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Chapter 1

Introduction

In this book we construct moduli stacks of étale (¢, I')-modules (projective, of
some fixed rank, and with coefficients in p-adically complete rings), and establish
some of their basic properties. We also present some first applications of this
construction to the theory of Galois representations.

1.1 Motivation

Mazur’s theory of deformations of Galois representations [Maz89] is modelled on
the geometric study of infinitesimal neighbourhoods of points in moduli spaces
via formal deformation theory. In the mid-2000s, Kisin suggested that some
kind of moduli spaces of local Galois representations should exist; that is, there
should be formal algebraic stacks over Z, whose closed points correspond to
representations p : Gx — GL4(F,), and whose versal rings at such points
should recover appropriate Galois deformation rings. This expectation is borne
out by the results of this book. (In fact, Kisin was motivated by calculations of
crystalline deformation rings for GL2(Q,,) that had been carried out by Berger—
Breuil using the p-adic local Langlands correspondence, and suggested that the
versal rings should give crystalline deformation rings. Thus his suggestion is
realized by the stacks X" of Theorem 1.2.4 below.)

A natural way to construct such a stack would be to consider a literal moduli
stack of continuous representations p : Gg — GLg4(A), for K a p-adic field and
A a p-adically complete Z,-algebra; indeed such stacks were constructed by Carl
Wang-Erickson [WE18]. However, the stacks constructed in this way are less
“global” than one would wish, and in particular the corresponding families of
mod p representations p : G — GL4(F,) have constant semisimplification.

In this book, we instead consider moduli stacks of étale (¢, T')-modules.
These contain Wang-Erickson’s stacks as substacks, and coincide with them on
the level of Fp—points, but their geometry is quite different; in particular, we
see much larger families, exhibiting some unexpected features (for example, ir-
reducible representations arising as limits of reducible representations). The
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relationship between the theory and constructions that we develop here, and
the usual formal deformation theory of Galois representations, is the same as
that between the theory of moduli spaces of algebraic varieties, and the formal
deformation theory of algebraic varieties: the latter gives valuable local infor-
mation about the former, but moduli spaces, when they can be constructed,
capture global aspects of the situation inaccessible to the purely infinitesimal
tools of formal deformation theory.

1.2 Owur main theorems

Our goal in this book is to construct, and establish the basic properties of, mod-
uli stacks of étale (¢, I')-modules. More precisely, if we fix a finite extension K
of Q,, and a non-negative integer d (the rank), then we let X denote the cate-
gory fibred in groupoids over Spf Z,, whose groupoid of A-valued points, for any
p-adically complete Z,-algebra A, is equal to the groupoid of rank d projective
étale (¢, I")-modules with A-coefficients. (See Section 1.3 below for a definition
of these.) Our first main theorem is the following. (See Corollary 5.5.18 and
Theorem 6.5.1.)

1.2.1 Theorem. The category fibred in groupoids X4 is a Noetherian formal al-
gebraic stack. Its underlying reduced substack Xy rea (which is an algebraic stack)
is of finite type over F,, and is equidimensional of dimension [K : Q,ld(d—1)/2.
The irreducible components of Xgreca admit a natural labelling by Serre weights.

We will elaborate on the labelling of components by Serre weights further be-
low. For now, we mention that, under the usual correspondence between étale
(¢,T')-modules and Galois representations, the groupoid of F,-points of X,
which coincides with the groupoid of F,-points of the underlying reduced sub-
stack Xy red, is naturally equivalent to the groupoid of continuous representa-
tions p : Gx — GL4(F,). (More generally, if A is any finite Z,-algebra, then
the groupoid X;(A) is canonically equivalent to the groupoid of continuous rep-
resentations Gxg — GLg(A).) It is expected that our labelling of the irreducible
components can be refined (by adding further labels to some of the components)
to give a geometric description of the weight part of Serre’s conjecture, so that
p corresponds to a point in a component of X ,eq Which is labeled by the Serre
weight k if and only if p admits k as a Serre weight; we discuss this expecta-
tion, and what is known about it, in Section 1.7 below (and in more detail in
Chapter 8).

Again using the correspondence between étale (p,I')-modules and Galois
representations, we see that the universal lifting ring of a representation p as
above will provide a versal ring to X, at the corresponding F,-valued point.
Accordingly we expect that the stacks Xy will have applications to the study
of Galois representations and their deformations. As a first example of this,
we prove the following result on the existence of crystalline lifts; although the
statement of this theorem involves a fixed p, we do not know how to prove it
without using the stacks Xy, over which p varies.
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1.2.2 Theorem (Theorem 6.4.4). If p: Gx — GL4(F}) is a continuous repre-

sentation, then p has a lift p° : Gx — GLq4(Zyp) for which the associated p-adic

representation p : Gx — GL4(Q,) is crystalline of regular Hodge-Tate weights.
We can furthermore ensure that p° is potentially diagonalizable.

(The notion of a potentially diagonalizable representation was introduced
in [BLGGT14], and is recalled as Definition 6.4.2 below.) In combination with
potential automorphy theorems, this has the following application to the glob-
alization of local Galois representations.

1.2.3 Theorem (Corollary 6.4.7). Suppose that p ¥ 2d, and fix p : Gx —
GL4(F,). Then there is an imaginary CM field F' and an irreducible conjugate
self dual automorphic Galois representation 7 : Gp — GL4(F,) such that for
every v|p, we have F, =2 K and either |G, =P or |G, . = p.

Another key result of the book is the following theorem, describing moduli
stacks of étale (p, I')-modules corresponding to crystalline and semistable Galois
representations.

1.2.4 Theorem (Theorem 4.8.12). If )\ is a collection of labeled Hodge—Tate
weights, and if O denotes the ring of integers in a finite extension E of Q,

containing the Galois closure of K (which will serve as the ring of coefficients),

then there is a closed substack X;rys"A of (X3)o which is a p-adic formal alge-

braic stack and is flat over O, and which is characterized as being the unique
closed substack of (X))o which is flat over O and whose groupoid of A-valued
points, for any finite flat O-algebra A, is equivalent (under the equivalence be-
tween étale (¢, T')-modules and continuous Gk -representations) to the groupoid
of continuous representations Gx — GLg4(A) which become crystalline after ex-
tension of scalars to A @0 E, and whose labeled Hodge—Tate weights are equal
to \.

Similarly, there is a closed substack X;S’A of (X4)o which is a p-adic formal
algebraic stack and is flat over O, and which is characterized as being the unique
closed substack of (X43)o which is flat over O and whose groupoid of A-valued
points, for any finite flat O-algebra A, is equivalent to the groupoid of continu-
ous representations G — GLg(A) which become semistable after extension of
scalars to A Qe E, and whose labeled Hodge—Tate weights are equal to A.

1.2.5 Remark. In fact, Theorem 4.8.12 also proves the analogous result for po-
tentially crystalline and potentially semistable representations of arbitrary iner-
tial type, but for simplicity of exposition we restrict ourselves to the crystalline
and semistable cases in this introduction.

A crucial distinction between the stacks X; and their closed substacks X’ 5 rys:A

and X;S’A is that while Xy is a formal algebraic stack lying over SpfZ,, it is

not actually a p-adic formal algebraic stack (in the sense of Definition A.7);
see Proposition 6.5.2. On the other hand, the stacks X;rys’A and X;S’A are p-
adic formal algebraic stacks, which implies that their mod p® reductions are in
fact algebraic stacks. This gives in particular a strong interplay between the
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structure of the mod p fibres of crystalline and semistable lifting rings and the
geometry of the underlying reduced substack Xg,eq. This plays an important
role in determining the structure of this reduced substack, and also in the proof
of Theorem 1.2.2. As we explain in more detail in Section 1.7 below, it also
allows us to reinterpret the Breuil-Mézard conjecture in terms of the interaction
between the structure of the mod p fibres of the stacks X;rys’é and X ;S’A, and

the geometry of Xy red.

