N®(™1) such that
i1

Yjogr-.jier = (_1>k<7k - 1)1’3‘0.“5}&_1 (2.4.7.2)
0

il

for all ¢-tuples 0 < jo < ... < 7,1 < n. By Lemma 2.4.9, after enlarging M, we may define
the tuple (2, . ,)o<jo<..<j;_o<n as follows. Set x;, ;. , := 0if j, = 0, otherwise set zj, j, , to
be any element in N for which (¢, — 1)(Zjy.j,_») = Y0jo...j;_»- Then (2.4.7.2) holds for all tuples
0 <jo<...<Jjio1 <nwithj, = 0. Assume that we have chosen (z,._j, ,)o<jo<..<j;_s<n
so that (2.4.7.2) is true whenever 0 < j, < j(. It suffices to show that we may modify the tuple
(Tjo...ji 0 )0<jo<..<js_»<n further so that (2.4.7.2) in fact holds true for all 0 < j, < j. Indeed, by
the inductive hypothesis, and our assumption (2.4.7.1) (applied to the (i + 1)-tuples 0 < jy < jj <

. < jisn < nwith 0 < gy < jg), we obtain (v, — 1)z, = 0 forall 0 < jp < jg, or

. —ly=. =y, =1
equivalently, L€ MTTTT T 17 where

Z5b 1. Gie

—_

1—

Zjpgr-dior = Yihg.dier T (_1);@(% - 1)xj6...jkji_1'
0

i

By Lemma 2.4.8 (applied to i = jj,—1 < n—2), we may thus enlarge NV further so that Zjbir.jic1 =
(Vs — 1)2j,...j;_, for some 2, ., € MEPaTII =T = By replacing x;, j, , with z;,_j, , +
Zj.ji_1» We see that (2.4.7.2) now holds true for all 0 < j, < ji, as desired. O]

Lemma 2.4.8. Given any M € M?’%T, and any v € MP=1n=-=%=t with 0 < i < n — 2, we

can find an embedding M — N in ./\/lé;;l}T so that © € (7y, — 1)(N#e=tm=-=n=1),

Proof. We will use descending induction on 0 < 7 < n — 2. Assume first that s = n — 2. We
can pick » > 0 large enough so that (v,,—1 — 1)"(2) = 0. To see this, let U be an ¢,-stable open
subgroup of M: such U exists by Lemma 2.4.10 below. As the map 7,1 — 1 : M — M is
topologically nilpotent, we have (v,_1 — 1)"(x) € U for all » > 0 sufficiently large. But this in
fact forces (y,-1 — 1)"(z) = 0 by injectivity of themap 1 — ¢, : U — U.

We claim that for each 0 < k < r, we can choose N so that (v,_1 — 1)¥(x) € (v, —
1)(N#e=tm=-=1m-2=1) Thig is clear for k& = r by our choice of r. Assume the claim is true for
k+1 (with0 < k < r—1). Then we can choose 2’ € N¥s=1mn=-=m-2=l g0 that (v, _;—1)(z) =
(7n — 1)(z'). Now applying the construction in the case of H* for the tuple (0,...,0, 2, (v,_1 —
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1)*(z)), we can enlarge N further so that (v,_; — 1)*(z) € (y, — 1)(N#e=lm=-m-2=1)" Ip
particular, we obtain the result for i = n — 2 by setting £ = 0.

Assume that 0 < 7 < n — 3 and that the result have been proved forall: +1 < 57 < n — 2.
Again, we can pick » > 0 large enough so that (7,41 — 1)%+ ... (-1 — 1)*'(z) = 0 for all
nonnegative integers a; 1, ..., a,_1 with sum a;,;1 + ... + a,_1 = r. In particular, we trivially
have (yiy1 — 1)% 1 . (Y1 — 1)1 () € (v, — 1) MPa=t1=-=%=1 If p > 1, then we claim that
the same property holds for » — 1 after possibly enlarging M, i.e. that we can choose N so that
(Yis1 — D)%+ (Ypoy — 1)1 (2) € (7, — 1) N¥a=tn=-=%=1 for all tuples (a,, ..., a,_;) of
nonnegative integers of sum r — 1. Indeed, for such tuple, we can write

(Vg1 = D (e = D)%) = (g — D (@ina)

(Yirr = D)% (e = DF1(2) = (g — D (@am1)

forsome z;1, ..., &, € N#a=tm=-=%=1_In particular, we have 2, := (v,—1)zp—(1—1)z; €
Mea=tm=-=vi=m=l foreveryi+ 1< j <k <n— 1.
We will now modify the elements x;,1, ..., x,_1 suitably so that in fact x;, = 0 for all such

(7, k). More precisely, we will show by ascending induction on i + 1 < j < n — 1 that we can
modify the x;, with & > j so that z;;, = 0 for all such £. Assume first that j = ¢ + 1. Using the
inductive hypothesis for the case : + 1 < n — 2, after possibly enlarging M, we may choose for
each j < k < n — 1anelement y, € M#e=tm=-=%=1m=1 g0 that z;;, = (7; — 1)(yx). We now
simply replace each x, by x, — y;. Next assume that we have modified so that z;;, = 0 for all
i+1<j <k <n-—1withj <j. Inparticular, as z;;; = 0 = x;/, we have

(v = Dajre = (v — Dy — Dag — (i — Dy — D
= (v — D — Dy — (e — Dy — Dy
= 0.

In other words, we in fact have z;;, € M¥«=tn=-=%-1=m=l" Thus, by applying the inductive
hypothesis for i + 1 < 57 < n — 2, we can find (after possibly further enlarging V), for each k > j
an element zj, € M¥Pa=1m=-=%-1=7=1 gq that xji = (v; — 1)2x. Again, we can now replace each
xy, by o1, — 25, so that in fact x;;, = 0, as wanted (note that as we have designed so that z;, are fixed
by v, for all 7/ < j, this does not affect the modifcation that we made earlier on the x;;, with
j' < k (i.e. they are still zero)).

The upshot is that now the tuple (0, ..., 0, Zis1, ..., Tn1, (igr — 1%+ ... (g — 1)%-1(2))
is a 1-cocycle, and so by using the construction in the case of H!, we can further enlarge N so that
(Yisr — D)%+ (Ypoy — 1)%=1(x) € (7 — 1) N¥a=tn=-=%=! for all tuples (a}, ,, ..., a, ;) of
nonnegative integers of sum r — 1, as claimed. Again by continuing this procedure, we may arrive
to the case r = 0, where we clearly have x € (v,, — 1) N¥e=1711=-=%=1 a5 wanted. O

Lemma 2.4.9. Given any M € Mf;lI:T, and any x € M, we can find an embedding M — N in
Metr so that © € (p, — 1)(N).
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Proof. 1t follows from Lemma 2.4.10 that (¢, — 1)(M) is an open subgroup of A/. We may
thus pick > 0 large enough so that (7, — 1)™ ... (7, — 1) (z) € (¢, — 1)(M) for all tuples
(ay,...,a,) of nonnegative integers with sum r. As in the proof of Lemma 2.4.8, we claim that if
r > 1, then the same property holds for » — 1 > 0. Indeed, given any tuple (a}, ..., a,) with sum
r — 1, we can write

(n =D (= D)™ (@) = (9 — D)(a1)

(r =1%o (e = D) (1) = (g — 1)(2n)

for some x1,...,2, € M. Again, we have z;, = (v; — 1)zx — (v — 1)z; € M#=! for all
1 <7 < k < n. By applying Lemma 2.4.8 and its proof, we may modify the elements z1, ..., z,
inductively so that in fact z;;, = 0 for all such j < k. Indeed, assume first that j = 1. By the
case ¢ = 0 of the that lemma, we can find N so that xy;, = (73 — 1)y, for some y;, € N#a=1,
Then by replacing each x; with x; — y;, we obtain zy;, = 0 for all £ > 1. Assume we have
xzjp = 0forall 1 < j° < k < nwith 5 < j. Arguing as the proof of loc. cit., we see that in
fact z;, € M¥e=1m=-=%-1=1 Then by the case i = j — 1 < n — 2 of loc. cit., we may choose
2p € MPa=tm=-=7-1=1 g0 that x;;, = (7; — 1)(z1). Again by replacing each x;, with x), — zx, we
may then assume that x;; = 0 = x forall k > j > 5, as desired.

Now by using the construction in the case of H' for the 1-cocycle ((y; — 1)% ... (7, —
1) (x), 21, ..., ,), we may further enlarge N so that (y; — 1)% ... (7, — 1)%(x) € (p,— 1)(N),
as claimed. Again, in the case r = 0, we obtain = € (¢, — 1)(N), as desired. O

Lemma 2.4.10. Let A be a Noetherian O /w®-algebra for some a > 1, and let M be a finite (not
necessarily étale) p,-module over A 4. Then M admits an open p,-stable subgroup U on which
the map ¢, — 1 is bijective.

Proof. By considering M as a finite étale p,-module over the subring Ap4 C Ag 4, we may
assume that /' = F' (note that the canonical topology on M does not depend on whether we view
M as a finite module over A 4 or Ap, 4). In this case the subring A}, , of A 4 is @,-stable, and
we can in fact choose U to be a ¢,-stable lattice in M. To see this, pick any lattice 9t in M, and pick
n > 0 large enough so that ®;(}9M) € T7"M. As 7 = 0in A and @, (T) = T mod A} 4,
it follows easily from the binomial theorem that o, (T"**~!) is divisible by "¢ in A} ,. In
particular, we have @, (i (T 1ON)) = @ (TY 1) D (i) C TY9IN. If we pick M
large enough so that Mg —n > M +a — 1+ ¢°~', then 9 := TM 190 is a ¢,-stable lattice
in M satisfying @, (9V) C T4 9. As @, (T) = T mod 7, we have ¢, (T ) = T9" mod 7°.
Thus for any ¢ > 0, we have o, (T 9) C T+ 90" As O’ is T-adically complete (being
finite over the Noetherian 7-adically complete ring A 4), it follows that for each x € 9V, the
series » ;- ¢4 (x) converges in 901'. We deduce that the map 1 — ¢, : 91 — 9N is bijective with
inverse gi;en by > =0 apg, as desired. 0

Proof of Proposition 2.4.5. This follows from Lemmas 2.4.6 and 2.4.7, uniqueness of universal
d-functors, and the fact that we have a natural identification between H°(C*(M)) = M#a=1Ix=1
and Hom (Ag.a, M) = ExtYn(Ag 4, M). O

ét,LT
M%r
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Corollary 2.4.11. Assume A is a finite type O /w®-algebra for some a > 1. Let M be a finite pro-
jective étale (¢4, T i)-module with A-coefficients, and let M®C denote the (¢, T5S)-module corre-
sponding to M under the equivalence in Proposition 2.4.1. Then H'(C*(M)) = Hio(C*(ME9))
for each integer 1.

Proof. As the equivalence in loc. cit. is exact and clearly takes Ax 4 to A%?A, we see that
Extir(Axa, M) = Extho (AR, MEC) for each i € Z. The result now follows from Propo-
sition 2.4.5 (applied to both M and M%), O

Theorem 2.4.12. Let A is a finite type O/w“-algebra for some a > 1, and let M be a finite
projective étale (¢, 'k )-module with A-coefficients.

(1) The Herr complex C*(M) is a perfect complex of A-modules, with tor-amplitude in [0, 2|.
(2) If B is a finite type A-algebra, then there is natural isomorphism in the derived category
C*(M)®% B = C*(M ®a, , Axp).
In particular, there is a natural isomorphism

H*(C*(M))®4 B = H*(C*(M Oaps Ak,B)

Proof. Combining Corollary 2.4.11 with the analogous result in [EG23] for the cyclotomic Herr
complex, we see that the cohomology groups H'(C*(M)) are finitely generated, and moreover
vanish unless ¢ € [0, 2]. The theorem now follows by the same argument as in the proofs of [EG23,
Thm. 5.1.22, Cor. 5.1.25]. ]

Remark 2.4.13. 1. For showing that the Herr complex is perfect, it suffices by [Sta23, Tag 07LU]
to consider the case where A is a finite type F-algebra. Thus, in view of the above proof, it is in
fact enough to invoke the comparison 2.4.1 only for such algebras; in other words, we need the
isomorphism X, = XEG only on special fibers. On the other hand, it would be desirable to have
a proof purely in the world of Lubin-Tate (¢, Ik )-modules.

2. Qur first approach on showing perfectness of the Herr complex was to proceed along the
lines of [EG23, §5.1] by using a kind of t-operator on Lubin-Tate (¢, 'k )-modules. However,
this turned out to be not possible (as far as we know) since there is no I'x-equivariant left inverse
of p, : M — M if F # Q,, cf. [BR22, Prop. 3.2.6].

Corollary 2.4.14. Assume A is a finite type O /w®-algebra for some a > 1. Then the Herr complex
C*(M) can be represented by a complex [C° — C' — C?] of finite locally free A-modules in
degrees [0, 2].

Proof. This follows from Theorem 2.4.12, and [Sta23, Tag 0658]. OJ


https://stacks.math.columbia.edu/tag/07LU
https://stacks.math.columbia.edu/tag/0658
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2.4.2.1 Galois cohomology via the Herr complex

As another consequence of the effaceablity of the functors M — H*(C*(M)),i > 1 (Lemma
2.4.7), we recover the following comparison result. The approach employed here is similar to that
in [Her98]; see also [AK19] for a different approach.

Theorem 2.4.15. Let A be a complete local Noetherian O-algebra with finite residue field of
characteristic p, and let V be a finite A-module equipped with a continuous linear representation
of Gg. Then there are isomorphism of A-modules

HY(Gg,V) = H(C*(Ds(V))).
which are functorial in A.

Proof. First assume that m’;V = 0 for some n. The functor D4 extends formally to an equiva-
lence between the category Rep'y" (G k) of m4-power torsion linear G g -representations, and the
category Mg‘}'ét’ " of direct colimits of finite m 4-power torsion étale (i, I')-modules over A 4
(the point being that, unlike its subcategory of finite G -representations, Rep'y” (G'x ) has enough
injective objects). Clearly, if M is an object in Mg‘}'ét’ ' then M has a natural (¢,, ['x)-module
structure, and we can define the Herr complex of M exactly as for finite étale (¢, I'x)-modules.
We can check easily that the arguments in Lemmas 2.4.7, 2.4.8 and 2.4.9 still make sense, and thus
show that the functors M ~— H*(C*(M)),7 > 1 remain effaceable on the category Mgtﬂrl_ét’tor
Now as the cohomological §-functor (V + H (G, V'));>o is universal on Rep'y* (G k), we obtain
the result in this case.

For a general V, consider the inverse system (C*(G, V/m’;V')),, of cochain complexes. As the
transition maps are surjective, its derived limit can be computed by taking inverse limits termwise,
ie.

RlIm C* (G, V/myV) = Im C* (G, V/miV) = C¢

cts

(Gg, V).
In particular, there is a Milnor short exact sequence
0= R'im H' (G, V/miV) = H (G, V) — lim H' (G, V/miV) = 0

foreach i € Z. By what we have just seen, each H~!(G g, V/m’}V) is computed by H* 1 (C*(DA(V/m"V)),
and hence finite by Theorem 2.4.12. It follows that the R'lim on the left vanishes, and we obtain

H'(Gg,V) =lm H' (G, V/m3V).

Arguing similarly for the inverse system (C*(D.a(V/m}V')))y, (and recalling that D4 (V') = lim D 4 (V/m3 V'),
we obtain

H'(C*(Da(V))) = lim H(C*(Da(V/m}V))),

hence the desired result. O
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2.4.2.2 Obstruction theory

As in [EG23, §5.1.33], one can use perfectness of the Herr complex to show that the stack X }gq;l
admits a nice obstruction theory in the sense of [EG23, Defn. A.34].

Let A be a finite type O/w“-algebra for some a > 1, and let M be a rank d projective étale
(g, I' k)-module with A-coefficients, classified by amap x : Spec A — X II;Td Given a square-zero
extension

0=>1—-A—>A-0

in which A’ is a finite type O /w"-algebra, we want to consider the problem of deforming M to a
projective étale (¢, 'k )-module M’ with A’-coefficients. More formally, let Lift(z, A) be the set
of isomorphism classes of pairs (', 1) where M’ is a projective étale (¢4, Ik )-module M’ with
A’~coefficients, and ¢ is an isomorphism M’ ® 4 A = M of (p,, i )-module with A-coefficients.

First, we can lift M/ uniquely to a rank d projective A g 4-module M (as a finite projective
module always deforms uniquely along a nilpotent thickening). By viewing ¢ : J\i — M as a
linear map ;M — M, we see that ¢ also lifts to a semilinear map ¢ : M — M. Note that
the linearization ®; of ¢ is then automatically an isomorphism as it is a surjective map between
finitely projective modules of the same rank (surjectivity follows from Nakayama’s lemma and the
fact that @5 is surjective modulo a nilpotent ideal). Similarly, we can also lift each +; to a bijective
semilinear map 7; : M — M. However, the problem is that the actions of ¢ and 7; on M may not
commute with each other (the set Lift(x, A) is therefore empty in this case). On the other hand,
as the following lemma shows, this is the only obstruction to lift M to an A’-point of X’ }fd

Lemma 2.4.16. Assume there exist pairwise commuting lifts 0,71, ..., %, of 0,71, - . ., Yn respec-
tively to M. Then the induced semilinear action of 'k gisc on M is continuous. In other words,

these lifts makes M into an étale (g, I' k) -module with A’-coefficients which lifts M.

Proof. By assumption, M is an object of R;Kfi“ (A’), and we want to show that M in fact comes

from an object of X II;Td — RFK 4. Using Lemma 2.3.17, we may reduce to the case K is F-

basic. In particular, we can apply the material on 7'-quasi-linear endomorphisms. More precisely,
by Lemma 2.A.8, it suffices to show that the action of 7, — 1 on M is topologically nilpotent for
each 1 <i < [K : Q,]. Arguing in as the proof of [EG23, Lem. D. 31] we may reduce to the case
when M is free. In 1 particular, we may choose a free latice M in M. Then M := M ® A Ais also
a lattice in M = M ®ar A. As the action of 'k gisc On M is continuous by assumption, we can
use Lemma 2.A.8 agam to find m > 0 large enough so that (y; — 1)™9t C TIN. Equlvalently,
we have (y; — l)mﬁﬁ C T + I9M. Repeating the same argument for the free lattice T' M in 9)?
we can choose some m’ > m large enough so that (y; — 1)™ T C T + I(Tﬁ)ﬁ) As I? =0,
it follows that (v; — 1)™ ™9 C T2 + I(TM) + I(TM + I9M) = T + ITM C TN, as
desired. 0

Let ad M := Homgy,. , (M, M) be the adjoint of M, endowed with its natural structure of an
étale (¢,, 'k )-module with A-coefficients.
We are now ready to measure the obstruction for lifting M to A’.
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Lemma 2.4.17. There is a functorial obstruction element 0,(A’) € H?*(C*(ad M) ®% I), which
vanishes precisely when x can be lifted to Spec A'.

Proof. As above, we can choose semilinear lifts 7; of the 7; to M (again, we will denote ¢ by 7,
for ease of notation). We first check that the tuple

(377 35— Do<icjen € C2(ad M ®4 1) (2.4.17.1)

is acocyle, i.e. that (v — 1) (33,7, '7; " — 1) — (3 — DA 3% =1+ (v = D@ 3 —
1)=0inad M ®4 [ forall 0 <i < j < k < n. Itis convenient to consider this as an equation
inada, ,M 2 ad M ®4 I; in particular, for each 0 < ¢ < n, the action of v; on ad M ®4 [

is now nothing but the conjugation by 7; : M — M. Now fix0<i<j<k < n, and write

Y =337 3 =L Z =377 '3; ' — L Then 37373, ' = (1+Y)Je and 35,7, ' = (1+2)7;.
Multiplying these equations gives Y, 7,7;7; | = %ﬁ] + 2y 7+ nyk'y] whence WZAT+Y =
YA o 5,1 — 1. Similarly, we have fy]nyj + 7 = ’y/yﬂk’yz Fe ’yj — 1. It follows that

(ve — 1)Z — (v — V)Y = %9797 7] % — ViYiVKYi % 7] -1 We are thus reduced to show-
ing that 337,73, Ak — VG e A+ VT e Vi = Ak Ak = 0. We can
rewrite the left hand side as %%%(&71%:1’7?1 — “7’2-_1%_1%_1) + Vv = ) () =
%(%%—%%)(%—1%15{1—5517;;1%‘_1)+(5ﬁk7ﬁi_1—Wﬁk)((%%)*l—(Wﬁk)fl) %%%(1—
T A7 AN T T A A W 3 G A A DT 5 A
The last expression is now clearly zero as 2 = 0.

We can now define o, (A’) to be the image in H*(C*(ad M ®4 I)) of the tuple 2.4.17.1. It
remains to check that o,(A’) is independent of the choice of the lifts 7;, and vanishes if and only
if Lift(x, A’) # 0. Indeed, any other choice of lifts 7/ is of the form 7, = (1 + X;)7; for some
X,; € ad M ®4 I. From this, one can check easily that

GAE)TTE) T -0 =G A D) = (= DX - (- DX

This shows that the class 0,(A") € H?(C*(ad M ®4 I)) is well-defined, and vanishes if and only
if we can choose commuting lifts 7;. By Lemma 2.4.16, the latter is equivalent to the condition
that Lift(x, A’) # (), as desired (note also that as C*(ad M) is a complex of flat A-modules, the
derived tensor C*(ad M) ®@% I simplifies to C*(ad M ®4 I)). O

Lemma 2.4.18. Let F' be a finitely generated A-module. Then there is a natural isomorphism
Lift(z, A[F]) = H*(C*(ad M) ®% F) of A-modules.

Proof. As before, a lift of M to A[F] is determined by lifts 7; of the 7; on M. Given any such
lifts, we can write 7; = (1 + X;)7; for some X; € ad M ®4 F (note that we have abusively
denoted also by ~; the lifts corresponding to the trivial lift M ®4 A[F]). It is easy to check that
the lifts 7; commute with each other (or equivalently, define an element of Lift(x, A[F])) if and
only if the tuple (Xo,...,X,) lies Z'(C*(ad M ®4 F)). Furthermore, as the endomorphisms
of the trivial lifting M ®4 A[F] are given by 1 + X for X € ad M ®,4 F, we see that the lift
determined by a tuple (Xy,...,X,) € Z'(C*(ad M ®4 F)) is trivial if and only if there exists
X € ad M ®4 Fsuchthat y; = (1 + X)y(1+ X) ! forall 0 < i < n. Itis easy to check that
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this is equivalent to saying that (X, ..., X,,) = d°(—X) is a I-coboundary. Thus, we obtain a
bijection H(C*(ad M ®4 F)) = Lift(x, A[F]) at the level of sets. That it is also A-linear can be
done exactly as in the proof of [EG23, Lem. 5.1.35]. O

Corollary 2.4.19. X [L(Td admits a nice obstruction theory in the sense of [EG23, Defn. A.34].

Proof. This follows by combining Theorem 2.4.12, Lemmas 2.4.18 and 2.4.17. [

2.4.3 Families of extensions

We now briefly indicate how to proceed along the lines of the arguments in [EG23, Chap. 5] to
give an alternative proof that X’ ,I;Td is a Noetherian formal algebraic stack using only perfectness of
the Lubin—Tate Herr complex (in particular, we are not using directly the comparison in Corollary
2.4.2 between X", and the Emerton-Gee stack Xi). See also Remark 2.4.21 below.

Roughly speaking, saying that X II;Td is in fact a formal algebraic stack means that the transition
maps in the colimit defining its Ind-algebraic structure are actually thickenings (rather than just
closed immersions), and this amounts to showing that the underlying reduced substack (X };g)red
is an actual algebraic stack (see [Eme, Cor. 6.6] for a more precise statement). For this, it suffices
to construct a finite collection of morphisms Z — (X I%ifd)red whose source is an algebraic stack,

and the union of whose images exhaust all the Fp—points of (X };?;l)red. As any mod p Galois rep-
resentation can be written as an iterated extension of irreducible subquotients, the idea is therefore
to use induction on the dimension d and inductively construct spaces of extensions of some fam-
ilies of representations of dimension < d by some given irreducible representations, which will
ultimately give the desired cover. However since X’ [IgTd is really a stack of (i, I')-modules, in order
to carry out the above strategy, one needs a way to algebraize the various Ext® spaces so as to
be able to talk about families of extensions of (¢, I')-modules. This is where we need the Herr
complex and its finiteness properties. (With the construction just outlined above, it is not clear
if the irreducible representations can be covered at all. It is however indeed true and is in fact
one of the distinctive features of these stacks of (¢, I')-modules (compared to the case of literal
Galois representations): the representations occurring are generically reducible, but can specialise
to irreducible representations.)

More precisely, starting with a family pp : 7" — (XC%rTed)fp on a reduced affine Fp—scheme of

finite type, and any representation @ : G — GL,(F,) for which ExtéK (@, p,) is of constant rank

for varying t € T'(F,), one can construct a vector bundle V' — 7" together with a morphism
L
V= (Xd—g‘a,red>Fp
parametrizing a universal family of extensions
0= pr o, Ov = & = a®@g, Oy — 0.

One can then follow the proof of [EG23, Thm. 5.5.12] to obtain the following result. (As explained
above, for the algebraicity part, the rough idea is that by iterating the above construction, we obtain
families of étale (y,, I )-modules parametrized by the various vector bundles V' appearing; this
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will ultimately gives a cover of X };’Td’red. For obtaining the desired dimension, we will need to ac-

tually compute the dimensions of the various families of extensions arising from this construction,
cf. [EG23, Prop. 5.4.4].)

Theorem 2.4.20. X C%};d is a finitely presented algebraic stack over F of dimension [K : Q,|d(d —
1)/2.

In particular, by combining algebraicity of X;,.q with Corollary 2.4.19, we obtain another
proof that X II;Td is a Noetherian algebraic stack (see the proof of [EG23, Cor. 5.5.18], which
ultimately relies on the criteria of [Eme, Cor. 6.6 and Thm. 11.13]).

Remark 2.4.21. In fact, the inductive argument in [EG23, Thm. 5.5.12] also allows us to con-

. . . E:LT LT . . .
struct, for each Serre weight £, an irreducible component X’ dred T, of (dered)Fp of dimension

[K : Qp)d(d — 1)/2, whose generic F,-points are maximally nonsplit of niveau 1 and weight & in

the sense of [EG23, Defn. 5.5.1], and that the union of the X’ f:;gﬁ , together with a closed substack

of dimension strictly smaller than [K : Qpld(d — 1)/2, covers (Xj1q)F,. In order to show that

the X f’f;gfp exhaust the irreducible components of (ijrTed)fp, we need to show that the latter is
equidimensional. In the cyclotomic case, this is achieved by first constructing closed substacks of
X} corresponding to crystalline representations, computing their versal rings at finite type points,
and then using the existence of crystallne lifts of mod p representations. In order to adapt this
strategy to the Lubin—Tate setting, it seems necessary to first have at one’s disposal a description
of G k-stable Op-lattices in crystalline F'-linear representations of GG in terms of Breuil-Kisin—
Fargues modules over A := Wo, (Obc) In Chapter 3 below, we will obtain such a description
for a special class of crystalline Op-lattices. As the discussion there suggests, it seems that in
order to obtain a description valid in general, one should consider modifications of vector bundles
at several points (as opposed to just one point) on the Fargues—Fontaine curve X associated to F'.
We hope to discuss this in more details in a subsequent work.



Appendices

2.A T-quasi-linear endomorphisms

We recall some material on 7-quasi-linear endomorphisms, adapted to our slightly more general
setting. We will be content with giving only the results that we need in our proof of Ind-algebraicity
of X };ﬁ; for a more detailed account, we refer the reader to Appendix D of [EG23].

Fix a finite extension F'/Q, with uniformizer 7. Fix also a finite unramified extension K /F,
and a finite extension £/ I with uniformizer w and ring of integers O. If A is w-adically complete
O-algebra, we let A := (O ®0,. A)[[T]], and let A 4 be the p-adic completion of A% [1/T]. As
usual, finite projective modules over A 4 or A will be endowed with their canonical topology (cf.
[EG23, Rem. D.2)).

Definition 2.A.1. Let A be an O/w*-algebra for some a > 1, and let M be a finite projective
A 4-module. A T-quasi-linear endomorphism of A/ is a continuous Ox ®e, A-linear morphism
f: M — M which furthermore satisfies: there exist a(T') € (A})* and b(T) € (m,T)A’ such
that

f(Tm) =a(T)Tf(m)+b(T)T'm

for every m € M.
Remark 2.A.2. The above definition recovers [EG23, Defn. D.17] in case F' = Q,,.
Lemma 2.A.3. Assume f is T-quasi-linear, then for all n € Z, we can write
f(T"m) = a(T)"T" f(m) + b, (T)T"m
forallm € M, where a(T) € (A})* and b,(T) € (7, T)AT.
Proof. See the proof of [EG23, Lem. D.18]. ]

Lemma 2.A4. Let A be an O /w®-algebra for some a > 1, and let M be a finite projective A 4-
module. Let f be a T-quasi-linear endomorphism of M, and let I be a lattice in M. Then there
is an integer m > 0 such that f*(T*IMM) C T~ forall s € Z and n > 0.

Proof. As f is continuous by definition, we can choose m > 0 large enough so that f(7™9t) C 9.
From this and Lemma 2.A.3, it is easy to see that f(7°9t) C T°~™M for all s € Z. The lemma
now follows by an evident induction. U
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Lemma 2.A.5. Let A be an O/w®-algebra for some a > 1. Let M be a finite projective A 4-
module, and let f be a T-quasi-linear endomorphism of M. The following are equivalent:

(1) f is topologically nilpotent.
(2) There exists a lattice M C M and some n > 1 such that f"(9N) C (7, T)IM.

(3) For any lattice M C M and any m > 1, we have f"(9) C T™M for all sufficiently large
n.

Proof. The proof is identical to that of [EG23, Lem. D.21], except that we replace p by 7 every-
where, and appeal to Lemma 2.A.3 in place of [EG23, Lem. D.18]. 0

We now specialize to our main case of interest. To this end, assume that A 4 is endowed with a
continuous action of Z,, by Ok ®,. A-algebra automorphisms, which preserves A, and moreover
satisfies

YT)—T € (7, T)TA} (2.A5.1)
for some topological generator 7y of Z,,.

Lemma 2.A.6. Let M be a finite projective A 4-module which is endowed with a semilinear action
of the subgroup () of Z,, then f := v" —1 is a T-quasi-linear endomorphism of M for any n > 1.

Proof. By induction, it is easy to see that y*(T) — T € (m,T)TAY foralln > 1. As (" —
D(Tm) = y™(T)(y" — 1)(m) + (y"(T) = T)m, we have f(T'm) = a(T)"T" f(m) + b, (T)T'm
where a(T) := ~(T)/T € (A})*, and b,(T) := (v(T) — T)/T € (m,T)AY. As we already
require v to be O ®p,. A-linear, it remains to check that f : M — M is continuous. To see
this, let 901 be an arbitrary lattice in M, say generated by my, ..., m, € M. Let 91 be the sub-A -
module of M generated by v "(my),...,7 "(m,). As y acts on A 4 and M by automorphisms,
and moreover preserves A, it is clear that 91 is a lattice in M verifying v*(91) C 9. Thus, 4"
(hence f) is continuous, as desired. L]

Remark 2.A.7. We have seen in Lemma 2.3.19 that in case K is F'-basic, the action of v € ' on
A kF 4 indeed satisfies 2.A.5.1. Accordingly’, we can apply Lemma 2.A.6 in the case where (K

is ['-basic and) M is an object of Rg(‘“jc, and the semilinear action of () is given by restricting the
action of I'g,. on M.

Lemma 2.A.8. Assume that A is an O /w®-algebra for some a > 1, and that A 4 is endowed with
an action of Z,, as above. Let M be a finite projective A y-module, equipped with a semi-linear
action of (y) C Z,. Then the following are equivalent:

(1) The action of () extends (necessarily uniquely) to a continuous action of Z,,.

(2) The action of (y) on M is continuous.

SWe should also check that ~ fixes the subring Wo,, (kk.00) ®op A, but this is clear because ki o = ki if K is
F-basic.
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(3) For any lattice I C M and any n > 1, there exists s > 0 such that (vps —1)(OM) C T"IM.
(4) For some lattice M C M and some s > 0, we have (v*" — 1)(9) C TN,
(5) The action of v — 1 on M is topologically nilpotent.

Proof. The proof is essentially identical to that of [EG23, Lem. D.28], but to make sure that
everything works out as expected, we will provide the details. By [EG23, Lem. D.15], (1) and
(2) are equivalent. Clearly, (3) = (4). Now if (4) holds, then as (v*" — 1) = (v — 1)?" mod p,
we deduce that (y — 1)P°(9) C (p, T)M C (7, T)9M, and so v — 1 is topologically nilpotent by
Lemma 2.A.5 (2). Conversely, assume (5) holds. By Lemma 2.A.5 (3), we may choose s > 0 large
enough so that (y — 1)P"9 C T"M. As (7 — 1)P" = (77" — 1) mod p, we see that (47" — 1)1 C
(p, T™)9M; in particular that (3) holds when a = 1. Assume now that (3) is trueuptoa — 1 > 1.
By the inductive hypothesis (applied to the lattice (M + @w® M)/ ' M inside M/ 1 M),
we can choose s large enough so that (77" — 1)t C TN + w® M. In particular, we have
p(7?" — 1) C T"M. Now as v*° — 1 is topologically nilpotent, we can use Lemma 2.A.5 again
to pick ¢ large enough so that (v*° — 1)? 0 C T"M. As (*""" — 1) = (4" = 1) + 1)?' — 1 =
(77" —1)”" mod p(y*" — 1), it follows that (v*""" — 1)Mt C T"9N, as desired.