1.3 (p,I')-modules with coefficients

There is quite a lot of evidence, for example from Colmez’s work on the p-adic
local Langlands correspondence [Col10], and work of Kedlaya—Liu [KL15], that
rather than considering families of representations of G, it is more natural to
consider families of étale (¢, T')-modules.

The theory of étale (p,I')-modules for Z,-representations was introduced by
Fontaine in [Fon90]. There are various possible definitions that can be made,
with perfect, imperfect or overconvergent coefficient rings, and different choices
of I'; we discuss the various variants that we use, and the relationships between
them, at some length in the body of the book. For the purpose of this intro-
duction we simply let Ax = W(k)((T))", where k is a finite extension of F,,
(depending on K), and the hat denotes the p-adic completion. This ring is
endowed with a Frobenius ¢ and an action of a profinite group I' (an open sub-
group of Z) that commutes with ¢; the formulae for ¢ and for this action can
be rather complicated for general K, although they admit a simple description
if K/Q, is abelian. (See Definition 2.1.12 and the surrounding material.)

An étale (¢,T')-module is then, by definition, a finite A x-module endowed
with commuting semilinear actions of ¢ and I', with the property that the
linearized action of ¢ is an isomorphism. There is a natural equivalence of
categories between the category of étale (¢,T)-modules and the category of
continuous representations of Gk on finite Z,-modules.

Let A be a p-adically complete Zy-algebra. We let Ag 4 := A@Zp Ag
(where the completed tensor product is taken with respect to the p-adic topology
on A and the so-called weak topology on A i), and define an étale (¢, I')-module
with A-coefficients just as in the case A = Z,, described above, but now using
the ring Ax 4. In the case that A is finite as a Z,-module there is again
an equivalence of categories with the category of continuous representations
of Gk on finite A-modules, but for more general A no such equivalence exists.
Our moduli stack X is defined to be the stack over SpfZ, with the property
that Xy(A) is the groupoid of projective étale (p,T")-modules of rank d with
A-coefficients. (That this is indeed an étale stack, indeed even an fpge stack,
follows from results of Drinfeld.) Using the machinery of our paper [EG21] we
are able to show that Xy is an Ind-algebraic stack, but to prove Theorem 1.2.1
we need to go further and make a detailed study of its special fibre and of the
underlying reduced substack. This study is guided by ideas coming from Galois
deformation theory and the weight part of Serre’s conjecture, in a manner that



1.4. FAMILIES OF EXTENSIONS )

we now describe.

1.4 Families of extensions

As we have already explained, over a general base A there is no longer an equiv-
alence between (p, I')-modules and representations of G . Perhaps surprisingly,
from the point of view of applications of our stacks to the study of p-adic Galois
representations, this is a feature rather than a bug. For example, an examina-
tion of the known results on the reductions modulo p of 2-dimensional crystalline
representations of Gq, (see for example [Berll, Thm. 5.2.1]) suggests that any
moduli space of mod p representations of G should have the feature that the
representations are generically reducible, but can specialise to irreducible repre-
sentations. A literal moduli space of representations of a group cannot behave
in this way (essentially because Grassmannians are proper), but it turns out
that the underlying reduced substack Xy eq of X4 does have this property. (See
also Section 6.7 and Remark 7.2.19 for further discussions of the relationship
between our stacks of (o, T')-modules and stacks of representations of a Galois
or Weil-Deligne group.)

More precisely, the results of [Berll, Thm. 5.2.1], together with the weight
part of Serre’s conjecture, suggest that each irreducible component of Xy eq
should contain a dense set of Fp-points which are successive extensions of char-
acters G — F,, with the extensions being as non-split as possible. This turns
out to be the case. The restrictions of these characters to the inertia sub-
group Ix are constant on the irreducible components, and the discrete data
of these characters, together with some further information about peu- and
trés ramifiée extensions, determines the components. This discrete data can be
conveniently and naturally organised in terms of “Serre weights” k, which are
tuples of integers which biject with the isomorphism classes of the irreducible
F,-representations of GL4(Ok). The relationship between Serre weights and
Galois representations is important in the p-adic Langlands program, and in
proving automorphy lifting theorems, and we discuss it further in Section 1.7.

Having guessed that the F,-points of X, should be arranged in irreducible
components in this way, an inductive strategy to prove this suggests itself. It
is easy to see that irreducible representations of G are “rigid”, in that there
are up to twist by unramified characters only finitely many in each dimension;
furthermore, it is at least intuitively clear that each such family of unrami-
fied twists of a d-dimensional irreducible representation should give rise to a
zero-dimensional substack of X, (there is a G,, of twists, but also a G,, of

automorphisms). On the other hand, given characters Xy,...,X: Gk — F;, a
Galois cohomology calculation suggests that there should be a substack of X req
of dimension [K : Qpld(d — 1)/2 given by successive extensions of unramified
twists of the ;. Accordingly, one could hope to construct the stacks correspond-
ing to the Serre weights k£ by inductively constructing families of extensions of
representations.

To confirm this expectation, we use the machinery originally developed by
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Herr [Her98, Her01], who gave an explicit complex which is defined in terms
of (¢,T')-modules and computes Galois cohomology. This definition goes over
unchanged to the case with coefficients, and with some effort we are able to
adapt Herr’s arguments to our setting, and to prove finiteness and base change
properties (following Pottharst [Pot13], we in fact find it helpful to think of
the Herr complex of a (¢, I')-module with A-coefficients as a perfect complex of
A-modules). Using the Herr complex, we can inductively construct irreducible

closed substacks Xf’red of Xy rea of dimension [K : Qpld(d — 1)/2 whose generic

F,-points correspond to successive extensions of characters as described above
(the restrictions of these characters to I being determined by k). Furthermore,
by a rather involved induction, we can show that the union of the X fre 4, together
possibly with a closed substack of Xy ,e.q of dimension strictly less than [K :
Qpld(d — 1)/2, exhausts Xgreq. In particular, each Xd%red is an irreducible
component of Xy .4, and any irreducible component that is not one of the

X dE’re q is of strictly smaller dimension than these components.

One way to show that the X" dﬁ’re 4 €xhaust the irreducible components of X req
would be to show that every representation G — GLd(Fp) occurs as an Fp—
valued point of some Xd%red. We expect this to be difficult to show directly;
indeed, already for d = 2 the paper [CEGS19] shows that the closed points
of X d%ed are governed by the weight part of Serre’s conjecture, and the explicit
description of this conjecture is complicated (see e.g. [BDJ10, DDR16]). Fur-
thermore it seems hard to explicitly understand the way in which families of
reducible (p,T")-modules degenerate to irreducible ones, or to reducible repre-
sentations with different restrictions to Ik (phenomena which are implied by
the weight part of Serre’s conjecture).

Instead, our approach is to show by a consideration of versal rings that X 1cq
is equidimensional of dimension [K : Q,]d(d—1)/2; this suffices, since our induc-
tive construction showed that any other irreducible component would necessarily
have dimension strictly less than [K : Qpld(d — 1)/2. Our proof of this equidi-
mensionality relies on Theorems 1.2.2 and 1.2.4, as we explain in Remark 1.5.4
below.

1.5 Crystalline lifts

Theorem 1.2.2 solves a problem that has been considered by various authors,
in particular [Mull3, GHLS17]. It admits a well-known inductive approach
(which is taken in [Mull3, GHLS17]): one writes p as a successive extension
of irreducible representations, lifts each of these irreducible representations to
a crystalline representation, and then attempts to lift the various extension
classes. The difficulty that arises in this approach (which has proved an obstacle
to obtaining general statements along the lines of Theorem 1.2.2 until now) is
showing that the mod p extension classes that appear in this description of p can
actually be lifted to crystalline extension classes in characteristic zero. The basic
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source of the difficulty is that the local Galois H? can be non-zero, and non-zero
classes in H? obstruct the lifting of extension classes (which can be interpreted as
classes lying in H'). In fact, the difficulty is not so much in obtaining crystalline
extension classes, as in lifting to any classes in characteristic zero; indeed, it was
not previously known that an arbitrary p had any lift to characteristic zero at
all. (Subsequently a different proof of the existence of such a lift has been found
by Bockle-Tyengar—Paskiinas [BIP21].)

Our proof of Theorem 1.2.2 relies on the inductive strategy described in the
preceding paragraph, but we are able to prove the following key result, which
controls the obstructions that can be presented by H?, and is a consequence of
Theorems 5.5.12 and 6.5.1 (see also Remark 1.5.4).

1.5.1 Proposition. The locus of points p € Xy red(Fp) at which

dim H*(Gg,p) > r

is Zariski closed in X4 yea(Fp), and is of codimension > r.

Let R%] denote the universal lifting ring of 5, with universal lifting p"™. For
Crys,

each regular tuple of labeled Hodge—Tate weights A, we let R 2 denote the

quotient of RpD corresponding to crystalline lifts of p with Hodge—Tate weights A
(of course, this quotient is zero unless p admits such a crystalline lift). Then
H?(Gr, p"™Y) is an R%'-module, and Proposition 1.5.1 implies the following
corollary.

1.5.2 Corollary. For any reqular tuple of labeled Hodge—Tate weights A the
locus of points x € Spec R%rys’é/p for which

dimn(m) HQ(GK,puniv) ®RE /@(x) >r
D

has codimension > r.

1.5.8 Remark. Tate local duality, together with the compatibility of H? with
base-change, shows that

dim, () (H?*(Gk, p™") @ o k(2)) = dimy ) H? (G, p™ ®po K(z))

i

= dim(,) Homg, ((p“niv)v ®po K(x),€)

(where € denotes the mod p cyclotomic character, thought of as taking values
in x(x)*). Thus the statement of Corollary 1.5.2 is related to the way in which

Spec R%rys’A /p intersects the reducibility locus in Spec RﬁD.

Given Corollary 1.5.2, we prove Theorem 1.2.2 by working purely within the
context of formal lifting rings. However we don’t know how to prove the corol-
lary while staying within that context. Indeed, as Remark 1.5.3 indicates, this
corollary is related to the way in which the special fibre of a potentially crys-
talline deformation ring intersects another natural locus in Spec R%' (namely,
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the reducibility locus). Since the special fibre of a potentially crystalline lift-
ing ring is not directly defined in deformation-theoretic terms, such questions
are notoriously difficult to study directly. Our proof of the corollary proceeds
differently, by replacing a computation on the special fibre of the potentially
crystalline deformation ring by a computation on &y rcq; this latter space has
a concrete description in terms of families of varying 7, whose H? we are able
to compute, as a result of the inductive construction of families of extensions
described in Section 1.4.

In order to deduce Corollary 1.5.2 from Proposition 1.5.1, it is crucial that
we know that the natural morphism Spf RSYS2/p — X, is effective, in the
sense that it arises from a morphism Spec R¥$2 /p — X,;. More concretely, the
universal representation p"™V gives an étale (o, T')-module over each Artinian
quotient of RﬁD. By passing to the limit over these quotients, we obtain a
“universal formal étale (¢, I')-module” over the completion of (k®z, R%’ /p)((T))
with respect to the maximal ideal m of RY. Since the special fibre of X is formal
algebraic but not algebraic (see Section 1.8 below), there is no corresponding
(¢, T)-module with RﬁD /p-coefficients; the ¢ and I' actions on the universal
formal étale (¢, I')-module involve Laurent tails of unbounded degree (with the
coefficients of T~™ tending to zero m-adically as n — 00).

The assertion that Spf RY$2 /p — X, is effective is equivalent to showing
that the base change of the universal formal étale (o, ')-module to RS2 /p
arises from a genuine (¢,I')-module, i.e. from one that involves only Laurent
tails of bounded degree. We deduce this from Theorem 1.2.4. Indeed, the
ring RY$2 /p is a versal ring for the special fibre of the p-adic formal algebraic
stack X ‘;:rys,A7 and (by the very definition of a p-adic formal algebraic stack) this
special fibre is an algebraic stack; and the versal rings for algebraic stacks are
always effective.

1.5.4 Remark. As our citation of both Theorems 5.5.12 and 6.5.1 for the proof
of Proposition 1.5.1 may indicate, our proof of Proposition 1.5.1 is somewhat
intricate. Indeed, in Theorem 5.5.12, we show that Xj,.q has dimension at
most [K : Q,ld(d —1)/2, and that the locus considered in Proposition 1.5.1 has
dimension at most [K : Q,ld(d — 1)/2 — r. This is in fact enough to deduce
Corollary 1.5.2, as Spec R°Y*2 /p is known to be equidimensional.

Given Corollary 1.5.2, we prove Theorem 1.2.2. In combination with the ef-
fective versality of the crystalline deformation rings discussed above we are then
able to deduce the equidimensionality of Xy ,eq, and then also prove Proposi-
tion 1.5.1 as stated.

1.6 Crystalline and semistable moduli stacks

We now explain the proof of Theorem 1.2.4; the proof is essentially identical in
the crystalline and semistable cases, so we concentrate on the crystalline case.
To prove the theorem, it is necessary to have a criterion for a (¢, I")-module to
come from a crystalline Galois representation. In the case that K/Q, is unrami-
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fied, it is possible to give an explicit criterion in terms of Wach modules [Wac96],
but no such direct description is known for general K. Instead, following Kisin’s
construction of the crystalline deformation rings R%rys’)‘ in [Kis08], we use the
theory of Breuil-Kisin modules. More precisely, Kisin shows that crystalline
representations of G have finite height over the (non-Galois) Kummer exten-
sion K /K obtained by adjoining a compatible system of p-power roots of a
uniformizer of K; here being of finite height means that the corresponding étale
p-modules admit certain ¢-stable lattices, called Breuil-Kisin modules.

While not every representation of finite height over K., comes from a crys-
talline representation, we are able to show in Appendix F (jointly written by
T.G. and Tong Liu) that a representation Gx — GL4(Z,) is crystalline if and
only if it is of finite height for every choice of K, and if the corresponding
Breuil-Kisin modules satisfy certain natural compatibilities. (These compatibil-
ities are best expressed in terms of Bhatt—Scholze’s prismatic site, as in [BS21],
but we do not make use of that perspective in this book. Instead, we write
down explicit conditions on the corresponding Breuil-Kisin—Fargues modules;
recall that Breuil-Kisin—Fargues modules are a variant of Breuil-Kisin modules
introduced by Fargues, see e.g. [BMS18, §4].)