Assume now that (1) and (2) hold. Let 91 C M be an arbitrary lattice, say with generators
my,...,m, of M. By [EG23, Lem. D.13 (2)(a)], we can choose s > 0 sufficiently large so that
(v*" — 1)m; € TN for all i. Thus, for any \; € A}, we have

(7" - 1)(2 Aim;) = vas(/\i)(vps = m; + Z(Vps()\i) — Ai)m;.

As P (N\;)) — \; € TAT for all i (recall that ~y fixes O ®0, A, and preserves T'AY), it follows
that (7" — 1)9 C T9N, hence (4).

Finally assume that the equivalent conditions (3)—(4)—(5) hold. To show that (1) and (2) holds,
it suffices to verify the conditions of [EG23, Lem. D.13 (2)]. That [EG23, Lem. D.13 (2)(b)]
holds, i.e. each g € () acts continuously on M follows by the same argument used in Lemma
2.A.6.

We now check [EG23, Lem. D.13 (2)(c)]. So let 9t C M be a lattice. We need to show that
(yP"YOM C M1 for all s > O sufficient large. As we are assuming (3), we may choose s so that
(77" — 1) C TON. In particular, v*" 9 C N, and by induction we have y"P*9t C M for all
r > 0. To handle the case r < 0, it suffices (by descending induction) to check that v~P"90t C 9.
This follows from the fact that v*° — 1 acts topologically nilpotent on M. Indeed, for any m € I
we have

TP (m)=(1—1=+")"m=m+ (1 -7 )m+(1—9" ) m+... €M

It remains to check [EG23, Lem. D.13 (2)(a)]. In other words, we need to check that for any
m € M, the orbit map (y) — M, g — gm is continuous at the identity of (), or equivalently, for
any lattice 9 C M, we can find s > 0 sufficiently large so that gm € m + 9 for all g € (y7°).
By picking n large enough so that m € T7"9 and replacing 99t by 7", we are reduced to
choosing s so that (g — 1)9t C T™9M for all g € (7?"). Again, by (3) we can choose s so that
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(77" — )9 C T"ON. As in preceding paragraph, this implies in particular that v™*"9t C 9N
for all » € Z. It follows that (4" — 1) C T™9M for all r € Z. Indeed, if » > 1, then
(YP = 1)M = (7" = 1)(y" P 4 AP )M C (7 — )M C T, while if r < 0, then
(777" = 1) = —(3~" — )y MC (777" — 1) C T, 0
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Chapter 3

Prismatic F'-crystals and ‘“Lubin-Tate”
crystalline Galois representations

3.1 Introduction

Let K/Q, be a completed discrete valued extension with perfect residue field & of characteristic
p > 0, fixed completed algebraic closure C, and absolute Galois group G . An important aspect of
integral p-adic Hodge theory is the study of lattices in crystalline (or more generally, semistable)
G k-representations. There have been various (partial) classifications of such lattices, including
Fontaine—Laffaille’s theory [FL82], Breuil’s theory of strongly divisible S-lattices [Bre02], and
Kisin’s theory of Breuil-Kisin modules [Kis06]. In [BS23], Bhatt and Scholze give a site-theoretic
description of such lattices, which unifies many of the previous classifications, and in fact can re-
cover them by “evaluating” suitably. To recall their result, let (O ) denote the absolute prismatic
site of O this comes equipped with a structure sheaf O , a “Frobenius” ¢ : O — O , and an
invertible ideal sheaf Z C O .

Definition 3.1.1. A prismatic F'-crystal on O is a crystal of vector bundles on the ringed site
((Ok) ,O )equipped with an isomorphism (p*E)[1/Z | ~ E[1/Z ]; denote by Vect?((Ok) ,O )
the resulting category. Similarly, we obtain the category Vect?((Ox) ,O [1/Z ]}) of so-called
Laurent F'-crystals.

cris

In the statement below, Repy | (G k) denotes the category of Galois stable lattices in crystalline
Q,-representations of G.

Theorem 3.1.2 ([BS23]). There is a commutative diagram

Vect?((Og) ,0 ) ——— Repczr;S(GK)

J I

Vect?((Ok) ,0 [1/T ])) —— Repg, (Gx).

Here the vertical embeddings are given by the obvious maps; the horizontal equivalences are
induced by evaluating on the Fontaine’s prism Ay, the so-called étale realization functor.

69
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(We note that the bottom horizontal equivalence was also obtained independently by Zhiyou
Wu [Wu21].) Motivated by the study of the stacks of Lubin-Tate (i, I')-modules in Chapter 2, it
is natural to ask if there is a variant of Theorem 3.1.2 for coefficient rings other than Z,. More
specifically, let E be a finite extension of Q,, with residue field ', and a fixed uniformizer 7; we
are interested in crystalline representations of G on finite dimensional F-vector spaces (or rather,
G i-stable Og-lattices in such).

Hypothesis 3.1.3. We assume throughout that there is an embedding 7, : £/ — K, which we will
fix once and for all.

Definition 3.1.4 ((KR09]). An E-linear representation V' of G is called E-crystalline if it is crys-
talline (as a Q,-representation), and the C-semilinear representation P 4n V ®E Cis trivial'.

A natural source of such representations comes from the rational Tate modules of 7-divisible
Og-modules over Ok ; see Lemma 3.4.23. Later, we will show that, just as in the case £} = Q,,
E-crystalline representations can be classified using weakly admissible filtered ,-modules over
K. In fact, the above notion is indeed a natural extension of the usual notion in the sense that there
is a natural period ring B.s p with the property that an E-linear representation V' is F-crystalline
if and only if V' ®p Bis, g 1s trivial as a B,s g-semilinear representation (cf. Theorem 3.2.4).

Using the theory of Lubin-Tate (¢, I')-modules, Kisin—Ren give a classification of the category
of Galois stable lattices in E-crystalline representations of GG i (under a condition on the ramifica-
tion of i) [KRO9, Theorem (0.1)], generalizing the earlier classification in terms of Wach modules
by Wach, Colmez and Berger (cf. [Ber04]).

In another direction, in [Mar23] Marks defines a variant of the (absolute) prismatic site (O )
2

O
of O “relative to Og”, using the notion of Og-prisms-, a mild generalization of prisms: they are
roughly Og-algebras A equipped with a lift ¢, : A — A of the ¢g-power Frobenius modulo 7
together with a Cartier divisor / of Spec(A) satisfying 7 € (I, ¢,(I)) (cf. [Mar23, §3]). Further-
more, it is shown in loc. cit. that the étale realization functor again defines an equivalence

T :Vect”((Ok) ,.0 [1/T ]2) =~ Repp,, (Gk),

generalizing the aforementioned result of Wu and Bhatt—-Scholze in the case £ = Q,. In this
chapter, we push this analogy further by showing the following extension of Theorem 3.1.2.

Theorem 3.1.5 (Theorem 3.4.7). The étale realization functor induces an equivalence

T : Vect?((Ok) O ) ~ Rep3®(Gk),

7OE !

where the target denotes the category of Galois stable O -lattices in E-crystalline representations

OfGK

I'This is not quite the original definition in [KR09], but can be easily seen to be equivalent to it (see Lemma 3.2.2
below).
These are called E-typical prisms in [Mar23].
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As will be explained in §3.4.5 below, by evaluating at a suitable prism in (Of) , Theorem
3.1.5 recovers the main equivalence from Kisin—Ren’s work [KR09].

Finally, by combining Theorem 3.1.5 with a key result from [AL23] (generalized to the “Op-
context” in [Ito23]), we deduce the following classification of 7-divisible Og-modules over O.

Theorem 3.1.6 (Theorem 3.4.24). There is a natural equivalence between the category of -
divisible O g-modules over Ok and the category of minuscule Breuil-Kisin modules over Sg.

3.1.1 Sketch of the proof of Theorem 3.1.5

Let us now briefly discuss the proof of Theorem 3.1.5. As alluded above, an important observation
is that the condition of being F-crystalline can be characterized in a manner similar to the usual
notion for & = Q,. Namely, there is a natural period ring B,is r With the property that an £-linear
representation V' is F-crystalline if and only if V' ®p Beis g 18 trivial as a B.,s p-representation;
see Theorem 3.2.4. Once this is justified, that the étale realization functor is well-defined and
fully faithful can be proved in exactly the same way as [BS23]. For essential surjectivity, we again
follow largely the proof in [BS23]; the main difference here is that instead of invoking the Beilinson
fibre sequence from [AMMN?22] for the key descent step, we are able to prove the following more
general result by adapting a key lemma from [DL22].

Proposition 3.1.7 (Theorem 3.4.15). Let (A, (d)) be a transversal Og-prism. Then the base
change

Vect??(A)[1/n] — Vect?(A(d/m)[1/7])
is fully faithful; here the source denotes the isogeny category of Vect¥e(A).

We regard Proposition 3.1.7 as a result of independent interest. For instance, as alluded above,
by specializing to the prism A = OcBo, Oc> this recovers (and refines) Proposition 6.10 in
[BS23]. Furthermore, by specializing to a Breuil-Kisin prism (&, I), this recovers the embed-
ding

Vect @M (&)[1/p] — Vect M (0)

from [Kis06, Lemma 1.3.13] without using Kedlaya’s results on slope filtrations; here O denotes
the ring of functions on the rigid open unit disk over K.

The proof of Proposition 3.1.7 proceeds by first reducing to the case of finite free modules
(which is the only case we need in proving essential surjectivity). In this case, by working with
matrices for the ¢ -actions, we reduce to showing that if

d"Y = By, (Y)C

with h > 0,Y € My(A(d/m)) and B,C € My(A), then Y € My(A[l/x]). Here the idea is to
approximate d-adically Y by matrices in M,(A). This is possible thanks to the following variant
of [DL22, Lemma 2.2.10] on the contracting effect of the Frobenius on the d-adic filtration on
A(d/m).
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Lemma 3.1.8 (Lemma 3.4.12). Let (A, (d)) be a transversal O g-prism. Then given any h > 0,
pq(d™A(d/m)) € A+ d" " Ald/T)
for all m > (0 (depending only on h).

We now detail the organization of the chapter. In Section 3.2, we recall the definition of E-
crystalline representations from [KR09], and following [FF18, Chapitre 10], interpret it in terms of
vector bundles on the Fargues—Fontaine curve (Proposition 3.A.13). In particular, we show that the
category of E-crystalline representations of G is equivalent to the category of weakly admissible
filtered ,-modules over K, and moreover that being [/-crystalline is equivalent to being B g-
admissible for a natural period ring B.;s . In Section 3.3, we adapt some constructions from
[Kis06] to the present context. Next, in Section 3.4, we review briefly the notion of O g-prisms and
define the étale realization functor in Theorem 3.1.2. Full faithfulness is then addressed in Sub-
section 3.4.3. Subsection 3.4.4 begins with some further ring-theoretic properties of transversal
prisms, culminating with the proof of Proposition 3.4.15, which is then used in the proof of essen-
tial surjectivity. Finally, in the last two subsections, we briefly discuss an application of Theorem
3.1.5 to the theory of w-divisible Og-modules over O as well as its relation with Kisin—Ren’s
classification in [KR09].

Notation 3.1.9. Throughout this chapter, /& denotes a complete discrete valued extension of Q,
with perfect residue field, complete algebraic closure C, and absolute Galois G'. We will also let
E denote a finite extension of Q,, with ring of integers Op (which serves as the coefficient ring
for our G k-representations), fixed uniformizer 7y, and residue field F',. We will fix throughout an
embedding 7y : £ — K; a general embedding £/ — C' will be typically denoted by 7.

3.2 E-crystalline Galois representations

3.2.1 Definition

Let V' be an E-linear representation of G’ which is crystalline (in the usual sense, i.e., as a Q,-
linear representation). Then
DdR(V) = (V ®Qp BdR)GK

is naturally a finite free £’ ®q, K'-module equipped with a (finite, separated, exhausted) filtration
by F' ®q, K-submodules (whose associated graded pieces are finite projective, but not necessarily
of constant rank, or equivalently, free). In particular, there is a decomposition

Dar(V) = [ Dar(V ) (3.2.0.1)

where m runs over the (finite) set of maximal ideals in £ ®q, K.
The following definition was given by Kisin—Ren [KR09].

Definition 3.2.1 ([KR09]). V is called E-crystalline if (it is crystalline and) the induced filtration
on Dyr(V)y is trivial for all m # mg, where my denotes the maximal ideal corresponding to the
multiplication map K ®q, £/ — K defined by the embedding 7.
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Lemma 3.2.2. Let V be a crystalline E-linear representation of Gi. Then V is E-crystalline if
and only if @ 2r, V ®pr Cis trivial as a C-semilinear representation of G .

Here the action of g € Gk on P, ., V ®g, Cis given by the maps 1 ® g : V ®p, C —
V ®p,q4- C. (Note that the diagonal action of G on V ®p , C' is not well-defined in general: the
map 7 : E < C'is not Gk-equivariant unless 7(E) C K.)

Proof. Recall that the filtration on Dag (V') satisfies gr' Dar(V) ~ (V ®q, C(i))¢* for each i.
Thus using the decomposition V ®q, C' = [[. V ®g. C, we see that gr' Dag(V)m = 0 for all
i # 0 and m # my if and only if the C-semilinear representation W' := @ _ 4r, V ®pr C satisfies
(W ®@¢c C(i))¢% = 0 for all i # 0. As W is Hodge-Tate (being a quotient of the Hodge—Tate
representation V' ®q, (), this amounts precisely to saying that ¥ is trivial. U

3.2.2 Relation with filtered isocrystals

For our purpose of proving Theorem 3.1.5, the following equivalent characterizations of the cat-
egory of E-crystalline Galois representations will be fundamental. Before stating the result, we
introduce the crysalline period ring in our context.

Notation 3.2.3. Let B.,is  denote Fontaine’s crystalline period ring defined using £/ and 7y : £ —
K C C. More precisely, let Ay, i := Wo, (0%) (defined using the embedding 7,), and let A &
be the m-completed Og-PD envelope of A;,¢ p with respect to the kernel of the Fontaine’s map
Op : Ains.p — Oc, 1.e. Agis g 1s the T-adic completion of the subring

Iélinf,E[fqn/7"'1+q+m+qn_1 , 1 Z 1] g Ainf,E[l/ﬂ-]a

where ¢ is one (or, any) generator of ker(6g). We then let B:;i& g = Auisp(l/7] and B g =
Bctis’ 2[1/tg]’. These will play the roles of the usual crystalline period rings in the story over
Q,. (As the notation suggests ¢z is the analogue of the usual element ¢t = log([¢]) (the “2mi of

Fontaine”) in our “Op-context”; see Appendix 3.A for more details.)
Theorem 3.2.4 (Remark 3.A.15, Theorem 3.A.19). (1) Let V € Repg(Gk). Then V is E-
crystalline if and only if V ®p Beis g is trivial as a Bes p-semilinear representation of
Gg.
(2) The functor
Dcris,E' Vi (V ®E Bcris,E)GK

defines an equivalence from the category of E-crystalline representations of G onto the
category of weakly admissible filtered p,-modules.

3In [KRO9], Beis, e denotes the ring Be,is ® 5, F; these are in general different rings.
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(We refer the reader to Appendix 3.A for the notion of (weakly admissible) filtered ¢,-modules,
which is simply a straightforward extension of the usual notion.) Our proof of Theorem 3.2.4 rests
on the realization of the relevant objects as certain vector bundles on the Fargues—Fontaine curve
(associated to E and the embedding 7y). Since this will require a digression on the Fargues—
Fontaine curve which has little do to with the rest of the chapter, we defer the proof to Appendix
3.A.

Remark 3.2.5. The above equivalence between E-crystalline representations of G'x and weakly
admissible filtered ¢,-modules is presumably expected, although we cannot find a reference which
explicitly states it. We can deduce it more directly (as an abstract equivalence) by combining the
usual equivalence for £ = Q,, with a standard passage from ¢-modules to ¢,-modules (cf. [KR09,
§3.3]). Here we prefer the more geometric perspective via the Fargues—Fontaine curve as it gives
the explicit recipe for the equivalence as above, and also suggests the idea that in order to treat all
E-linear crystalline (i.e. not necessarily F-crystalline) representations of G, one needs to study
modifications of vector bundles on the Fargues—Fontaine curve X at finitely many points (rather
than just one point as in the case £ = Q).

3.3 Theory of Breuil-Kisin modules

In this section, we adapt some constructions from [Kis06] to the “Og-context”. We note that in
[CL16], Cais and Liu have extended a large part of the theory in [KisO6] to accommodate more
general coefficient rings and lifts of Frobenius. However, in our present context (corresponding to
the Frobenius lift f(u) = u?) much of the discussion in [CL16] simplifies, and we can present the
material largely in parallel with [KisO6]. The only difference is that it will be important in some
of our arguments to be able to work entirely with Frobenius structures: it is not clear what should
be the correct analogue of the key monodrommy operator Ny from loc. cit. in our setting (cf.
Proposition 3.3.11).

3.3.1 Preliminaries

We fix once and for all a uniformizer 7 € K. Let E(u) € Wo,(k)[u] be the Eisenstein poly-
nomial of 7y over Ky p. Here Ky := Wp,(k)[1/7] is naturally identified with the maximal
unramified extension of £ in K. Let S := W, (k)[[u]] and let ¢, : & — S be the ring map
that extends the Frobenius in Wy, (k) and sends u to u?. The map 0:6p - Okg,u > T is
surjective with kernel I = (E(u)).

Let A := Spa(G&g) — {m = 0} be the adic generic fiber of Spa(&g) over K g; this is the adic
open unit disk over Ky . Let O be the ring of functions on X. As A is an increasing union of the
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rational opens U, := {|¢l(E(u))| < |n| # 0} = {|u®"| < |x| # 0} for n > 0, we have

O=Im6p <w> [1/7] (33.0.1)
= () e () inside Ko o] (3302

Recall that by the work of Lazard [Laz62] that each Ko z(u®" /) is a PID and O is a Bézout
domain. In particular, finite projective modules over O are free (see e.g. [Ked04, Proposition
2.5]). Moreover, base change defines an equivalence

Vect(O) ~ liTIln Vect(S g (u®" /7)[1/7]).

Denote again by ¢, : O — O the map induced by ¢, on &g. For n > 0, let z,, € A be the unique
point where ©7(E(u)) vanishes, i.e. z, : &g — &g/} (E(u))[1/7] = K,. Let S,, denote the
complete local ring of A at x,,; this is a complete DVR with uniformizer ¢} (E(u)), residue field
K, and fraction field Fr(&,,) = @n[l/ng(E(u))]

As E(u)/E(0) € Gg[1/7] has constant term 1, the infinite product

v o= [T w3 (Bw)/BO).

n>0
is well-defined as an element in O. By design, A has a simple root at each x,,.

Definition 3.3.1. A p,-module (of finite height) over G is a finite free & p-module 9t equipped
with an isomorphism

(P [1/E(w)] =~ M1/ E(u)].

We denote by Vect¥e (&) the category of ¢-modules over &. In analogy with the case £ = Q,,
we will often refer to objects in this category as Breuil-Kisin modules over G .

Similarly, we let Vect??(O) denote the category of ¢,-modules over O, i.e. finite free O-
modules M equipped with an isomorphism (¢; M)[1/E(u)] =~ M[1/E(u)].

Lemma 3.3.2 (Analytic continuation of ¢-modules to the open unit disk). Base change defines an
equivalence of categories

Vect??(O) ~ Vect? (&g (E(u)/m)[1/7]).

Proof. This is an application of the Frobenius pullback trick. More precisely, as explained in
[BS23, Rem. 6.6], by using the contracting property of ¢,, any object in Vect??(E(u)/m)[1/7]
extends uniquely to an object in Vect?* (@} (E(u))/m)[1/7] for any n > 1. It now suffices to show
that base change gives an equivalence

Vect?(O) ~ ligbn Vect? (S p(py (E(u))/m)[1/7]).
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This follows formally from the analogous equivalence at the level of vector bundles, and the equal-

o giar] = () (o (=5) [ [zt

3.3.2 Filtered isocrystals and o>-modules on the open unit disk
In this section, we explain the construction of a natural fully faithful functor
MF?(K) — Vect?(O).

In fact, inspired by [GL12] and [Kim09], we can do slightly better, namely we will construct a
commutative diagram

MF?(K) —— Vect??(O)

/

where HP?7(K') denotes the category of (,-modules with Hodge—Pink structure over X, whose
definition is recalled next.

HP‘Pq

Definition 3.3.3. A ¢,-module with Hodge—Pink structure (or simply a Hodge—Pink isocrystal)
over K is a triple (D, p,, A) where (D, ¢,) is a p,-module over K g, and A is a &y-lattice in
D ®K0,E FI‘(GQ)

The two categories MF?7(K') and HP¥?(K) are related in the following way. First, given a fil-
tration Fil* Dy, we get an associated Hodpe—Pink structure using the lattice A := Fil®(Dg @
Fr(S,)). Conversely, given a Hodge—Pink lattice A, one gets a filtration on on Dy by first
restrlctmg the £ ( )-adic filtration {E(u)'A}icz on D ®k, ,, Fr(S,) to the tautological lattice

Do =D QK p 60, and then a filtration on Dg by pushing forward along the natural map
6:D @k, , S — Do, , K=Dg.

Lemma 3.3.4. The resulting functors

MF#(K) —— HP%(K).
F

satisfy ' o P ~ id. In particular, P is fully faithful.

“This follows e.g. from the equality 3.3.0.1 and Lemma 3.4.11 below.
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Proof. Given a filtered isocrystal (D, ¢, Fil* Dy ), we need to show that 6( Do N E(u)iA) = Fil' Dy
for each i € Z, where A := Fil°(Dg ®g Fr(&,)). By shifting, we may assume 7 = 0. This desired
equality then follows e.g. by choosing a splitting of the given filtration:

Dk =EPV’, Fi'Dx =PV’

JEZ j2i

The second statement follows formally from the first and the fact that F' is faithful (as it does
nothing on the underlying isocrystals). [

3.3.2.1 Construction

Thus, combining with Lemma 3.3.2, it remains to construct mutually inverse equivalences
M
HP?1(K) —— Vect¥ (S g(l/m)[1/x]).
D

For M, we will follow the presentation of [BS23, Construction 6.5], which is based on Beauville—
Laszlo glueing; one can check that this agrees with Kisin’s rather more concrete construction in
[Kis06] (when £ = Q,); see Remark 3.3.6. The idea is to define M (D) as a modification of the
constant p,-module M’ := D ®g, , (L (u)/m)[1/7] at the Cartier divisor { £ (u) = 0} using
the given Hodge—Pink lattice A. More precisely, the underlying module of M (D) is obtained by
applying Beauville-Laszlo glueing to the vector bundles

o M'[1/1] € Vect(Sg(I/m)[1/x][1/1])
o A € Vect(S(E/m)[1/7]})

along the obvious isomorphism; here we implicitly identify &, with & p(F/7)[1/7]} via the nat-
ural map (see Lemma 3.4.11 (3) for a more general statement). The ¢, -structure on M (D) is then
defined as the composition

(eM(D))[1/1) 2= (o MO[1/1] & MI(1/T) = M(D)[1/T];

here for the first identification, we use that ¢ (/) is a unitin Sg(I /7)[1/7].

Next, we define the functor D. Given M € Vect? (&g (I /7)[1/7]), set D(M) := M®se ,(1/x)[1/x]
Ky g, equipped with the natural (diagonal) ¢ -action; here Sz (I /m) — Ky g is the natural (¢,-
equivariant) map u — 0. This gives the isocrystal structure on D(M); it remains to define the
Hodge—Pink lattice. First, the standard Frobenius trick shows that there is a unique ¢-equivariant
map

§: DM) @k, p Sl /m)[1/7][1/1] = M[1/1]
lifting the identity modulo u. See [Kis06, Lemma 1.2.6] or [GL12, Lemma 3.5]. In particular, &
realizes M as a modification of D(M) ®x, , Sg(l/7)[1/x] at the divisor {I = 0}, and hence

7 gives rise to the desired lattice inside 97 [1/1] ~ D ®g, ,, Fr(S,). While this already finishes
the construction of the functor M +— D(M), we note that the associated filtration on D (M) can



78 Chapter 3. Prismatic ['-crystals and “Lubin-Tate” crystalline Galois representations

be maded slightly more explicit as follows. Indeed, as (/) is a unit in Sg(I/m)[1/7] (as was
already mentioned), ;¢ is an isomorphism, fitting in the following commutative square

23

PaDM) @k, p Sl /m)[1/7] —=— ¥iM

@D(M)\[ \[‘PM

D(M) @x, 5 Sp{l/m)[1/7][1/1]] —2- M[L/1].

In particular, we see that D(M) ®g, Sy ~ i D(M) @r¢, Sy ~ (i M)7. The filtration on
D(M)g = D(M) ®k, , K is simply the image of the filtration Fil*(¢; M) := ¢ i (E(u)*M) on
goZ/\/l. This agrees with the filtration constructed in [Kis06, §1.2.7] (when £/ = Q).

Theorem 3.3.5. The functors

M()
HP#(K) 72 Veet?(Ss(1/m)[1/7]).

are mutually inverse equivalences of categories.

Proof. This follows readily from the construction of the functors. Here we will only explain the
proof that Mo D ~ id; that Do M ~~ id can be proved similarly. Fix M € Vect?(Sg (I /m)[1/7]).
As M} = Apmy by construction of D(M), we see that M(D(M)) ~ M on underlying mod-
ules. To compare the @-structures, recall that by construction of M(-), Y(p(m)) is the unique
map p; M(D(M)) — M(D(M))[1/1] making the diagram

P DM) @, , Sp(I/m)[1/7] —— GEM(D(M))

r
‘PD(M)\[ | PM(D(M))
s

D(M) ®x, p Sell/m)[1/7][1/1] —— M(DM)[1/I].

commute, but , is also such a map (by ¢-equivariance of £, as we explained above), so they
coincide, as wanted. L]

Remark 3.3.6 (Comparison with [Kis06]). In this remark, we briefly check that the compositions
Mo P and F o D agree with the ones from [Kis06] (in case £ = Q,), up to composing with the
natural equivalence from Lemma 3.3.2. Denote the latters by M’ and D’. That D’ ~ F o D is
already explained in the paragraph above Theorem 3.3.5. We now show that M’ ~ Mo P. Fix
D = (D,p,Fil*Dg) € MF¥?(K). Note firstly that the ring &,, from [Kis06, §1.1.1] is not our
S, rather it is go;vn(@n), where @y : O — O is the automorphism given by Frobenius on W (k)
(and u — u). Using this observation, it is easy to rewrite the definition of M’(D) in [Kis06, §1.2]
as
M (D) :={x € D ®g, O[1/\] | tn(x) € Fil’(Dx @k Fr(@n)) forall n > 0},

-~

where ¢, is the natural map D ®g, O[1/\ — D ®g, Fr(&,,) (which indeed makes sense as A
has a simple root at each z,). Then M'(D) C D ®g, [1/]] is a finite free sub-O-module with
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M'(D)[1/\] = D®g,O[1/A]; moreover the isomorphism ¢p : p* DR, O[1/\] ~ DR, O[1/]
restricts to an isomorphism (¢* M’'(D))[1/E(u)] ~ M'(D)[1/E(u)], making M’(D) an object
in Vect¥(O). See [Kis06, Lemma 1.2.2]. In particular, by base change along the natural map
O[1/N] — Sg(I/p)[1/p][1/I] (Which makes sense as ¢"(I) is invertible in Sg(I/p)[1/p| for all
n > 1), we obtain

(M'(D) ®0 Sp(I/p)[1/p))[1/1] = D ®k, Sp(l/p)[1/p][1/1].

Moreover, the description 3.3.6 also shows that M’(D) identifies with Fil"(Dyx ®x Fr(éo)) =:
Ap(py (e.g. by applying ¢y, to [Kis06, Lemma 1.2.1 (2)]). This shows that

M(D) @0 &r(I/p)[1/p] ~ M(F(D)) in Vect?(0O),

as claimed.

3.3.3 Slopes and weak admissibility

Similarly to [Kis06] and [Kim(9], in this subsection we relate, following Berger’s oberservation
[Ber08], weakly admissbility of Hodge—Pink isocrystals, and the “pure of slope 0 condition for
p-modules on the open unit disk. As many of the arguments are identical to those in [Kis06], we
often sketch only the proofs.

Recall firstly the notion of weak admissibility for Hodge—Pink isocrystals. Let D := (D, ¢, A) €
HP¥?(K). The Newton number ¢y of D is defined exactly as before (i.e. using the underlying
isocrystal). For defining the Hodge number, again by passing to the determinant, we may assume
D is 1-dimensional; in this case we set ty (D) := h, where h is the unique integer such that
A= (E(u) ™D ®k, ., éo) (so ty (D) only depends on the Hodge—Pink structure of D).

Definition 3.3.7. A Hodge-Pink ¢,-module D = (D, p,, A) is called weakly admissibile if
ty(D) =ty(D) and tg(D') < ty(D’) for all subojects D' C D in HP?4(K).

Lemma 3.3.8. The (fully faithful) functor
MF#(K) —X— HP%(K)

preserves weak admissibility. More precisely, an object D € MF?1(K) is weakly admissible if and
only if its image P(D) is.

Proof. First, I’ and P both preserve the Newton numbers ¢ as they do nothing on the underlying
isocrystals. They also preserve the Hodge numbers: for this we may reduce to the rank 1 case,
where the result follows by a direct computation. It follows that an object D € MF¥7(K) (resp.
D' € HP%4(K)) is weakly admissible if P(D) (resp. F'(D’)) is so. Moreover, as F' o P ~ id, it
then follows that P(D) is weakly admissible whenever D is so. U

>The Hodge-Pink lattice on a subobject D’ C D is by definition given by Ap/ := Ap N (D' @k, Fr(éo)) (just
as a subobject in MF¥7(K) is endowed with the subspace fitration). However, the notion of weak admissibility does
not change if we weaken this into the weaker condition that Ap, C Ap.
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Remark 3.3.9. It is however not true that I’ preserves weakly admissible objects. The following
example is taken from [GL12]. Consider the object D = (D, p,A) € HP¥¢(K) with D =
Koe; & Kpea, p(e;) = e;, and Hodge—Pink lattice

A= Eu)'Soer & Soes.

One can check directly that (D, ¢, A) is weakly admissible. On the other hand, the associated
filtered isocrystal is given by

Fil’'Dg = D, Fil'Dg = Key, Fil’Dg =0,

which is not weakly admissible as the submodule D’ := Kye; hastx (D', ) = 0butty(Fil* D) =
1. In particular, we see that F' and P are not equivalences of categories (though they are on rank 1
objects).

3.3.3.1 Kedlaya’s slope filtration

Let
R = hﬂ 0(771)
r—1-

be the Robba ring over K ; here O, ;) denotes the ring of rigid analytic functions on the open
annulus {r < |u| < 1}. By work of Lazard, R is a Bézout domain containing O as a subring.
Again, there is a natural Frobenius map ¢, : R — R extending ¢, on O. Inside R, there is the
subring R° formed of functions which are bounded. This is a Henselian discrete valued field with
uniformizer 7, and ring of integers

R™ = {Z a,u” € R | u, € Wo, (k) foralln € Z}.

nez

In particular, the p-adic completion of R™" identifies with S[1/FE(u)]) =: Og. Clearly, both R
and R™* are ,-stable inside R.

We denote by Vect??(R) the category of ¢-modules over R, i.e. finite free R-modules M
equipped with an isomorphism ; M ~ M. A p-module M is called étale or pure of slope 0 if it
contains a ¢, -stable R""*-lattice NV for which the map ¢! N — N is an isomorphism. By twisting
suitably with a rank 1 module, one can then define the subcategory Vect??*(R) of objects pure of
slope s for any s € Q; see [Ked08, Definition 1.6.1]. Similarly, we denote by Vect?**(R’) the
subcategory of ¢,-modules over R” which are pure of slope s in the sense of Dieudonné-Manin
theory (recall that R® is a discrete valued field). Finally, a ¢,-module M over O is called pure of
slope 0 if M ®¢ R is.

Theorem 3.3.10. (1) Base change defines an equivalence of categories
Vect?e*(R?) ~ Vect?*(R).
(2) For any M € Vect?(R), there exists a unique filtration

0O=MyCcM;,C...C M, =M,
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in Vect?1(R), called the slope filtration, such that the quotient M;/ M;_1 is (finite free and) pure
of slope s; € Qand s1 < s9 < ... < .

Proof. See [KedO8, Theorem 1.6.5] and [Ked08, Theorem 1.7.1]. L]

Proposition 3.3.11. Let M € Vect?1(Q). Then the slope filtration on M ®o R descends uniquely
to a filtration on M by (saturated®) subobjects in Vect®*(O).

Proof. The arguments in [Kim09, §4.2] carry over to our setting. [

Remark 3.3.12. Note that, unlike the proof of [Kis06, Proposition 1.3.7], which relies crucially
on a monodromy operator, the proof of [Kim09] is intrinsic in the world of p-modules.

We can now translate the weak admissibility condition for Hodge—Pink isocrystals across the
equivalence of categories in Theorem 3.3.5.

Theorem 3.3.13. Let D := (D, p,, A) € HP?(K). Then D is weakly admissible if and only if
M(D) is pure of slope 0.

Here in the statement we implicitly identify M (D) with the corresponding ¢,-module over O
(Lemma 3.3.2).

Proof. Assume first that D has rank 1. In this case
M(D) = D ®g, , N7 P 0;
see e.g. Remark 3.3.6. Pick a basis e € D and write ¢p(e) = e for some o € K. Then
pale ® X7HP)) = (B(u)/B(0))" Pafe @ A~#P));

as E(u) is a unitin R*™, we see that M(D) has slope ¢ (D) —t (D). This proves the theorem for
rank 1 objects. The general case then follows by the same argument as in [Kis06, Theorem 1.3.8],
using the equivalence in Theorem 3.3.5 and Proposition 3.3.11 in place of [Kis06, Proposition

1.3.7]. O
It will be convenient to state the following lemma separately.
Lemma 3.3.14. Base change defines an equivalence of categories

Vect(Sp) ~ Vect(Sp[1/p]) Xveet(s) Vect(Og),

where Og == &g[1/E(u)])) and & := O¢[1/p|. Moreover, this induces an equivalence’

Vect? (G g) ~ Vect® (Sg[1/p]) Xvectea(e) Vect? (Og).