We use this description of the crystalline representations to prove the exis-
tence of the stacks X;TYS’A. The proof that X ;rys’A is a p-adic formal algebraic
stack relies on an analogue of results of Caruso-Liu [CL11] on extensions of
the Galois action on Breuil-Kisin modules, which roughly speaking says that
the action of Gx_ determines the action of Gx up to a finite amount of am-
biguity. More precisely, given a Breuil-Kisin module over a Z/p®-algebra for
some a > 1, there is a finite subextension K/ K of K,/K depending only on a,
K and the height of the Breuil-Kisin module, such that there is a canonical
action of Gx, on the corresponding Breuil-Kisin-Fargues module. This canon-
ical action is constructed by Frobenius amplification, and in the case that the
Breuil-Kisin module arises from the reduction modulo p® of a crystalline rep-
resentation of Gk, the canonical action coincides with the restriction to G,
of the Gg-action on the Breuil-Kisin-Fargues module. (In [CL11] a version
of this canonical action is used to prove ramification bounds on the reductions
modulo p* of crystalline representations; in Chapter 7, we use analogous ar-
guments in the setting of (p,I')-modules to relate our stacks to stacks of Weil
group representations in the rank one case.)

There is one significant technical difficulty, which is that we need to define
morphisms of stacks that correspond to the restriction of Galois representations
from K to K. In order to do this we have to compare (p,I')-modules with
A-coefficients (which are defined via the cyclotomic extension K ((ye)/K) to ¢-
modules with A-coefficients defined via the extension K., /K. We do not know
of a direct way to do this; we proceed by proving a correspondence between -
modules over Laurent series rings with ¢-modules over the perfections of these
Laurent series rings, and proving the following descent result which may be of
independent interest; in the statement, C denotes the completion of an algebraic
closure of Q.
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1.6.1 Theorem (Theorem 2.4.1). Let A be a finite type Z/p*-algebra, for some
a > 1. Let F be a closed perfectoid subfield of C, with tilt F”, a closed perfectoid
subfield of C°. Write W (F°) 4 := W (F") ®z, A.

Then the inclusion W (F*) 4 — W(C")4 is a faithfully flat morphism of
Noetherian rings, and the functor M +— W (C’) 4 Qw oy, M induces an equiva-
lence between the category of finitely generated projective W (F”) 4-modules and
the category of finitely generated projective W (C?)s-modules endowed with a
continuous semi-linear G g-action.

The existence of the required morphism of stacks follows easily from two
applications of Theorem 1.6.1, applied with F' equal to respectively the comple-
tion of K and the completion of K ({pe ). Furthermore, this construction gives
an alternative description of our stacks, as moduli spaces of W (C”)4-modules
endowed with commuting semi-linear actions of Gx and ¢. It seems plausible
that this description will be useful in future work, as it connects naturally to
the theory of Breuil-Kisin—Fargues modules (and indeed we use this connection
in our construction of the potentially semistable moduli stacks). Note though
that the description in terms of (p,T')-modules is important (at least in our
approach) for establishing the basic finiteness properties of our stacks.

1.7 The geometric Breuil-Mézard conjecture and
the weight part of Serre’s conjecture

We will now briefly explain our results and conjectures relating our stacks to
the Breuil-Mézard conjecture and the weight part of Serre’s conjecture. Further
explanation and motivation can be found throughout Chapter 8. Some of these
results were previewed in [GHS18, §6], and the earlier sections of that paper (in
particular the introduction) provide an overview of the weight part of Serre’s
conjecture and its connections to the Breuil-Mézard conjecture that may be
helpful to the reader who is not already familiar with them. As in the rest
of this introduction, we ignore the possibility of inertial types, and we also
restrict to crystalline representations for the purpose of exposition. Everything
in this section extends to the more general setting of potentially semistable
representations, and indeed as we explain in Section 8.6 when discussing the
papers [CEGS19] and [GK14], the additional information provided by non-trivial
inertial types is very important.

Let p: Gg — GL4(F) be a continuous representation (for some finite exten-
sion F of F},), and let R%' be the corresponding universal lifting ring. The corre-
sponding formal scheme Spf R%' doesn’t carry a lot of evident geometry in and of
itself; for example, its underlying reduced subscheme is simply the closed point
SpecF, corresponding to p itself. On the other hand, X; has a quite non-trivial
underlying reduced substack Xy r.q, which parameterizes all the d-dimensional
residual representations of Gg. It is natural to ask whether this underlying
reduced substack has any significance in formal deformation theory. More pre-
cisely, we could ask for the meaning of the fibre product Spf R%] X xy Xd,red-
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This fibre product is a reduced closed formal subscheme of Spf R%’ of dimen-
sion d? + [K : Qpld(d —1)/2. It arises (via completion at the closed point) from
a closed subscheme of Spec R%' (as does any closed formal subscheme of the
Spf of a complete Noetherian local ring), whose irreducible components, when
thought of as cycles on Spec R%‘, are precisely the cycles that (conjecturally)
appear in the geometric Breuil-Mézard conjecture of [EG14]. More precisely,
we obtain the following qualitative version of the geometric Breuil-Mézard con-

jecture [EG14, Conj. 4.2.1].

1.7.1 Theorem (Theorem 8.1.4). If 5 : Gx — GLq4(F) is a continuous repre-
sentation, then there are finitely many cycles of dimension d? + [K : Q,ld(d —

1)/2 in Spec Rﬁm/p, such that for any reqular tuple of labeled Hodge—Tate weights

A, the special fibre Spec R%rys’é/p is set-theoretically supported on the union of

some number of these cycles.

The cycles in the statement of the theorem are precisely those arising from
the fibre products Spf R%’ X x, Xd%red, where k£ runs over the Serre weights.
While Theorem 1.7.1 is a purely local statement, we do not know how to prove
it without using the stacks Xj.

The full geometric Breuil-Mézard conjecture of [EG14] makes precise predic-
tions about the multiplicities of the cycles of the special fibres of Spec R%rys’A /D;
passing from cycles to Hilbert—Samuel multiplicities then recovers the origi-
nal Breuil-Mézard conjecture [BMO02] (or rather a natural generalisation of it
to GLg), which we refer to as the “numerical Breuil-Mézard conjecture”. In
particular, the multiplicities are expected to be computed in terms of quanti-
ties ny Y®(A) that are defined as follows: one associates an irreducible algebraic
representation oV5(\) of GLg /K to A, defined to have highest weight (a certain
shift of) A. The semisimplification of the reduction mod p of c®¥%(\) can be
written as a direct sum of irreducible representations of GLg(k), and ny**()) is
defined to be the multiplicity with which the Serre weight k occurs.

In Chapter 8 we explain that as we run over all p, the geometric Breuil—
Mézard conjecture is equivalent to the following analogous conjecture for the
special fibres of our crystalline and semistable stacks. Here by a “cycle” in Xy req

we mean a formal Z-linear combination of its irreducible components X7

1.7.2 Conjecture (Conjecture 8.2.2). There are cycles Zy in Xjrea with the
property that for each regular tuple of labeled Hodge—Tate weights A, the under-
lying cycle of the special fibre of X;ryS’A is D, ny (N) - Zy.

In fact we expect that the cycles Zj, are effective, i.e. that they are a linear

combination of the irreducible components X dE with non-negative integer coef-
ficients. Since there are infinitely many possible ), the cycles Zy, if they exist,
are hugely overdetermined by Conjecture 1.7.2.

As first explained in [Kis09a], the (numerical) Breuil-Mézard conjecture has
important consequences for automorphy lifting theorems; indeed proving the
conjecture is closely related to proving automorphy lifting theorems in situations
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with arbitrarily high weight or ramification at the places dividing p. Conversely,
following [Kis10], one can use automorphy lifting theorems to deduce cases of
the Breuil-Mézard conjecture. Automorphy lifting theorems involve a fixed p,
and in fact we can deduce Conjecture 1.7.2 from the Breuil-Mézard conjecture
for a finite set of suitably generic p.