%A submodule N' C M is called saturated if it is a direct summand of M.
7Using a result of Kedlaya [BMS18, Lemma 4.6], one sees by the same argument that the lemma also holds for the
perfectoid variant Ajn¢ g := Wo, (Og) of Gg.
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Proof. 1t suffices to show the first assertion, which follows from Beauville-Laszlo glueing, and
the fact that restricting gives an equivalence

Vect(Spec(Gg)) =~ Vect(Spec(Gg) — {m}).

Proposition 3.3.15 ([Kis06, Lemma 1.3.13]). Base change defines an equivalence
Vect?! (& )[1/p] ~ Vect?*°(0),

where the source denotes the isogeny category of Vect?! (G ).

Proof. See the proof of [Kis06, Lemma 1.3.13]. [

Corollary 3.3.16. There is a natural fully faithful functor

MEF#0®(K) SO Vect?!(&g)[1/p].

Proof. This follows by combining Lemma 3.3.8, Theorem 3.3.13, and Proposition 3.3.15. U
Proposition 3.3.17 ([Kis06, Proposition 2.1.12]). The base change functor

Vect? (&) — Vect? (Sp[l/E(u)]))
is fully faithful.

Proof. With the previous results in place, the proof is similar to that of [Kis06, Proposition 2.1.12].
Namely, as in loc. cit., it suffices to show that if h : 9, — 9, is a map in Vect??(Sg) such that
h[1/E(u)]} is an isomorphism, then / is an isomorphism. We may assume 9, and 91, are free of
rank 1. By Lemma 3.3.14, it suffices to show that A[1/p] is an isomorphism. This follows by using
the embedding Vect¥?(&g)[1/p] — HP¥***(K), and the fact that a map of weakly admissible
objects in HP¥¢( K') which is an isomrphism on underlying modules (e.g. a nonzero map between
rank 1 objects) is necessarily an isomorphism. 0

3.4 Prismatic F-crystals and F-crystalline Galois representa-
tions

3.4.1 Preliminaries on Op-prisms

We keep the notation as before. In particular, we fix throughout a uniformizer 7 of F, and an
embedding 7y : £ — K C C.

Definition 3.4.1 ([Mar23, Defn. 3.1]). Let X be a m-adic formal scheme over SpfOp. The (abso-
lute) prismatic site (X) Op is by definition the site with whose objects are bounded O g-prisms
(A, I) with a map Spec(A/I) — X of m-adic Og-formal schemes, with coverings given by maps
of prisms whose underlying ring map is (, I)-adically completely faithfully flat.
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For the precise definition of Og-prisms, we refer the reader to [Mar23] (see also [Ito23]).
As we will work entirely with Og-prisms in what follows, we will typically drop Op from the
notation. We mention here some examples of Og-prisms that are most relevant for our purpose.

Example 3.4.2. (1) (Breuil-Kisin prisms) Choose a uniformizer 7 € K. As Sg := Wo (k)[[u]],
endowed with the g-structure given by dz(u) = 0 (or equivalently, ¢,(u) = u?). Let E(u) €
Wo, (k)[u] be the Eisenstein polynomial of 7, over K, . As the map 0 S —» Ok, u > mx is
surjective with kernel I = (E(u)), the pair (&p, I) gives an object in (Ok) , , which we will
refer to as the Breuil-Kisin prism associated to the chosen uniformizer 7.

(2) (The Ajn¢ p-prism) Recall that C' denotes a fixed completed algebraic closure of K. Set
Aint.p = Wo,(0%), equipped with the natural Frobenius ©q. As usual, the Fontaine’s theta
map 0 : Ainr g — Oc is surjective with kernel generated by a nonzero-divisor . The twisted
map 0p = 0p o @, " is thus also surjective with kernel (E) where & = ©,(€). In particular,

the pair (Aut,p, (§)) defines an object in (Ok) , . and is the Op-prism corresponding to the
perfectoid Og-algebra O, i.e. A p = o. For later use, we give here an explicit choice of
€. Letv = (vg,v1,...) € TG be a generator of the Tate module of the Lubin-Tate group G of F
associated to some Frobenius polynomial Q € Og[T] for 7. As v!,, = v, mod 7 for all n, we
obtain an element

v := (vgp mod m,v; mod 7, ...) € Jim Oc/m >~ Oc».
z—xd

(The last identification is given by (a,), — (ao, affﬁl, . adb a, agffl, ...).) Following [FF18,
Proposition 1.2.7], for a perfect F-algebra A, we denote by [-]¢ (or [-]g) the unique map A —
Wo,(A) satisfying [z]g = x mod 7 and Q([z]g) = ¢4([z]g). When E = Q,, 7 = p and
Q(T) = (1+T)P —1, [x] is nothing but [x + 1] — 1 and hence [v] = [¢] — 1 is the usual element
p; accordingly, we will also write s := [v] here. One can then check that £ := /@, " () is a
generator of ker(0g).

Exactly as in [BS23, Example 2.6], one can show that both examples above give covers of the
final object in the topos Shv((Ok) ). Moreover, there is amap & — o, in (Ok) ,, . defined

by u — [ ], where ) := (7,7 %, ...) € O is a compatible system of g-power roots of the

fixed uniformizer 7w

(3) (The A.is z-prism) Recall that A, g denotes the m-completed Og-PD envelope of Ajy¢
with respect to the kernel of 0, B:;is?E = Auis,5[1/7], and Beis.p = B:;is?E[l/tE] = Auis.p[1/1].
By [Ito23, Proposition 2.6.5], the pair (A g, (7)) identifies with the prismatic envelope o, {E /7},
hence also defines an object in (Of) Op which we denote by o/~ in analogy with the usual
case®; of course there is a natural map o, = o /x-

Remark 3.4.3 (Wo,, (k)-algebra structure on objects in (Ok ), ). Fixanobject (4,1) € (Ok)
with structure map O — A/I. By standard deformation theory, the composition Wo . (k) —

8While it is reasonable to define a notion of qrsp rings and their associated prisms in the “O-context”, for our
purpose it suffices to see this as a purely suggestive notation.
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Ok — A/I lifts uniquely to an Og-algebra map Wp (k) — A. In what follows, we will al-

ways regard an object in (O) , as an Wo,(k)-algebra via this map. (Note that for the prism

O = W@E(O"C), this is not the “natural” structure (induced by the canonical section k — (’)bc)
but a ¢,-twist of it: the point is that we are taking into account not only the underlying ring, but
also the invertible ideal defining the prism structure). By uniqueness, morphisms in (O )
automatically respect this algebra structure.

,OR

Notation 3.4.4 (Some period sheaves on the prismatic site). We consider the following period
sheaves on X :

* The prismatic structure sheaf O : (A, 1) — A; this comes equipped with an ideal sheaf
I :(A,I)+— I anda“Frobenius” ¢,: O — O .

* The étale structure sheaf O [1/Z |2:

(A, I) — A[1/1)).

* The rational localization O (Z /7):

(A, I) — A[I/7]).

* The de Rham period sheaves:

Bi, == (O [1/x])} and Bug :=Bi[1/Z ].

It is easy to see that the Frobenius on O extends naturally to the sheaves O [1/Z [>and O (Z /7).
(Note again that in case X = Spf(Of), the value Bl ( o.) =: Bi is a p,-twist of the ring de-
noted by the same notation in the previous sections.)

Definition 3.4.5. A prismatic F-crystal on X is a pair (€, pg) where £ is a crystal of vector bundles
on the ringed site (X ,O ), and (¢ is an isomorphism (¢}€)[1/Z | = £[1/Z ]. The resulting
category is denoted by Vect?(X ;O ).

More generally, for a sheaf O’ of O -algebras equipped with a compatible Frobenius, we
define similarly the category Vect??(X , (') of F-crystals over O’ on X. Similarly, if (A, )
is an Op-prism, we define in the same way the category Vect??(A, I) (or simply Vect¥e(A)) of
F-crystals (or Breuil-Kisin modules) over A.

Remark 3.4.6. As descent for vector bundles is effective for the flat topology, to give a crystal of
vector bundles on (X ,O ) is to give for each object (A, I) in X , a finite projective A-module
M, and for each map (A,I) — (B, J) in X , an isomorphism M4 ®4 B = Mp compatible
with compositions. In other words,

Vect®)(X O )~ lim Vect¥)(A, ).

(ADeX

A similar result holds for the sheaves O [1/Z |} and O (Z /m)[1/7] (for the first see [BS23,
Propposition 2.7]; for the second see the proof of [BS23, Corollary 7.17]).
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3.4.2 Formulation of the main theorem

We now restrict ourselves to the case X = Spf(Of), viewed as an Og-formal scheme using the
fixed embedding 7y : £ — K.
Recall from [Mar23] that there is a natural equivalence
T : Vect¥((Ok) ,O [1/Z |7) ~ Repp, (Gk)
£ (E( 00))7

In particular, by extending scalars along O — O [1/Z |2, we obtain a functor
T : Vect? (X ,0 )= Repp, (Gk),
which we again refer to as the étale realization functor. We can now state our main result.

Theorem 3.4.7. The étale realization functor gives rise to an equivalence of categories
. q crys
T : Vect”™ (X ,0 ) — Repp). (Gk)

where the target denotes the category of finite free Og-modules 'T' equipped with a continuous
linear G i-action such that T[1/7| is E-crystalline.

Proof. We first show that the étale realization T'(£) of a prismatic F-crystal on O is indeed an
object in the target; full faithfulness and essential surjectivity will be dealt separately below. We
will follow the proof of [BS23, Proposition 5.3]. First by the crystal structure of £, we have a
natural isomorphism

S( Oc)® oc Oc/ﬂ'_>€( Oc/ﬂ)'

Also, by Lemma 3.4.8 below, we have a natural identification

T(€) ®op oclt/nl=E( oc)1/u]

Pick n > 0 so that the map ¢} : Og/m — O/ factors through the natural reduction map
Ok /m — k (where k denotes the residue field of k). In particular, we see that the natural map
k — Oc/m is Of-linear when the target is now regarded as an O-algebra via the map ¢} :
Ox /T — Oc/n. This lifts to a map Wo, (k) = (/. in X , where the target denotes the object
with underlying prism ¢/~ but the map to Spf(Ox) is being twisted by ¢} (i.e. we have a map
Yyt oo/t = /(')c /= in X ). Thus, by using the crystal and Frobenius structures of £, we obtain
a natural isomorphism

EWop (k) ®wopw)  0o/ll/m] = E( op/m)[1/7]
~ (pg)"€( oc/m)1/7]
~E( o/)l1/7].
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/

Note also that as W, (k) is fixed by the Gx-actionon (5, under the map Wo,, (k) = (,/», the
crystal property of £ again implies that G acts trivially on £(We,(k)). Putting things together,
we obtain a (G x-equivariant isomorphism

T(€) ®o, Baisp ~ EWo,(k)) OWo, (k) Beris, 25

with G acting trivially on £(Wp,, (k)). By Theorem 3.2.4 (1), this means that the G x -representation

T(E)[1/n] is E-crystalline, as desired. O
Lemma 3.4.8. Fix an object M € Vect?!( o) with étale realization T' := T (M). Then
1 1
T ®op At | —| =M |~ (3.4.8.1)
u 7

as submodules of T @o, Wo,(C°) = M @4, , Wo,(C").

Proof. The proof is similar to that of [BMS18, Lem. 4.26]. In fact, we will only explain the
reduction to the case gp}j maps M into M ; the rest of the argument is identical to that in loc. cit. For
this, we need a suitable variant of the usual Tate twist. Let A;,r p{1} € Vect?’( o) be the rank
one object with a basis e, and ¢,(e) = %e. For an integer n, we set M{n} := M ® Ausg{1}*".

The étale realization of Ajns p{1} is

{ve |2 € Wo,(C"), ¢,(x) = €x} = {we | py(a/n) = x/p} = Oppe.
In particular, we see that the module A;,; p{n} satisfies 3.4.8.1 for any integer n. Now pick n > 0
so that o, (M) C gin]\/[ Then ¢} (M{n}) € M{n}, and we can replace M by this M{n} (as
the functor M — T'(M) is tensor-compatible in M). O

3.4.3 Full faithfulness

We now prove the full faithfulness of the étale realization function in Theorem 3.4.7. With every-
thing in place, we can follow the proof of the corresponding statement in [BS23].

Proof of full faithfulness in Theorem 3.4.7. Choose a Breuil-Kisin prism (&g, ) in (Ok) O
this gives a cover of the final object in the associated topos. In particular, faithfulness of the
étale realization functor 7" on X reduces to the analogous statement over (&g, /), which in turn
follows from injectivity of the map &r — Sg[1/1]2. The same argument also shows that 7 is
faithful over 6g)9, the self-coproduct of & 5 with itself in (O ) Op

Fullness of 7' now reduces formally to the analogous statement over (S, I), i.e. that the base

change functor
Vect?! (S g) — Vect? (Sg[1/1]7)

is fully faithful. This is Proposition 3.3.17. O

9By construction of &’

as a suitable prismatic envelope, C‘Sg) is (m, I)-completely flat over & (via either
structure map). As &g is transversal, the same holds for GS) (see e.g. [BMS19, Lemma 4.7]). In fact, as G is

Noetherian, 6551) is even classically (faithfully) flat over G g, but we will not need this.
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The following lemma was used above.
Lemma 3.4.9. Let (A, I) be a transversal Og-prism. The natural map A — A[1/I] is injective.

Here, following the terminology in [AL23], an Og-prism (A, I) is called transversal if A/I is
m-torsion free; in this case A is itself m-torsion free.

Proof. As the source is m-separated and the target is m-torsion free, it suffices to show that the map
is injective modulo 7, which follows directly from transversality of (A, I). [l

Remark 3.4.10. As in [BS23], instead of working with a Breuil-Kisin prism, one can also work
directly with the prism ¢, and deduce the desired full faithfulness from (the easy direction of)
Fargues’ classification of F'-crystals over Vect®( o).

3.4.4 Essential surjectivity

The goal of this subsection is to prove the essential surjectivity part of Theorem 3.4.7. As explained
in the introduction, the general strategy of our proof follows that of [BS23, §6]; the main difference
is that instead of using inputs from [AMMN22] to prove the desired boundedness of descent data
(Proposition 6.10 in [BS23]), we adapt a key lemma from [DL22], which will in fact allows us to
prove a more general result (Proposition 3.4.15).

We first collect some further ring-theoretic properties on transversal prisms, which will be used
repeatedly in what follows.

Lemma 3.4.11. Let (A, (d)) be a transversal O g-prism.
(1) The ring A(d/m)[1/x] is d-torsion free and d-separated.
(2) And*A{d/m)[1/7| = d*Aand A{d/m)yNd"A{d/m)[1/7] = (d/7)" A(d/7) for eachn > 0.
(3) For eachn > 0, the natural map

All /7]y — Alpy(d)/m)[1/7]g

is an isomorphism. Moreover, the natural maps A — A{p™(d)/7)[1/7] — A{d/7)[1/x] are
injective.

As the proof shows, parts (1) and (2) in fact hold for any pair (A, d) such that: (i) (7, d) forms a
regular sequence, (ii) A is (classically) (7, d)-complete; moreover part (3) needs additionally only
the underlying dp-ring structure (rather than the full prism structure) of A.

Proof. (1) Recall that A(d/7) is by definition the 7-adic completion of the A-subalgebra A[d/| of

A[1 /7] generated by d/m. We note in particular that it is 7-torsion free. We claim that the natural

map Alz]/(rmx — d) — A[d/x], z — d/7 is an isomorphism. As it is clearly an isomorphism after

inverting 7, it suffices to show that the source is m-torsion free, which in turn follows formally

from the facts that A[x] is 7-torsion free and that 72 — d = —d is regular on (A/7)[x]. Thus
A(d/m) = Alz]/(wz — d),; = A(x)/ ],

p
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where A(z) := Alz]) and J := (72 — d) = Np>o(mz — d, 7) A(x) is the closure of (72 — d) in
A(z) for the m-adic topology. We need to show that if f € A(x) satisfies df € (mz — d, ") for
all n > 0, then the same holds for f. Write df = (mxz — d)g + 7"h for some g,h € A(z). As
d(f+g) = m(xg+7""'h), we can write f+g = wk, xg+7""'h = dk for some k € A(z). Now as
Alz)/(z, 7 1) = Alx]/(z, 7" 1) = A/7"!is d-torsion free, k € (z, 7" '), say k = xa +7"1b
for some a,b € A(z). Then x(g—da) = 7" *(db—h) whence g—da = 7"~ 'a’ for some a’ € A(x)
whence [ = mk—g = m(za+7""10)— (da+7""1d') = (rx—d)a+7"" (7b—d') € (mx—d, 7" 1),
as wanted.
For the last statement of (1), it suffices to show that

A/ O Npsod™Ald /7)1 /7] = 0.

We first check that A(d/7) N (d/7)"A{d/m)[1/x] = (d/7m)"A(d/7). As d (hence d/) is regular
on A{(d/) by (1), we may assume n = 1. We need to show that A{d/m)/(d/x) is w-torsion free.
We claim that A/(d/x)/(d/n) ~ A/d via the natural map. Indeed, the map A(x) — A,z +— 0

maps (mz — d) into dA C A (as dA is closed for the m-topology on A: A/dA = coker(A x4, A)
is derived m-complete, hence classically m-complete as it is 7-torsion free by our assumptions on
A). We thus get a surjection A(zx)/((rx — d),z) - A/d,x — 0. But A/d = A{x)/(rx — d, z)
also surjects naturally onto A(z)/((rz — d),z) whence A/d = A{zx)/((rz — d), z):

Thus, A(d/7)/(d/m) = A/d is m-torsion free, as wanted. Note that the equality A{d/x)/(d/7) =
A/d also implies that A N (d/m)A(d/m) = dA. By induction (using that (7, d) is a regular se-
quence), we see that in fact AN (d/7)"A(d/7) = d" A for all n > 0.

We thus need to show that A(d/x) is (d/m)-separated. Write T := d/m. Assume [ €
Np>0Z"A(T). We can write f = ag + a;T + ... for a (not necessarily unique) sequence (ay,)
in A with a,, — 0 m-adically. In particular, ay € TA(Z) N A = dA (by the preceding paragraph),
say ag = dagy = wayT. As T is regular in A(T), we still have f/T = (way +a1) + ... € Ny>o(T™).
Similarly we find that a; + 7ma;, € () N A = dA, say a; + may, = daj. Next, we have
0 = (77 — d)(af + aiT), s0 ag + 1T = da}y + (da} — way)T = wa,T?. Again, as T is reg-
ular, we deduce that ays + ma} € dA say as + ma} = da). Repeating this argument, we can
inductively find a sequence (a/,) in A such that a,, = da), — mwa),_, for all n > 0. We claim that
the sequence (a},) also tends to 0 w-adically. Once this is done, aj, + a}Z + ... makes sense as an
element in A(Z) and we have f = ay + a1ZT + ... = (d — 77)(ay + a}T + ...) = 0, as wanted.
We will show by induction on n that ], € 7™ A for all m > 0 (depending on n). So assume that
a,. € mA for all m > my. Enlarging my if necessary, we may also assume that a,, € 7"+ A for
all m > myg (as a,, — 0 w-adically by assumption). Then da,, = a,, + wa,, ; € 7" A, and so,
as (m,d) is a regular sequence, a/,, € 7" A for all m > my, as claimed.

(2) This is contained in the proof of (1) above.
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(3) For the first statement, as the sources and target are both d-complete and d-torison free (by
part (1) as A(@?(d)/m) = A(d?" /), it suffices to show that the map

AlL/x/d" — A(d" /m)[1/x]/d"

is an isomorphism, which in turn follows from the proof of (1). (This part is also proved in
[BS23, Lemma 6.7].) The second statement can be proved similarly (i.e. by reducing modulo
d (or di")). O

The following lemma, whose statement is inspired by [DL22, Lemma 2.2.10], records the
contracting effect of the Frobenius on the d-adic filtration on A{d/).

Lemma 3.4.12. Let (A, (d)) be a transversal Og-prism. Then given any h > 0,
Po(d™A(d/7)) C A+ d™ T A(d/)
for all m > 0 (depending only on h).

Proof. We will show more generally that

q(m+1)

og(d"Ald/)) € A+ A(d?/m) forallm > 0.

This easily implies the lemma. Write o, (d) = d? 4+ wa with a € A. As ,(A(d/7)) C A{d?/),
it suffices by the binomial theorem to show that

q(m+1)
A1 Pk Ald? /7y C A+ d

A(d?/m) forall0 < k < m.
This follows immediately from the inclusion A(d?/7) C (1/7%)A + (d?/7)k T A(d? /7). O
Proposition 3.4.13. Let (A, (d)) be a transversal Og-prism. Let h > 0. Assume
d"Y = By, (Y)C
with matrices Y € My(A(d/m)[1/7]) and B,C € My(A). ThenY € My(A[l/7])).

Proof. The argument here is inspired by the proof of [DL22, Proposition 2.2.11]'°. Replacing YV’
by 7Y for some k >> 0, we may assume that

Y =Y, + Y

for some Y,,, € My(A) and X € My(d™ R), where my satisfies ¢, (d™R) C A + d"*™ 1R for
all m > mg (mg exists by Lemma 3.4.12); here R := A(d/m). We will show that Y € My(A).
The idea is to d-adically approximate Y by matrices in M (A). More precisely, we will construct

1t is not clear to us if the various rings in [DL22] indeed agree with the more standard rings denoted by the same
notation; for instance, we do not know if the ring Aggx there equals literally to A2 (I/p).
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inductively a sequence (Y;,,)m>m, in My(A) with the property that Y,,,,; = Y,, mod d™A and
Y,n =Y mod d™R forall m > my. Asboth A and R are d-complete, this implies that Y € M,(A),
as wanted.

Assume Y, has been constructed. Write Y = Y,,, + X with X € M,(d™R). By assumption,

d"(Yyp 4 X) = By (Y;n)C + By, (X)C.

By our choice of mg we can write By,(X)C' = Z + d"X’ for some Z € My(A) and X' €
My(d™ 1 R). Then By, (Y,,)C + Z — d"Y,, = d"(X — X’) has entries in AN d"""R = d"™™A
by Lemma 3.4.11 (2), say d"*™ X" with X" € My(A). As d is regular on R, we obtain X — X' =
d"X". Now set Yy, 11 := Y, +d"X". O

).

Remark 3.4.14. Note that one cannot weaken the conditions on B, C into B,C € My(A[l/7]
For instance, the infinite product

A= e (Bw)/E@0) 0

n>0

satisfies A = (E(u)/E(0))p(N) € &[1/p] - o(A), but A & S[1/p]".

Proposition 3.4.15. Let (A, (d)) be a transversal Og-prism. Then the base change
Vect?1(A)[1/7] — Vect?*(A(d/m)[1/7])

is fully faithful; here the source denotes the isogeny category of Vect¥e(A).

Proof. Given objects 91; in Vect??(A), we need to show that any ¢ -equivariant map
a9 @4 Ald/m)[1/7] = My @4 A{d/m)[1/ 7]

extends to a map N [1/7] — My[1/7]. By injectivity of A[1/x] — A(d/m)[1/7| (Lemma 3.4.11
(3)), such an extension is necessarily uniquely and ¢, -equivariant.) By Lemma 3.4.16 below 90;
can be written as a ¢,-stable direct summand of some finite free p,-module over A. We may thus
reduce to the case 91, and N5 are both finite free.

Pick an A-basis ey, ..., eq of My, and let A; € My, (A[1/d]) be the matrix giving the action
of @on, on this basis, i.e. v, (€1,...,€4,) = (€1,...,€q,)As; similarly let Ay € My, (A[1/d]) be
the matrix giving the action of gy, on some fixed basis of 9. As « is p-equivariant, we see that
if Y € My, q,(A{d/m)[1/7]) denotes the matrix of « relative to the chosen bases, then

YAl = AQ(,Dq(Y) .

We need to show that Y in fact has entries in A[1/7]|. As A is invertible, we can write the above
equation as d"Y = By, (Y)C for some h > 0, and matrices B, C' with entries in A. Then by
Proposition 3.4.13 below, Y has entries in A[1/7], as wanted. O

"For instance, take K = Q, and mx = —p. Then E(u) = u + p and the coefficient of ulttpt 4" i
A =11,50(1 +uP"/p)is 1/p" and of course one can make n arbitrarily large.
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The following lemma was used above.

Lemma 3.4.16. Let (A, (d)) be an Og-prism. Any object in Vect??(A) can be realized as a ¢ -
stable direct summand of some finite free object.

Proof. The proof is similar to that of [EG23, Lemma 4.3.1]. Fix 9 € Vect??(A). Pick an A-
module 91 so that §F := 9 @ N is finite free. Then (FHSN) & M = F @ § is finite free, and
by fixing an isomorphism ¢p : @Z& ~ §, one can endow § @ I with a p,-structure via the
composition

piFeM[1/d) = F[1/d) © :N[1/d) = M[1/d] & N[1/d] & ©:N[1/d]

= prMm(1/d] & N(1/d) @ ;N(1/d] = ¢iF S N[1/d]
B (Fem1/d.
O]

Proof of essential surjectivity in Theorem 3.4.7. Fix T € Rep$3(Gk). Let D € MF#/(K) be
the weakly admissible filtered ,-module over K corresponding to 7'[1 /7] under the equivalence
in Theorem 3.2.4. Fix a Breuil-Kisin prism (Sg,I) in X . We note firstly that the functor
M : MF?1(K) — Vect? (&g (I /m)[1/7]) from §3.3.2 in fact lifts to a functor

M : MF#(K) — Vect®s(X ,0 (T /7)[1/x]) (3.4.16.1)

by applying exactly the same construction for each object in X (cf. [BS23, Construction 6.5]'2).
Moreover, we have seen in §3.3.13 that the weak admissibility of D implies that M (D) extends to
an object M € Vect¥*(Sg), which therefore comes equipped with a descent datum

1 1
0 M B S (1/7)[1/7] = M Bep, & {1 /) [1/7]
by the last sentence. Proposition 3.4.15 then shows that o extends uniquely to a descent datum
a:MOes,p G(El)[l/ﬂ'] ~ M P64 .ps GS)[l/W];

in other words, 9t[1 /7] lifts naturally to an object in Vect¥*(X ,O [1/7]). The rest of the argu-
ments in [BS23, §6.4] now carry over to our setting (applied to the object M’ := M Qe o, €
Vect? (o)), finishing the proof™?. O

12Keep in mind that in defining the constant F-crystal D Owo, (kO (I /m)[1/7], we use the canonical Wo,, (k)-
algebra structure on objects of (O ) .0, see Remark 3.4.3.

We can also argue slightly differently as follows. Namely, we first check that T'(90)[1/7] ~ T[1/7]|cy_,
whence by Lemma 3.3.14, we may pick 9t uniquely so that 7'(9) ~ T'|g,__; here K as usual denotes the Kummer

extension K (W}(/qm) of K. But as M[1 /7] lifts to an F-crystal on Ok, its “étale realization” T'(9)[1/7] € Vect(F)
carries a G i -action (extending the natural G'i__ -action), which is in fact E-crystalline by exactly the same argument
as in the proof of Theorem 3.4.7. By full faithfulness of the restriction functor Repf™*(Gx) — Repp(Gr..), we
deduce that T'(9)[1/7] ~ T[1/7] Gk -equivariantly. Thus, we have arranged so that M @ o [1/I]2 is stable under
the Gk-actionon M® o, [1/I]2[1/7] (coming from the descent datum ). Now we can simply follow the arguments
in the fourth paragraph of [BS23, §6.4] to conclude. The difference is that we do not need to run another modification

as in loc. cit.: the resulting prismatic F'-crystal has étale realization 7" on the nose.
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3.4.5 Relation with Kisin—Ren’s theory [KR09]

In this subsection, we show that Theorem 3.4.7 encodes the classification of Galois stable lattices
in E-crystalline representations in [KR09] upon specializing to a suitable prism in (Of) , in the
same way that it encodes the theory of Breuil-Kisin theory in [Kis06] by specializing to a Breuil-
Kisin prism.

Let G be the Lubin—Tate formal Og-module over Op corresponding to a uniformizer 7 € F.
Pick a coordinate X for G, i.e. an isomorphism G ~ Spf(Og[[X]]). For a € Op, denote by
[a] € Og[[X]] the power series giving the action of a on G. Let K, C K be the subfield generated
by the m-power torsion points of G and write I' := Gal(K/K). The Tate module 7,,G is a
free Op-module of rank one, and the action of G'x on 7,G is given by the Lubin—Tate character
X - G K — OE

Fix a generator v = (v,,),>0 of 7,G. As in [KR09], we will assume in what follows that
K C KopKy. Fixm > 1sothat K C Ky 1(v,,). Let Q(u) := [7™](u)/[x™ ] (u). As before,
write & = Wp, (k)[[u]]; however we now equip & with a ¢ -action and a I'-action given
respectively by ¢, (u) := [7](u) and y(u) = [x(7)](u) for v € I.

It is easy to check that the preceding ¢,-action makes the pair (S g, (Q(u))) into an O g-prism.
Moreover, as the map &g — Ok, ,(v,,), U +* VUp, is surjective with kernel (Q(u)), our assump-
tion on m gives a map O — Gp/(Q(u)), making (&g, (Q(u)) into an I'-equivariant object of
(Ok) ,,» which we will denote by &' to distinguish with the Breuil-Kisin prism &, introduced

earlier. Note also that mapping u — ¢q (mfl)([v]g) defines a Gk-equivariant map &5 — o, in
(Ok) o0, In particular, &', again gives a cover of the final object in the associated topos.

Definition 3.4.17. Let Vect¥"' (&';) denote the category of 9 € Vect?*(&';) equipped with a
semilinear action of I' which commutes with ¢, and such that I" acts trivially on 9t/u9. Inside
this, we have a full subcategory Vect‘Pq’F’an(S’E) consisting of objects for which the I'-action is
analytic in a suitable sense; see [KR09, §(2.1.3)] and [KRO09, §(2.4.3)].

Proposition 3.4.18. Consider the functor
Dg, : Rep3®(G) — Vect?r!' (&)

defined by composing the inverse of the equivalence in Theorem 3.4.7 with the evaluation at
(6%, (Q(u))) € (Ok) . Then D, is fully faithful with essential image Vect?eh 22 (&),

Proof. We first check that Dg,_is well-defined, i.e. given any object £ € Vect”((Ox) ,0O ), the
value £(&%,) is naturally an object in Vect?*" (&',). As &', is a I'-equivariant object in (O) Op
M = £(&,) carries a natural I'-action. Now the map &%, — . induces by reducing modulo u
a G g-equivariant map

(WOE(k)7 (7'(')) - (WOE(k)a (7T>)

in (Ok) , ;as Wo,(k) is fixed by the natural G k-action on Wo,,(k), the crystal property of £
again implies that I" acts trivially on £(Wp, (k)) ~ 9t/uN, as wanted.
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Next, we show that De_ lands in the subcategory of analytic objects. By the very definition of
the latter ([KRO9, §(2.4.3)]), it suffices to prove the analogous statement for the composition

Dg [1/

. r [1/7]
Repg (Gr)[1/7] e, Vect?! (&',)[1 /7] — Vect?*! (&', (I /7)[1/7]) ~ Vect?sT (O,

where O again denotes the ring of functions on the rigid open unit disk over Ky g, but now
equipped with the Frobenius u + [r](u). By unwinding definitions, this coincides (upon identify-
ing Rep%°(Gk) ~ MF#*"*(K)) with the functor

M'() : MF#2%% () — Vect?" (0)

from [KRO09, §2.2] (cf. Remark 3.3.6); in particular, we know from Lemma (2.2.1) of loc. cit. that
it indeed factors through the subcategory of analytic objects.
Consider now the composition

, Der
Repo (Gk) — Vect#e! (&) i Repp,. (Gk),

where T" again denotes the étale realization functor M — (M Qg W (C’))#*=". Unwinding again
the construction of Dg;, , we see that this is nothing but the forgetful functor. Moreover, by [KR09,

Corollary (3.3.8)], 1" defines an equivalence onto the subcategory Reng(G k). It follows that
D% is also an equivalence, as wanted. O

3.4.6 Relation with 7-divisible Oz-modules over O

In this subsection, we combine Theorem 3.4.7 with a key result on minuscule prismatic F'-crystals
from [AL23] to deduce a classification result for 7-divisible Og-modules over Qg (Theorem
3.4.24).

Definition 3.4.19 (Minuscule Breuil-Kisin modules). Let (A, ) be an Og-prism. An object
M € Vect¥e(A,I) is called minuscule (or effective of height 1) if ¢, is induced by a map
;M — M with cokernel killed by I. An object & € Vect” (X ,0O ) is called minusucle if
for all (A,I) € X , the value £(A) is minuscule. Following [AL23], we denote the resulting
categories by BK,in (A, I) and DM(X), respectively.

Proposition 3.4.20 ([AL23],[1to23]). Fix a Breuil-Kisin prism (&g, I) € (O) 0, Then evalu-
ation at S, defines an equivalence

DM(OK) >~ BKmin<6E)-

Proof. This is proved in [AL23, Theorem 5.12] in case £ = Q,, (and for a more general class of
rings in place of Of). The case of general F is then proved in [Ito23, Proposition 7.1.1]. [

Theorem 3.4.21 (Fontaine, Kisin, Raynaud, Tate). Sending a p-divisible group to its p-adic Tate
module defines an equivalence

BT(Ok) =~ Repy; "V (Gy)
G — TP(G)§
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here the source denotes the category of p-divisible groups over Ok, and the target denotes the
category of lattices in crystalline G i -representations with Hodge—Tate weights in {0, 1}.