In particular, we are able to combine results in the literature to show that
for GLg the cycles Zj, in Conjecture 1.7.2 must have a particularly simple form:

we necessarily have Z, = Xdﬁred unless k is a so-called “Steinberg” weight, in

which case Zj, is the sum of X, d%red and one other irreducible component. (More
precisely, what we show, following [CEGS19, GK14], is that with these cycles Zj,
Conjecture 1.7.2 holds for all “potentially Barsotti-Tate” representations.)

The weight part of Serre’s conjecture predicts the weights in which particular
Galois representations contribute to the mod p cohomology of locally symmetric
spaces. Following [GK14], this conjecture is closely related to the Breuil-Mézard
conjecture; indeed, if Conjecture 1.7.2 holds, then the set of Serre weights asso-
ciated to a representation p: G — GLd(Fp) should be precisely the weights k
for which Zj, is supported at p. In other words, if we refine our labelling of the
irreducible components of Xy ,c.q by labelling each component by the union of
the weights k for which that component contributes to Zj, then we expect the
set of Serre weights for p to be the union of the sets of weights labelling the
irreducible components containing p. This expectation holds for GLy by the
main results of [CEGS19].

1.8 Further questions

There are many other questions one could ask about the stacks Xy, which we
hope to return to in future papers. For example, we show in Proposition 6.5.2
that Xy is not a p-adic formal algebraic stack. Indeed, if it were p-adic formal
algebraic, then its special fibre would be an algebraic stack, whose dimension
would be equal to the dimension of its underlying reduced substack. In turn,
this would imply that the versal rings R%’ would have dimension equal to the

dimensions of the crystalline deformation rings R%rys’é, and this is known not to
be true. In fact, it is a folklore conjecture, recently proved by Bockle—Iyengar—
Paskiinas [BIP21], that the lifting rings RﬁD are Z,-flat local complete intersec-
tions of dimension 1+ d? + [K : Q,]d?, which should imply that the stacks Xy
are Z,-flat local complete intersections of dimension 1+ [K : Q,]d? (a notion
that we do not attempt to make precise for formal algebraic stacks).

It is natural to ask about the rigid analytic generic fibre of Xy; this should
exist as a rigid analytic stack in an appropriate sense. The generic fibres of
the substacks X dﬁ should admit morphisms to the stacks of Hartl and Hell-
mann [HH20] (although these morphisms won’t be isomorphisms, since for any
finite extension E of Q,, the Og-points of X, 5, which would coincide with the
E-points of its generic fibre, correspond to lattices in crystalline representations,
whereas the stacks of [HH20] parameterize crystalline or semistable representa-
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tions themselves).

We expect that the Xy will have a role to play in generalisations of the p-adic
local Langlands correspondence. For example, we expect that when K = Q,
the p-adic local Langlands correspondence for GL2(Q,) can be extended to give
rise to sheaves of GL2(Q,)-representations on X,. More generally, we expect
that there will be a p-adic analogue of the work of Fargues—Scholze on the local
Langlands correspondence [FS21] involving the stacks Xj.

1.9 Previous work

The description of local Galois representations in terms of étale (p, I')-modules is
due to Fontaine [Fon90]. The importance of “height” as an aspect of the theory
was already emphasized in [Fon90], and was further developed by Wach [Wac96],
who explored the relationship between the finite height condition and crys-
tallinity of Galois representations in the absolutely unramified context.

The use of what are now called Breuil-Kisin modules as a tool for studying
crystalline and semistable representations for general (i.e. not necessarily abso-
lutely unramified) p-adic fields (a study which, apart from its intrinsic impor-
tance, is crucial for treating potentially crystalline or semistable representations,
even in the absolutely unramified context) was due originally to Breuil [Bre98]
and was extensively developed by Kisin [Kis09b, Kis08], who used them to study
Galois deformation rings.

The algebro-geometric and moduli-theoretic perspectives that already played
key roles in Kisin’s work were further developed by Pappas and Rapoport
[PRO9], who introduced moduli stacks of Breuil-Kisin modules and of étale
p-modules; it this work of Pappas and Rapoport, which can be very roughly
thought of as constructing moduli stacks of representations of the absolute Ga-
lois groups of certain perfectoid fields, which is the immediate launching point
for our work in this book, as well as for our paper [EG21]. (We should also
mention Drinfeld’s work [Dri06], which underpins the verification of the stack
property for the constructions of [PR09], as well as for those of the present
book.) Our use of moduli stacks of Breuil-Kisin—Fargues modules (in the con-
struction of the potentially crystalline and semistable substacks) was in part
inspired by the work of Fargues and Bhatt—Morrow—Scholze (see in particular
[BMS18, §4]), which taught us not to be afraid of Ajus.

Moduli stacks parameterizing crystalline and semistable representations have
already been constructed by Hartl and Hellmann [HH20]; as remarked upon
above, these stacks should have a relationship to the stacks XdE that we con-
struct. See also the related papers of Hellmann [Hell6, Hell3].

As far as we are aware, the first construction of moduli stacks of representa-
tions of Gx in which the residual representation p can vary is the work of Carl
Wang-Erickson [WE18] mentioned above, which constructs and studies such
stacks in the case that p has fixed semisimplification. These are literally moduli
stacks of representations of Gk ; they are isomorphic to certain substacks of our
stacks X, as we explain in Section 6.7.
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1.10 An outline of the book

We finish this introduction with a brief overview of the contents of this book.
The reader may also wish to refer to the introductions to each chapter, as well
as to the overview of this book provided by the notes [EG20].

In Chapter 2 we recall various of the coefficient rings used in the theories of
(¢, T')-modules and Breuil-Kisin modules, and introduce versions of these rings
with coefficients in a p-adically complete Z,-algebra. We also prove almost
Galois descent results for projective modules, and deduce Theorem 1.6.1.

In Chapter 3 we recall the results of [EG21] on moduli stacks of ¢p-modules,
and use them to define our stacks Xy of étale (o, I')-modules. With some effort,
we prove that Xj; is an Ind-algebraic stack. Chapter 4 defines various moduli
stacks of Breuil-Kisin and Breuil-Kisin—Fargues modules, and uses them to
construct our moduli stacks of potentially semistable and potentially crystalline
representations, and in particular to prove Theorem 1.2.4.

Chapter 5 develops the theory of the Herr complex, proving in particular that
it is a perfect complex and is compatible with base change. We show how to
use the Herr complex to construct families of extensions of (¢, I')-modules, and
we use these families to define the irreducible substack XdE’red corresponding
to a Serre weight k. By induction on d we prove that Xy is a Noetherian
formal algebraic stack, and establish a version of Proposition 1.5.1 (although as
discussed in Remark 1.5.4, we do not prove Proposition 1.5.1 as stated at this
point in the argument).

It may help the reader for us to point out that Chapters 4 and 5 are essen-
tially independent of one another, and are of rather different flavours. Chap-
ter 4 involves an interleaving of stack-theoretic arguments with ideas from p-adic
Hodge theory and the theory of Breuil-Kisin modules, while in Chapter 5, once
we complete our analysis of the Herr complex, our perspective begins to shift:
although at a technical level we of course continue to work with (¢, I')-modules,
we begin to think in terms of Galois representations and Galois cohomology,
and the more foundational arguments of the preceding chapters recede some-
what into the background.