Proof. This is well-known; see e.g. [Liul3, Theorem 2.2.1]. O]

Definition 3.4.22 (cf. [Fal02]). Let R be an Og-algebra. A mw-divisible Og-module over R is a
p-divisible group G over R together with an action Or — End(G), which is strict in the sense that
the induced action of O on Lie(G) agrees with the action through the structure map O — R.

Lemma 3.4.23. Let G be a p-divisible group over Ok. Then an action Oy — End(G) makes G
into a m-divisible O p-module over Oy if and only if the E-representation V,(G) is E-crystalline
in the sense of Definition 3.2.1.

Proof. This follows from the Hodge—Tate decomposition for G:
Vu(G) ®q, C ~ (Lie(G")" ®o, C) ® (Lie(G) ®o, C(1)). (3.4.23.1)

More precisely, as £ ®q, C ~ ],z C, an (£ ®q, C')-module V' always decomposes uniquely
as V = @,V,. As 3.4.23.1 is functorial in G, it is (F ®q, C)-linear, and hence must respect the
corresponding decompositions of both sides. In particular,

P V,(G) @5 C) ~ @ (Lie(G*)* @0, C), ® P (Lie(G) ®o,, C(1)),.

TH#To TH#To TH#To

As the first summand on the right is clearly trivial as a C-representation, it remains to observe that
the Op-action on Lie(G) is strict precisely when the second summand vanishes. ]

Combining Theorem 3.4.7, Proposition 3.4.20, Theorem 3.4.21, and Lemma 3.4.23, we obtain
the following classification of 7-divisible Og-modules over O (including the case p = 2).

Theorem 3.4.24 (cf. [Chel8, Theorem 1.1], [CL16, Theorem 1.0.3]). There is a natural equiv-
alence between the category of w-divisible Og-modules over O and the category of minuscule
Breuil-Kisin modules over G g.

Remark 3.4.25. In [CL16], the authors have obtained (by a different approach) a similar equiva-
lence even for a large class of Frobenius lifts. In their result, the relevant category of p-divisible
groups over Ok is formed by those which come equipped with an action of O for which the
rational Tate module is an E-crystalline representation. However, as far as we understand, the fact
that this is in fact identified with the category of m-divisible O g-modules over O (Lemma 3.4.23)
was not observed by them.



Appendices

3.A [E-crystalline representations and filtered isocrystals

In this appendix, we prove Theorem 3.2.4, thereby giving equivalent characterizations for the
category of E-crystalline Galois representations. We will follow closely [FF18, Chapitre 10],
which treats the case £ = Q,,.

3.A.1 Recap on the Fargues—Fontaine curve

Let X1 be the Fargues—Fontaine curve associated to E and the perfectoid F-algebra ' := C”,
where the F;-algebra structure on F' is defined using the fixed inclusion 75 : £/ — K C C. As
Gk acts naturally on C' (hence on F' = C”), we obtain an induced E-linear action of Gk on Xx.
Recall that we also have a canonical identification X = Xq, ®q, £ (cf. [FFI18, Théoreme 6.5.2
(2)]). Under this identification, g € Gi acts on X as g ® idg.

Let 7 : Xp — Xq, be the projection; this is a (G x-equivariant finite étale covering of degree
[E: Q). Let co € | Xq,| be the distinguished closed point corresponding to the tautological untilt
Qp — C of F. Recall that oo is fixed by G, and in fact the unique closed point of Xq, whose
G i-orbit is finite (see [FF18, Proposition 10.1.1]). Foreach 7 : E — C, let 0o, be the closed point
in Xp corresponding to the (Frobenius isomorphism class of the) untilt 7 : £/ < C. Concretely,

00, is given by the (image of the) closed immersion Spec(C) M Xq, ®q, ' = Xg.

Lemma 3.A.1. The assignment T +— 0o, defines a G-equivariant bijection Homq,(E,C) ~
7 (o0)

Proof. From the previous description of co,, we see easily that the map is G -equivariant. As
7 is finite étale of degree [£/ : Q,] and oo € Xgq, is a closed point with algebraically closed
residue field (namely C), 7~ *(o0) C | Xg| is a finite set of [E : Q,] closed points. In particular,
it suffices to show that the map is surjective. Indeed, a point x € 7~ !(00) necessarily has residue
field k(x) = C, and it is clear from the construction that x = oo,, where 7 : £ — C'is given by
the composition Spec(k(z)) — Xg — Spec(FE). O

In particular, we see that the point co,, (given by the fixed embedding ) is fixed by Gk.
Recall that we have a canonical identification (Ox, ) — B, where By is the usual

Fontaine’s period ring constructed using C'. Also, the inclusion K < C'lifts uniquely to a (neces-

95
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sarily G -equivariant) section K Bj;- Now we have a canonical identification

B;R ®Qp E ; H (OXE)OOT
T E—K

(see e.g. [Sta23, Tag 07N9]). Using the section K — B above, we can rewrite the left side as

Bir @x (K ®q, E) = H B-
T E—K

L —

Thus, for each 7, there is an F-algebra isomorphism (O XE)ooT 5 B;’R, where the right side is

regarded as an E-algebra via the composition 7 : £ < K < Bi:.
Recall that for each compact interval I CJ0, 1], Bg ; denotes the completion of

By :={ > [za]7" € Wo,(C") | () bounded}

n>—oo

with respect to the family of norms | - |,,p € I. We then let By := @ ; B, Similarly using

the ring By := Wo,,(Oc»)[1/7], we can define B}, and B} ;. See [FF18, Chapitre I] for a more
detailed discussion.

Lemma 3.A.2. For each compact interval I C|0, 1],
(FI'aC(BEJ))GK = KO,Ea
where Ko g := Ky ®g, E. In particular, as B C Bg 1, we have (Frac(Bg))% = K .

Proof. For E = Q,, this is [FF18, Proposition 10.2.7] for £ = Q,, but the same argument
works also for general £/. One can also deduce the general case from the case £ = Q,, as fol-
lows. By Proposition 1.6.9 of loc.cit. (and scaling 1), it suffices to show that (Frac(Bq, ; ®g,
E))¢% = Ky p. But by Proposition 10.2.7 of loc.cit., Frac(Bq, 1) ®g, E is already a field,
so we have Frac(Bq,; ®g, E) = Frac(Bq, 1) ®g, E, and hence (Frac(Bq, ®p, E))°% =
(Frac(Bq,.1))%* ®g, E = Ko ®p, E = Ky g, as wanted. O

3.A.2 Relation with filtered isocrystals
As usual, we denote by ¢, the E-linear ¢-Frobenius on K¢ p = Wo, (k)[1/7].

Definition 3.A.3. Let Vect??(K, g) be the category of ¢,-modules (or isocrystals) (D, ¢,) over

Ko g, 1.e. finite dimensional K, g-vector spaces D equipped with a linear isomorphism ¢; DD = D.
Let MF#?(K) be the category of filtered ¢,-modules over K, i.e. triples (D, ¢,, Fil*Dy),

where (D, ;) € Vect? (K ), and Fil* D is a decreasing filtration on Dy := D ®, , K.

Fix tg € (B};)?s=" such that V' (tg) = {00, } (tg is uniquely determined up to multiplication
in £X). Let B.p := ['(Xg \ {005}, Ox,) = (BL[1/tg])?e="; this is a PID equipped with an
action of G. As in [FF18, Définition 10.1.2], we let Repp_, (G ) denote the category of finite
free B, p-modules equipped with a continuous semilinear action of G'x.
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Definition 3.A.4. Define functors
Dcris,E : RepBe,E(GK> — Vect? (KO,E')
M — (M ®p, , BE[1/tg])%<
and
Viis,p : Vect? (Ko g) — RepBe,E(GK)
(Dv Spq) = (D ®K0,E Bg[l/tE])@QZI'

Proposition 3.A.5 ([FF18, Proposition 10.2.12]). (1) The functors Dis,p and Vs g are well-
defined, and form an adjoint pair with Vs  being the left adjoint.
(2) Veris, 18 fully faithful, i.e. the unit

id — Dcris,E o ‘/cris,E

is an isomorphism.
(3) For each M in Repp__(G k), the counit

%ris,E(Dcris,E(M)) —> M
is an injection.

Proof. The case £ = Q,, is treated in [FF18, Proposition 10.2.12]. We begin by constructing a
natural isomorphism D.is g © Veris p — id. Let (D, ¢,) € Vect¥?(K, g). We claim that the natural
map

((D @k, » BE[1/te))?=" ®p, , BE[1/te)) — D

is an isomorphism (which is clearly o -equivariant). As (B}[1/tg])“% = Ko g by Lemma 3.A.2,
it suffices to show that the natural map

(D @y Bh1/te])?~" ®p, , Bh[1/ts] = D Qk, , B[1/tg] (3.A5.1)

is an isomorphism. By replacing D with D ®, , Wo,, (k)[1/7], we may assume k is algebraically
closed. Then by the Dieudonné-Manin theorem, we may reduce to the case DY = O(d/h) is
isoclinic (for some (d, h) € Z x Z>; with (d, h) = 1). Recall that by definition O(d/h) admits a
Ko g-basic zq, . .., zj,_1 for each p,(z;) = ;41 for 0 < i < h — 1, and ¢ (zn_1) = 7x¢. Thus,

(D ®x,, BEL/t])= = Homy,, (DY, B[1/tx]) = (BE[1/tu)) =",
and so we are reduced to showing that the map

(BE[1/te])? = @5, , Bpl1/te] — (BE[1/ts])®"
T ®a v (ax,apy(), ..., a0l (x))
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is bijective. As usual let £, C C denotes the unique unramified extension of E of degree h; in
particular we have th = Bj. canonically (cf. the proof of [FF18, Proposition 1.6.9]). Now let
tp, € (BE)WZ:” be such that {oo;,, } maps into {oo;} under the projection map 7 : Xp, — Xp
where V*(tg,) = {oo, }. Then (B [1/tg))#i="" is a free of rank one over Ej, ®p B, g with
basis t§, . As tp, is aunitin Bj;[1/tg]", it suffices to show that the map

Ey ®p BE[1/tg] — (BE[1/te])™"

z®a (g (a)r)ocich—1

is an isomorphism. This follows immediately from the analogue decomposition E), @ Ej, —
[To<i<p_1 En- This gives the isomorphism in part (2). Note that the argument also shows that
(D ?X)}OE BE[1/tg])?e=" is finite free over B. g of rank dimg, ,(D); in other words, the functor
D — Vs g (D) is rank-preserving and indeed lands in Rep Bur (Gk).

For part (3), it suffices to show that for each M in Rep Be.s (G k), the natural map

%ris,E(DcriS,E(M)) = ((M ®Be,E BE[l/tEDGK ®KO,E BE[l/tED(pq:l — M
is injective. As (BE[1/tg])¥*=! = B, g, we are reduced to show that the map
(M ®p, , BE[1/te))° @k, , BE[1/tg] = M ®p, , BE[1/tg] (3.A.5.2)

is injective. Upon replacing Bj[1/tg] by Frac(BL[1/tg]), the result follows readily from the
equality (Frac(B%[1/tg]))“% = K, x in Lemma 3.A.2. Note that the isomorphism 3.A.5.2 also
shows that dimy, ,; Deris (M) < rankp, M < oo and that the linearization ) Deris (M) —
Dyis g(M) is an isomorphism. Indeed, as the source and target have the same (finite) K -
dimension, it suffices to show that the map is injective, which in turn can be checked after the
faithfully flat extension Ko z — B7[1/tg]. Thus, we see that the functor M — Deys (M) indeed
lands in Vect?* (Ko x), and moreover satisfies dimp, ,, Deris, 5 (M) < rankp, ;M. This finishes
the proof of (3).

Finally, (1) follows by combining (2) and (3). [

Definition 3.A.6 ([FF18, Définition 10.2.13]). (1) A representation M € Repp,_, (Gk) is called
crystalline if M = V5 p(D) for some (D, p,) € Vect?? (K, ). We denote by Repng(G i) the
full subcategory of crystalline objects in Repp,_, (G ).

(2) A Gk-equivariant vector bundle £ on X g\ {oc} is called crystalline if the B, g-representation
H°(Xg \ {00}, Ox,) is crystalline.

Lemma 3.A.7. M is crystalline if and only if the B} [1/tg|-representation M ®p, , B [1/tg] is
trivial.

"“We claim that ¢ g, divides ¢z in Bf;. As ¢! (t) = "¢, we can use [FF18, Théoréme 6.2.1] to write t = 1 ...t

where t; € (Bg)“’g:”for each i. Then ooy, € m'(o0r) = VF(t1) U... U VT (ty), so we must have t, € E)t;
for some i (cf. Théoréme 6.5.2 of loc.cit.); in particular, we have ¢, |¢, as claimed.
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Proof. This is essentially contained in the proof of Proposition 3.A.5. If M ®p, , BE[1/tg] is
trivial, then necessarily

(M ®p, , BE[1/tp)“" ®k, , Bi[l/ts] = M ®p, , BE[1/tg]

whence Viyis (Deris 2(M)) = M by taking o -invariants. Conversely, if M 2 Vi, p(D), then
by 3.A.5.1, we have

M ®p, , BE[1/tg) = Vaise(D, ¢q) ®5, , BL[1/tE]
< D ®k, , Bpll/te]

is indeed trivial. [

Remark 3.A.8. Recall that B, p denote Fontaine’s crystalline period ring defined using £ and
To : 2 — K C C. Asin the case £ = Q, ([FF18, Proposition 1.10.12]), one can check that
BY = Mpzopl (B p) (tesp. By[1/tp] = Npz0@)(Beris,p)) is the maximal subring of BZ, ;
(resp. Beis,z) over which Frobenius is an automorphism. It follows that D z(M) can also be
computed as (M ® Bep By, E)GK and that M is crystalline if and only if M ®p, , Beis g 18 trivial
as a B g-representation. Indeed, as ¢, is an automorphism on D := (M ® B p Beris, E)GK , We
have D C Myp>op) (M ®p, ; Beis,z) = M @5, 5 Mnz090y (Beris,z) = M ®p, B} [1/tg], whence
D = Dcris,E(M)-

Remark 3.A.9. We have seen that M is crystalline precisely when the natural injective map
Viris, B (Deris, g (M)) < M is an isomorphism. In the case £ = Q,, it in fact suffices to require that
the source and target have the same B, p-rank, i.e. dimKO, o Deris g(M) = rank B. M. Indeed, in
this case, oo is the unique closed point in Xq, with finite G x-orbit, so any G i -equivariant coher-
ent sheaf on Xq, \ {oo} must be torsion-free (as its torsion part must have empty support), and
hence a vector bundle. Thus, if dimpg, , Deis,z(M) = rankp, , M, then the torsion B, z-module
coker(Veyis g (Deris (M) < M) must be zero, as claimed. On the other hand, this does not seem
to be enough if £ # Q,, since in general there can be more closed points in Xz with finite G -orbit
(for instance, if K contains the Galois closure of F in K, then G fixes oo, forall 7 : E — K).
(See, however, the proof of Proposition 3.A.13 below.) This is also related to the fact that the ring
Bf[1/tg] is not (E, G )-regular (as opposed to the case F = Q,, cf. [FF18, Corollaire 10.2.8]):
the line E't is G -stable yet t ¢ (BA[1/tg])*.

Lemma 3.A.10. (1) The functor D.s i defines an equivalence Rep‘ng(G k) — Vect? (Ko g)
with quasi-inverse Vg p.

(2) Both Dis p and Vs g are exact.

(3) The category Repjng (G ) is stable under direct summand subquotients, tensor products,
and duals. Moreover, D  naturally respects these operations.

Proof. (1) follows immediately from definition and Proposition 3.A.5.
(2) We will show that Vs g 1s exact (the argument for D.,;s p being analogous). Let 0 —
D, — Dy — Ds — 0 be an exact sequence in of isocrsyals over Kjg. As the inclusion
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Ber < BE[1/tg] is faithfully flat'®, it suffices to show that the induced sequence after apply-
ing Vs 5(+) ® Bep BE [1/tg] is exact. We are now done because this functor is naturally identified
with (-) ®x, » Bg[1/tE].

(3) Let 0 — My — My — Mz — 0 be an exact sequence in Repp,_, (G ) with M, crystalline.
Consider the commutative diagram

0 —— ‘/cris,E(Dcris,E(Ml)) —_— V::ris,E(Dcris,E(M2)) E— Vcris,E(Dcris,E(M3))

| I |

0 )Ml >MQ )Mg

~
o

As the middle vertical arrow is an isomorphism, a simple diagram chasing shows that the two outer
maps are also isomorphisms, i.e. M, and M, are crystalline, as wanted.
The other claims can be proved e.g. using Lemma 3.A.7. [

Recall that we have a natural functor (D, ¢,) — E(D, ¢,) from Vect¥e (K ) to the category
of G-equivariant vector bundles on X g, where £(D, p,) is the Ox,-module associated to the
graded module

PO @i B

n>0

By Beauville-Laszlo glueing (applied to the locus co,, < Xp), the datum of a G'ix-equivariant
vector bundle on X, is equivalent to the data of a triple (M., My, u) where M, € Repp_, (Gk), Mgy €
Repyt (Gr), and u is a G-equivariant isomorphism M, ® Bar = M[1/tg]. In terms of

this description, £(D,p,) corresponds to the triple (Veus p(D), Dk Q@ Big,t) (with Dg :=

D ®p, , K, and ¢ being the natural isomorphism). In particular, by definition, a GG x-equivariant
vector bundle £ on X is crystalline if and only if there exists (D, y,) so that there is a G-
equivariant isomorphism &|x\(ee,,} = E(D, ¥4)| x5\ {o0r, }-

Lemma 3.A.11. Let V be a continuous semilinear representation of G on a finite free Big-
module. Then V' is trivial if and only if V ® B, C is trivial as a C-semilinear representation of
Gk.