In Chapter 6 we combine the results of Chapters 4 and 5 with a geometric
argument on the local deformation ring to prove Theorem 1.2.2. Having done
this, we are then able to improve on the results on X established in the earlier
chapters by proving Theorem 1.2.1. We also deduce Theorem 1.2.3, as well
as determining the closed points of X, and describing the relationship of our
stacks with Wang—Frickson’s stacks of Galois representations.

Chapter 7 gives explicit descriptions of various of our moduli stacks in the
case d = 1, relating them to moduli stacks of Weil group representations.
Chapter 8 explains our geometric version of the Breuil-Mézard conjecture, and
proves some results towards it, particularly in the case d = 2.

Finally the appendices for the most part establish various technical results
used in the body of the book. We highlight in particular Appendix A, which
summarises the theory of formal algebraic stacks developed in [Eme], and Ap-
pendix F, which combines the theory of Breuil-Kisin—Fargues modules with
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Tong Liu’s theory of (¢, G)-modules to give a new characterisation of integral
lattices in potentially semistable representations, of which we make crucial use
in Chapter 4.
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1.12 Notation and conventions

p-adic Hodge theory

Let K/Q, be a finite extension. If p is a de Rham representation of Gk on
a Qp—vector space W, then we will write WD(p) for the corresponding Weil—-
Deligne representation of Wy (see e.g. [CDT99, App. B]), and if 0 : K — Qp
is a continuous embedding of fields then we will write HT,(p) for the multiset
of Hodge—Tate numbers of p with _respect to o, which by definition contains 4

with multiplicity dimg (W ®q k K(i))%. Thus for example if ¢ denotes the



16 CHAPTER 1. INTRODUCTION

p-adic cyclotomic character, then HT, (¢) = {—1}.

By a d-tuple of labeled Hodge—Tate weights A\, we mean a tuple of inte-
gers {)‘07i}a:KHGP,1§i§d with Ay ; > Apiy1 foralloand all 1 < <d—1. We
will also refer to A as a Hodge type. By an inertial type 7 we mean a represen-
tation 7 : Iy — GLd(Qp) which extends to a representation of Wy with open
kernel (so in particular, 7 has finite image).

Then we say that p has Hodge type A (or labeled Hodge-Tate weights \) if
for each o : K < Q, we have HT,(p) = {)\o,i}1<i<a, and we say that p has
inertial type 7 if WD(p)|r, = 7.

We often somewhat abusively write that a representation p : Gg — GLqg(Z))
is crystalline (or potentially crystalline, or semistable, or...) if the correspond-
ing representation p : Gx — GL4(Q,) is crystalline (or potentially crystalline,
or...).

Serre weights and Hodge—Tate weights

By a Serre weight k we mean a tuple of integers {kz;}
properties that

7k Ty 1<i<a With the

e p—1>ks; —ksit1 >0foreach1 <7<d—1, and
e p—12>kzq>0,and not every kz q is equal to p — 1.

The set of Serre weights is in bijection with the set of irreducible Fp—representations
of GL4(k), via passage to highest weight vectors (see for example the appendix
to [Her09]).

Each embedding o : K < Q,, induces an embedding 7 : k — F,; if K/Q,
is ramified, then each & corresponds to multiple embeddings 0. We say that A
is a lift of k if for each embedding 7 : k < F,,, we can choose an embedding o :
K<~ Qp lifting &, with the properties that:

o \o;=ky;+d—1, and

o ifo’: K — Qp is any other lift of &, then ko ; = d — .

Lifting rings

Let K/Q, be a finite extension, and let p : Gx — GLg(F,) be a continuous
representation. Then the image of p is contained in GL4(F) for any sufficiently
large finite extension F/F,. Let O be the ring of integers in some finite ex-
tension E/Q,, and suppose that the residue field of E is F. Let R%l’o be the
universal lifting O-algebra of p; by definition, this (pro-)represents the func-
tor given by lifts of p to representations p : Gxg — GLg4(A), for A an Artin
local O-algebra with residue field F. The precise choice of E is unimportant,
in the sense that if O is the ring of integers in a finite extension E’'/E, then
by [BLGGT14, Lem. 1.2.1] we have RS"" = RS"C @0 O,

Fix some Hodge type A and inertial type 7. If O is chosen large enough
that the inertial type 7 is defined over E = OJ[1/p], and large enough that E
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contains the images of all embeddings o : K — Qzﬂ then we have the usual

Rcrys,A,‘r,O
7

lifting O-algebras and R 270 By definition, these are the unique

O-flat quotients of RE O with the property that if B is a finite flat F-algebra,

then an O-algebra homomorphism RﬁD ‘© _y B factors through R%rys’A’T’o (resp.
through R 270) it and only if the corresponding representation of G is po-
tentially crystalline (resp. potentially semistable) of Hodge type A and inertial
type 7. If 7 is trivial, we will sometimes omit it from the notation. By the main
theorems of [Kis08], these rings are (when they are nonzero) equidimensional of
dimension

L+ d?+) #{1<i<j<doi>Aog)-

Note that this quantity is at most 1+d*+[K : Q,)d(d—1)/2, with equality if and
only if A is regular, in the sense that A\, ; > A, ;11 forallc andall 1 <i¢ <d-1.

s, A, 7,0’ s A, 7,0
As above, we have R%ryB*T = %ryb 2T 20 O,

By [Kis08, Thm. 3.3.8] the localized rings R%ryS’A’T’O[l/p] are regular, and thus

the rings R%ryS’A’T’O (which embed into their localizations away from p, since

they are O-flat) are reduced.

o 5, 0,7,0'
and similarly for R2*" .

Algebra

Our conventions typically follow [Sta]. In particular, if M is an abelian topologi-
cal group with a linear topology, then as in [Sta, Tag 07E7] we say that M is com-
plete if the natural morphism M — I&nl M /U is an isomorphism, where {U; };¢1
is some (equivalently any) fundamental system of neighbourhoods of 0 consist-
ing of subgroups. Note that in some other references this would be referred to
as being complete and separated.

If R is a ring, we write D(R) for the (unbounded) derived category of R-
modules. We say that a complex P*® is good if it is a bounded complex of finite
projective R-modules; then an object C*® of D(R) is called a perfect complex
if there is a quasi-isomorphism P®* — C°® where P*® is good. In fact, C*® is
perfect if and only if it is isomorphic in D(R) to a good complex P*: if we have
another complex D® and quasi-isomorphisms P®* — D®, C*®* — D®, then there
is a quasi-isomorphism P®* — C* ([Sta, Tag 064E]).

Stacks

Our conventions on algebraic stacks and formal algebraic stacks are those of [Sta]
and [Eme]. We recall some terminology and results in Appendix A. Throughout
the book, if A is a topological ring and C is a stack we write C(A) for C(Spf A);
if A has the discrete topology, this is equal to C(Spec A).


https://stacks.math.columbia.edu/tag/07E7
http://stacks.math.columbia.edu/tag/064E
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Chapter 2

Rings and coeflicients

In this chapter we study various rings which will be the coefficients of the (-
modules and (¢, I')-modules that we study in the subsequent chapters. Through-
out the chapter, we fix a finite extension K of Q,, which we regard as a subfield
of some fixed algebraic closure Qp of Q,.

We begin by recalling some rings used in integral p-adic Hodge theory (in par-
ticular, in defining (¢, T')-modules and Breuil-Kisin modules), before introduc-
ing versions of them with coefficients in certain p-adically complete Z,-algebras.
We then prove (almost) descent results that allow us to relate ¢-modules over
various different rings, before introducing the (¢, I')-modules which we work
with throughout the book.

2.1 Rings

2.1.1 Perfectoid fields and their tilts

As usual, we let C denote the completion of the algebraic closure Qp of Qp. It
is a perfectoid field, whose tilt C” is a complete non-archimedean valued perfect
field of characteristic p. If F is a perfectoid closed subfield of C, then its tilt F?®
is a closed, and perfect, subfield of C°.

We let O¢ denote the ring of integers in C. Its tilt (’)bc is then the ring of
integers in C”. Similarly, if O denotes the ring of integers in F, then (’)% is
the ring of integers in F”.

We may form the rings of Witt vectors W (C”) and W(F®), and the rings
of Witt vectors W(Og») and W (05.); following the standard convention, we
typically denote W(Og») by Ajnt.

Each of these rings of Witt vectors is a p-adically complete ring, but we
always consider them as topological rings by endowing them with a finer topol-
ogy, the so-called weak topology, which admits the following description: If R is
any of C°, F”, (’)23, or (’)3,, endowed with its natural (valuation) topology, then

19
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there is a canonical identification (of sets):
Wo(R) = R x --- x R (a factors),

and we endow W,(R) with the product topology. We then endow W(R) :=
im We(R) with the inverse limit topology.

This topology admits the following more concrete description (in the gen-
eral case of a perfectoid F'; setting F' = C recovers that particular case): If x
is any element of O} of positive valuation, and if [z] denotes the Teichmiiller
lift of 2, then we endow W,(0%) with the [r]-adic topology, so that W (0%)
is then endowed with the (p,[z])-adic topology. The topology on W, (F”) is
then characterized by the fact that W,(0%) is an open subring — concretely
Wa(F°) = Wa(Ot};)[ﬁ} = lim, W,(O%) (the transition maps being given by
multiplication by [z], and each transition map being an open and closed embed-
ding), while the topology on W (F”) is the inverse limit topology — concretely,
W (F®) is the p-adic completion W(O%)[ﬁ]

Apart from the case of C itself, there are two main examples of perfectoid

F that will be of importance to us; see Example 2.1.7 for a justification of the
claim that these fields are indeed perfectoid.
2.1.2 Ezxample (The cyclotomic case). We write K ((p) to denote the exten-
sion of K obtained by adjoining all p-power roots of unity. It is an infinite
degree Galois extension of K, whose Galois group is naturally identified with an
open subgroup of Z;. We let K.y denote the unique subextension of K ((ye )
whose Galois group over K is isomorphic to Z,, (so Ky is the “cyclotomic Z,-
extension” of K). If we let IA(CYC denote the closure of Ky in C, then IA(CyC is
a perfectoid subfield of C.

2.1.3 Erample (The Kummer case). If we choose a uniformizer m of K, as
well as a compatible system of p-power roots 7'/P" of 7 (here, “compatible”
has the obvious meaning, namely that (7'/?""")? = 71/?") then we define
Koo = K(7'/77) := U, K (x'/?"). If we let K, denote the closure of K, in C,
then K. is again a perfectoid subfield of C.

2.1.4 Remark. Let L be an algebraic extension of Q,, and let L be the closure
of L in C. By Krasner’s lemma (see [GR04, Prop. 9.1.16] for full details), the
field L ® L Qp is an algebraic closure of E, so that the absolute Galois groups
of L and L are canonically identified. The action of G on Qp extends to an

action on C, and by a theorem of Ax-Tate-Sen [Ax70], we have CEr = L. We
will in particular make use of these facts in the cases L = K¢y. and L = K.

2.1.5 Fields of norms

If L is an infinite strictly arithmetically profinite (strictly APF) extension of K
in Q,, then we may form the field of norms Xy (L), as in [FW79] and [Win83,
§2]. This is a complete discretely valued field of characteristic p, whose residue
field is canonically identified with that of L. (We don’t define the notion of
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strictly APF here, but simply refer to [Win83, Def. 1.2.1] for the definition. We
will only apply these notions to Examples 2.1.2 and 2.1.3, in which case the end
result of the field of norms construction can be spelt out quite explicitly.) The
following theorem is well known.

2.1.6 Theorem. Let L be an infinite strictly APF extension of K in Qp.

1. The closure L of L in C is perfectoid.

2. There is a canonical embedding X g (L) — (E)", which identifies the target
with the completion of the perfect closure of the source.

Proof. To show that L is perfectoid, it suffices to show that it is not discretely
valued, and that the absolute Frobenius on Oy /pOy, is surjective. This sur-
jectivity follows from [Win83, Cor. 4.3.4]. It follows immediately from the de-
scription in [Win83, §1.4] of APF extensions as towers of elementary extensions
that L, and thus E, is not discretely valued. The canonical embedding of (2)
is constructed in [Win83, §4.2], and its claimed property is proved in [Win83,
Cor. 4.3.4]. O

2.1.7 Example. A theorem of Sen [Sen72] shows that if the Galois group of the
Galois closure of L over K is a p-adic Lie group, and the induced extension of
residue fields is finite, then L is a strictly APF extension of K. (Sen’s theorem
shows that the Galois closure of L is strictly APF over K; see [Win83, Ex. 1.2.2].
It then follows from [Win83, Prop. 1.2.3 (iii)] that L itself is strictly APF over
K.) As a consequence, we see that the theory of the field of norms, and in
particular Theorem 2.1.6, applies in the cases of Examples 2.1.2 and 2.1.3.

2.1.8 Thickening fields of norms

In the context of Theorem 2.1.6, given that one may thicken (Z)b to the flat
Z/p®-algebra W, ((L)"), it is natural to ask whether Xy (L) admits a similar

such thickening, such that the embedding X (L) < (L)® lifts to an embedding
of the corresponding thickenings. One would furthermore like such a lifted
embedding to be compatible with various auxiliary structures, such as the action
of Frobenius on W, ((L)"), or the action of the Galois group Gal(L/K), in the
case when L is Galois over K (i.e. one would like the image of this embedding
to be stable under these actions).

Since Xg (L) is imperfect, there is no canonical thickening of Xg (L) over
Z/p®, and as far as we know, there is no simple or general answer to the ques-
tion of whether such thickenings and embeddings exist with desirable extra
properties, such as being Frobenius or Galois stable. However, in the cases of
Examples 2.1.2 and 2.1.3, such thickenings and thickened embeddings can be
constructed directly, as we now recall.
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2.1.9 The cyclotomic case

The extension K ((,~) of K is infinite and strictly APF, as well as being Galois
over K. If we write I'g := Gal(K (¢po)/K), then the cyclotomic character
induces an embedding x : r Kk <= Z;. Consequently, there is an isomorphism
f‘K = I'g x A, where I'y = Z, and A is finite. We have Koy = (K(Cpoo))A.
Later in the book, K will typically be fixed, and we will write I" for I'x.
Suppose for a moment that K = Q,. If we choose a compatible system
of p™th roots of 1, then these give rise in the usual way to an element ¢ €
(Q@o))b. If we identify the field of norms Xq,(Qp((p~)) with a subfield of
(Qp(Ge))? via the embedding Xq, (Qy(Gpe)) < (Qp(Gp))’, then € — 1 is a
uniformizer of Xq,(Qp(¢p=)). As usual, let [¢] denote the Teichmiiller lift of &
to an element of VV(Ob
Qp(¢poe)

Z,(IT)] = W(Oly— )

). There is then a continuous embedding

(the source being endowed with its (p, T)-adic topology, and the target with its
weak topology), defined via T+ [¢] —1. We denote the image of this embedding
by (Abp)*. This embedding extends to an embedding

Z,((T)) = W((Qp(G=))")

(here the source is the p-adic completion of the Laurent series ring Z,((T))),
whose image we denote by A’Qp.