Proof. See [Dul9, Proposition 2.18 (1)]. (The proof of loc. cit. uses the usual B;{R (and the cy-

—_—

clotomic period t), but we have seen that the natural map (Ox,) _ — (Ox,),, is a Gk-equivariant
isomorphism.) 0

Lemma 3.A.12. Let V € Repy(Gk) be an E-representation of G . Then 'V is crystalline if and
only if dimg, ,(V ®g, Beis) €% = dimp V.

5As B, is a PID and B} [1/tg] is a domain, the map is flat. It remains to show that mBj;[1/tg] # (1) for each
m € Max(B, g). By [FF18, Théoréme 6.5.2], such m is generated by ¢/t for some ¢’ € (BE)%:” \ Etg. Now
t'/t is a not a unit in B;[1/tx] as otherwise it would be already a unit in (B} [1/tp])¥e~! = B. g.
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Proof. We have
Dcris(v) - (V ®Qp Bcris>GK - (V ®E0 EO ®Qp Bcris)GK
= @ (V ®E0,<p; Bcris)GK7

0<i<f—1

For each i, we have dimpg_ | KV ® ool Bais)“% < dimg V' with equality if and only if
0:¥p
the £ ® o) B.,s-representation V' ® o) B, is trivial'®. As the latter can be obtained from

V ®pg, Bais by extending scalars along the (G'k-equivariant) map gpjj ¢ Bepis — Bags, 1t 1n fact
suffices to require that V' ® g, Beyis 18 trivial. The lemma now follows by counting dimensions. [

We can now give a geometric interpretation of the notion of E-crystalline representations of
Kisin—Ren in terms of vector bundles on the Fargues—Fontaine curve.

Proposition 3.A.13. Let V € Repy(Gk). Then the following are equivalent:

(1) The G k-equivariant vector bundle V Qg Ox is crystalline in the sense of Definition 3.A.6.
(2) V is E-crystalline.

Example 3.A.14. Let V = E(1) denotes the E-representation of G'x given by the Lubin-Tate
character ypr : Gx — O associated to the uniformizer 7 (and the embedding 7y : £ — K).
Then V satisfies condition (1) of Proposition 3.A.13. Indeed, V ®g B}[1/tg] has a G k-invariant
basis given by v ® t' where v is an E-basis in V. More generally, this holds for the p-adic Tate
module of any 7-divisible Og-module over O ; see Lemma 3.4.23 (the previous example being
the case of the Lubin—Tate formal Og-module associated to ).

Proof of Proposition 3.A.13. Assume (1). By Lemma3.A.7, V®g B} [1/tg] is trivial as a B [1/tg]-

—_—

representation of G, As ty is invertible in (Xp)_ for each 7 # 79 (as VTt (tg) = 005), by
extending scalars, @T 4o V Qg BJR is also trivial (as a B(TR—representation), whence the same is
true for @,V @p , C.

Moreover, by extending scalars along BE [1/tg] < Buais ®@g, E 7V Eo Beris 18 also trivial as
a Beis @p, E-representation, and hence taking G'i-invariants yields dimg, ,, (V ®g, Beyis) 9K =
dimg V. By Lemma 3.A.12, V is crystalline, as wanted.

Conversely, assume (2) holds. Let D := D5 (V) = (V ®g B[1/tg])%. We need to show
that the natural inclusion

Veris.p (D) = (D ®k, , BE[1/tp])?= — V Qg B g (3.A.14.1)

is an isomorphism. We first show that the source and target have the same rank, i.e. dimgV =
dim D. As Bf[1/tg] C Beais ®g, E, we always have D C (V ®p, Beis) %, and the latter has

16This follows from the usual property of admissible representations, and the fact that £ ® Eop} Bis is (E,Gk)-
regular, which in turn can be proved in exactly the same way as in the case ' = Q,,.

7This inclusion is defined as follows. By [Col02, Lem. 9.17], tg divides ¢ in B, ® B, I/, and so we have
BE[1/tg] = (B(Sp ®g, E)[1/tg] C Bi.([1/t] ®5, E = Bmax ®p, E. As ¢p(Bmax) C Bearis and ¢g is an

automorphism on BE[l/tE], we also have BE[l/tE] C Bais ®g, E, as wanted.
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dimension dimg V by Lemma 3.A.12. We will show that D = (V ®p, Beais)“%. As RepmS (Gk)
is stable under tensor products by Lemma 3.A.10, by replacing V with V ®g E(n) for n < 0, we
may assume that the Hodge—Tate weights of V' are all non-negative. In particular, we have

(V ®E0 BcriS)GK = (V ®Eo B;m) K.

Moreover, as ¢, is an automorphism on (V ®g, Bi,.)¢%, we deduce that

(V ®E, crls)GK = (V ®E0 n>0¥g (B;IS)) K
(V ®Eo Bap)GK
= (V ®g (E©g, BE,))"
(V ®E' BE)GK g D7

as wanted. (For the second equality, see e.g. [FF18, §1.10].)
Next, we claim that the induced map

P D ®x,pr Bin > PV ®rr By (3.A.14.2)
T#TO TH#To

on completed stalks is an isomorphism. As V' is E-crystalline, both the source and target are
trivial as a BdR-representation by Lemma 3.A.11. As any such representation W satisfies W =
(W[1/t))%s @k B, it suffices to observe that 3.A.14.2 becomes an isomorphism after taking
®Bggr (being an injection between Bgg-vector spaces of the same (finite) dimension).

Thus, the cokernel of 3.A.14.1 is a torsion equivariant coherent sheaf 7 on Xp \ {oo,,} sat-
isfying Foo. = O for all 7 # 7. As {00, }, = 7 !(c0) is precisely the set of closed points in
Xp with finite G -orbit, 7 must be supported on the set {co, }.-,,, and hence must be zero, as
claimed. [

Remark 3.A.15. Combining with Remark 3.A.8, we see that an object V' € Repy(Gk) is E-
crystalline if and only if V ®p B g 1s trivial as a B, g-representation. Thus, the notion of
E-crystalline representations is in some sense indeed a natural extension of the usual notion for
Q,-representations.

Lemma 3.A.16. Let V be a finite dimensional K -vector space. Then the association Fil*V +—
FilO(V ®x Bar) gives a bijection between the set of (finite, separated, exhausted) descreasing
filtrations on V', and the set of G i -equivariant B;“R-lattices inV Qg Bar. The inverse bijection is
given by W s (t3,W)Cx

Proof. See [FF18, Proposition 10.4.3]. [

Combining the above lemma with Beauville-Lazlo’s glueing theorem, we deduce the following
result.
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Lemma 3.A.17. The functor

MF?(K) = Fib“<™s( X )
(D, ¢,, Fil*Dg) = E(D, ¢, Fil* D)

defines an equivalence onto the category of crystalline G k-equivariant vector bundles on Xg.
Here E(D, p,, Fil* Dy) is the modification of £(D, p,) at 0o, defined using the G -stable Bj,-
lattice Fll.(DK KK BdR)-

3.A.3 “Weakly admissible implies admissible”

In this subsection, we finish the proof that F-crystalline representations are equivalent to weakly
admissible filtered isocrystals over K (Theorem 3.A.19).

We begin by recalling the notion of weak admissibility for filtered ¢,-modules. Namely, for
a 1-dimensional object D in MF¥?(K'), we pick a basis vector v € D and let ty(D) := v(«)
where o € (K, g)* is such that v,(v) = av. We let t(Dg) (or more precisely, ¢ (Fil* D)) be
the unique integer i € Z such that Fil' Dy = Dy and Fil'** Dy = 0. For a general D, we define
tg(Dr) = tg(det(Dg)) and tx(D) := tx(det(D)). We say that an object D in MF#7(K) is
weakly admissible if ¢t (D) = ty(D) and ty (D) < ty(D') for all subobjects D’ C D. As in the
case I/ = Q,, the degree function and the rank function

deg : (D, Pqs Fll.DK> — tH(DK) — tN<D, (pq),
rank : (D, ¢,, Fil*Dg) — rank(D, ¢,)

make MF¥(K) into a slope category with slope function p := deg /rank. In particular, each
object in MF¥¢(K’) admits a unique Harder-Narasimhan filtration, and the resulting abelian sub-
category of semistable objects of slope 0 is precisely formed by those weakly admissible objects
in the preceding sense.

For ease of notation, in what follows we will simply write D for a filtered ,-module over K,
and £(D) for £(D, ¢,, Fil®).

Proposition 3.A.18 ([FF18, Proposition 10.5.6]). Let D be a filtered p,-module over K.
(1) We have rank(D) = rank(E(D)), deg(D) = deg(E(D)), and u(D) = p(E(D)).
2)If0 = Dy € ... € D, = D is the Harder—Narasimhan filtration of D, then that of

=

E(D, ¢y, Fil* D) is given by
0=E(Do) C...C E(D,) =E(D).
In particular, D is weakly admissible if and only if £(D) is semistable of slope 0.

q

Proof. (1) We have seen in the proof of Proposition 3.A.5 that the functor (D, ¢,) — Veis(D, ¢
is rank-preserving. Thus rank(€(D)) = rank(€(D, ¢,)) = rank(D). It remains to show det(D)
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deg(£(D)). As (D) is defined as the modification of £(D, ,) at 0o, using the lattice Fil®( D@
Bgr), we have

deg(E(D)) = deg(E(D, ¢y)) — [Dk ©x By : Fil'(Dk @k Bar)]"™

Now deg(E(D, ¢,)) = —tn(D,p,) (recall that if (D, p,) = O(X), then £(D, p,) = O(—N)),
while it follows easily by choosing a splitting of the filtration on Dy that

[DK ®K B(YR . FllO(DK ®K BdR)] = —tH<Fﬂ.DK),

as desired.

(2) We follow the proof of [FF18, Proposition 10.5.6]. Observe firstly that by uniqueness,
the Harder—Narasimhan filtration of £(D) is Gkx-equivariant. Thus, by part (1) and definition of
semistability, it suffices to show that if £’ C £(D) is a G -stable subbundle, then &’ = £(D’) for a
(necessarily unique) subobject D' C D (as a filtered ¢,-module). As £’ is a subbundle, £’ Xp\{cory}
is in particular is a Galois stable direct summand of V., (D), and hence crystalline by Lemma

—

3.A.10. Thus, & = E(D', ¢,) on Xg \ {00, } for some ¢, ,-module D' C D. The lattice (5')0%
determines a filtration on D', which we claim is simply the one inherited from Dy. Indeed, if
E" denotes the equivariant vector bundle given by this latter filtration, then it follows from the
(explicit) bijection in Lemma 3.A.16 that &’ C £”. As &£’ is a subbundle in £ (hence in £”) and
rank(E’) = rank(€”) = dim D', we must have &' = £”. Thus, we see that &' = £(D’) for a
subobject D' C D, as claimed. O

After the classification of vector bundles ([FF18, Théoréme 8.2.10]), any vector bundle £ on
Xg 1s of the form

E~ON)®...0\,)

for a unique tuple (A\; > ... > \,) of rational numbers. As

0 ifA<0,
dimg H*(X,0(\)) =<1 ifA=0,
oo if A >0,

& is semistable of slope 0 if and only if dimp H°(Xg, £) = rank(€). Combining with Proposition
3.A.18, we see that a filtered ¢,-module D over K is weakly admissible if and only if dim, , D =
dlmE VE(D), where VE(D) = HO(XE, g(D)) = (D ®K0,E Bg[l/tE])cquI N FllO(DK KK BdR).
Motivated by the case £ = Q,, we next proceed to show that the functor D +— V(D) defines
an equivalence between the category of weakly admissible filtered p,-modules over K, and the
category of E-crystalline representations of G'x.
Let V € Repy(Gk). Define

Dcris,E(V) = (V KRF BE[l/tE])GK

8For an effective modification 0 — & — & — F — 0 (so that F is a skyscraper sheaf, supported at co., ), this
follows from additivity of degree: deg(€) = deg(E’) + length(F) = deg(€) + [(£) 2 (&)

— —

can choose n > O sothat (£) Ct,"(€)
70

5org 50, |- In general, we

.. » and hence reduce to effective case.
70
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Of course, this is nothing but D, g(M) where M := V ®g B g. In particular, we have seen
that D, g is naturally a ¢,-module over K , of dimension < dimg V. Via the natural inclusion
BE[1/tg] ®k, » K < Bar, we can endow

Deisp(V) @k p K — (V ®p Byr)“*

with the subspace filtration from V ® g Bag. In this way, D := D g(V') is naturally a filtered
pg-module over K.

Theorem 3.A.19. The functor
Deris i : RepyS(Gr) — MF?¢(K)

is fully faithful. Moreover, the essential image is precisely the subcategory of weakly admissible
objects.

Proof. Recall that B, p N Bi; = E (as follows from the fundamental exact sequence 0 — E —
B. g — Bar/ B;{R — 0). The first statement follows rather formally from this. More precisely, for
each V in the source, we have

V = (VepBL[1/tg)?=' NFi°(V @5 Bar) = Vi(Deis.e(V)).

Taking G g-invariants yields, V&5 = FilO(Dcris, g(V)#e=1). Using a suitable internal Hom, this
implies full faithfulness of D . We remark also that Vi is a quasi-inverse on the essential
image of D.s g. We next show that D := D, (V) is weakly admissible. This follows from
the equality dimg V(D) = dimg V = dimg, , D, Proposition 3.A.18, and the classification of
vector bundles on X .

It remains to show that if D is a weakly admissible filtered ¢,-module over K, then V' :=
Ve(D) is E-crystalline, and D g(V) ~ D as filtered ¢,-modules. We will follow the proof
of [CF00, Proposition 4.5]. Let Cr denote the fraction field of BA[1/tg]. As (Cp)°% = Kog
by Lemma 3.A.2, by [CFOO, Lemme 4.6], there exists a (necessarily unique) K p-vector space
D’ C D such that D’ @k, » Cr equals the Cg-subspace of D QKo p Cg generated by V. As V
is fixed by ¢,, D’ is p,-stable, and hence naturally a subobject of D (as a filtered ¢,-module).
Moreover, as V C D' ® Crp and V C D ® B} [1/tg], we have V. C D’ @ BL[1/tg], whence
V = Vg(D'). Letdy,...,d, be a Ky g-basis of D’. Choose also vy,...,v, € V which spans
D'®g, , Cg over Cp. For each i, write v; = Zj bi;d; for some b;; € BE[1/tg]. Thenb := det(b;;)
is nonzero, and so

wi=vyA...A\Nv. =bldy N...Nd,)

is a nonzero element in W := Vi (A"D') C BE[1/tg] @ N"D’. Asty(D') < tn(D’) (by weak ad-
missibility of D), it follows from Lemma 3.A.20 below that ¢y (D') = t5(D’), W = Ew and that
bis a unit in B};[1/tg]. Thus the natural map V @ B} [1/tg] — D' ® Bj[1/tg] is surjective, and
so as the source and target are abstractly isomorphic (as dimg V' = dimg Vi (D') = dim Ko.p D’ by
weak admissibility of D’), it is in fact an isomorphism. Thus V' is E-crystalline and D5 (V') =
D’ C D. Finally as dim D' = dimg V' = dim D, we must have D' = D. O
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Lemma 3.A.20. Let D be a filtered ¢,-module over K. Assume D is 1-dimensional with a basis
d. Then
0 lftH(D) < tN(D),
dimp Ve(D) =S 1 iftu(D) = tn(D),
o0 lftH(D) > tN(D).
Moreover, in case dim Vg(D) = 1, any basis of Vg(D) is of the form bd for some unit b €
BE[1/tE].

Proof. Write ¢,(d) = 7'¥Pud with u € W, (k)*. Choose z € W, (k) so that ¢, (7) = uz.
One then checks easily that

V(D) = 57" PV xRl (BE[1 ftg])ee=" """V g,
The lemma now follows from this and the fundamental exact sequence. ]

Remark 3.A.21. For a weakly admissible D in MF?*(K), let V(D) := (D ®k, , (Beis @,
E))9='NFil”(Dg @k Bar). As BE[1/tp] € Bais®p, E, Vi(D) C Vi (D). Moreover, by [KR09,
Proposition (3.3.4)], dimg V4(D) < dim D. As dim Vg(D) = dim H%(Xg, (D)) = dim D
(recall that £(D) is semistable of slope 0 by weak admissibility of D), V(D) = Vg(D). Thus,
the definition of Vz (D) here agrees with the one in [KR09, §3] (for weakly admissible D).
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