We now return to the case of general K. We will compare this case with the
case of Q. Since KQ,((p~) = K((p), the theory of the field of norms gives
an identification X g (K ((p)) = Xq, (K ((pe)) [Win83, Rem. 2.1.4], and shows
that this field is a separable extension of Xq,(Qp(Cpe)) [Win83, Thm. 3.1.2],
if we regard both as embedded in C” via the embeddings of Theorem 2.1.6. To
ease notation, from now on we write Ef = X (K ((p)), and E := (Ef)2, so
that E} /Ef is a separable extension. We write (E})*, Ef for the respective
rings of integers. We write ¢ for the (p-power) Frobenius on Ef, Ex, (E})"
and E}..

We note now that By = Agq [1/p] is a discretely valued field admitting p
as a uniformizer, with residue field E'Qp. There is then a unique finite unramified
extension of By ~contained in the field W (C?)[1/p] with residue field E}.. We
denote this extension by B’; it is again a discretely valued field, admitting p as
a uniformizer, and we let A’ denote its ring of integers; equivalently, we have
Al = Bl NW(C"). We see that A’ is a discrete valuation ring, admitting
p as a uniformizer, and that A’ /pA’% = E. There is a natural lift of the
Frobenius ¢ from E% to A’

The action of I'x on Ef. = Xg (K (Cp~)) induces an action of I'x on A,
and we write Ax = (A% )2. This is the ring of integers in the discretely valued
field By := Ak[1l/p] = (B’K)A, and has residue field equal to Ex. The actions
of fK on A’ and of I'x on Ag commute with ¢.
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If we let T}, denote a lift of a uniformizer of E’, and let k. denote the
residue field of K ((pe), then there is an isomorphism W (k.L,)((T})) — Al.
(Here the source denotes the p-adic completion.) Similarly if ko, denotes the
residue field of Ky, and Tk is a lift of a uniformizer of Ex, then there is an
isomorphism W (koo )((Tk)) — Ak

For a general extension K/Q,, it is hard to give an explicit formula for the
actions of ¢ and I'x on W (kL )((T)))", but in some of our arguments it is
useful to reduce to a special case where we can use explicit formulae. If K = K
(that is, if K/Q, is unramified) then we have such a description as follows: we
have By = k((e — 1)), and Al = W(k((e —1))), and we set Ty = [¢] — 1,
with the square brackets denoting the Teichmiiller lift.

The actions of ¢ and v € 'k, on Ty, € Al are given by the explicit
formulae

o(Tx,) = (1+Tk,)" — 1, (2.1.10)

Y1+ They) = (1+ The, X0, (2.1.11)

where y : fKO — Z, denotes the cyclotomic character. We set (A'KO)Jr =
W (k)[[Tg,]], which is visibly (¢, Tk, )-stable. We set Tk, = tr Al /Ax, (Tk,)
and AL = W(k)[Tk,]]; then we have Ag, = W(k)((Tk,))", and AL is
(¢, Tk, )-stable (if p > 2 this is [Fon90, Prop. A.3.2.3], and if p = 2 the same
statements hold, as explained in [Her98, §1.1.2.1]). After possibly replacing Tk,
by (Tx, — A) for some A\ € pW(k), by [Berld, Prop. 4.2, 4.3] we can and do
assume that ¢(Tk,) € Tk,A%, , and that g(Tk,) € Tk,Af, for all g € I'k,.

2.1.12 Definition. We say that K is basic if it is contained in Ko((pe). (Al-
though it won’t play a role in what follows, we remark that this implies in
particular that K is abelian over Q,.)

If K is basic then we have K ((p=) = Ko((pe), 50 that Ej = Ef , and we
take A’ :~A’KO, Ty = Tg,, (A)T = (A%,)T, and similarly for A, with the
actions of ', and I'x being the restrictions of the actions of I'k,, and I'k, .

If K is not basic then as explained above, we may still choose some T
so that A% = W(kL)((T)))", and some Tk so that Ax = W(koo)((Tk))".
Having done so, we set (A% )" = W (kL) [[Tx]], A = W(kso)[[Tk]], where the
topology on W (koo )[[T]] is as usual the (p,T)-adic topology.

2.1.13 Remark. For an arbitrary K, it is not necessarily possible to choose Tk
so that A} is -stable and T'k-stable (and similarly for (A%)F). In fact, it is
not even possible to choose Tk so that A} is @-stable. Indeed, by [Berl4, Prop.
4.2, 4.3], if A} is p-stable then it is also T'jc-stable. As explained in [Her98,
§1.1.2.2], it is possible to choose Tk so that A; is ¢ and I'k-stable precisely
when K is contained in an unramified extension of Ko((pe), i.e. when K is
abelian over Q,.
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2.1.14 The Kummer case

Set & = W (k)[[u]], with a ¢-semi-linear endomorphism ¢ determined by ¢(u) =
uP, and let Og be the p-adic completion of G[1/u]. The extension K, =
K(7'/?7) of K is infinite and strictly APF (but not Galois). The choice of
compatible system of p-power roots of 7 gives an element 7/P” € O%\, and

there is a continuous p-equivariant embedding

S = W(0—)

which lifts the morphism X (Ky) — (f(oo)b7 defined by sending u + [r1/P7].
This embedding extends to a continuous g-equivariant embedding

Oc = W((Kx)).

2.1.15 Graded and rigid analytic techniques

In Appendix B we prove a number of results using rigid analysis and graded
techniques, which we will apply in the next section in order to prove some basic
facts about our coefficient rings. In order to apply these results to the various
rings introduced above, we need to verify the hypotheses introduced in B.11,
which are as follows. There is an Artinian local ring R, which in our present
context we take to be the ring Z/p®. Then we work with a Z/p®-algebra C*,
and an element u € C'T, satisfying the following properties:

(A) w is a regular element (i.e. a non-zero divisor) of CT.
(B) CT/u is a flat (equivalently, free) Z/p®-algebra.

(C) C*/pis a rank one complete valuation ring, and the image of u in C* /p
(which is necessarily non-zero, by ((A))) is of positive valuation (i.e. lies
in the maximal ideal of C*/p).

The following lemma gives the examples of this construction that we will use in
the next section.

2.1.16 Lemma. The following pairs (CT,u) satisfy azioms (A)—(C) above.

1. Ct = Wa(ojbp), where F' is any perfectoid field, and u is any element
of Wa(O%) whose image in O% is of positive valuation.

2. CTt=A%/p%, u="Tk.
3. Ct =Wy (k)[[u]].

Proof. Axioms (A) and (C) are clear from the definitions in each case, so we
need only verify that Ct /u is flat over Z/p® in each case. This is immediate in
cases (2) and (3), so we focus on case (1). Rather than checking (B) directly
in this case, we instead check that W(05%.)/u is flat over Z,; base-changing to
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Z/p® then gives us (B). For this, it suffices to observe that multiplication by u
is injective on each term of the short exact sequence

0— W05 L W0 — 05 —0;

the snake lemma then shows that multiplication by p is injective on W (0%)/u,
as required. O

We also note the following lemma.

2.1.17 Lemma. The actions of Gk on W,(C’), and of T on Ay /p® and
A /p®, are continuous and bounded in the sense of Definition B.32.

Proof. Tt suffices to show that the action of Gx on W,(C”) is continuous and
bounded, as the other cases follow by restricting this action to the corresponding
subgroup and subring. By Remark B.33, we may assume that v = [v] for
some v € Obc with positive valuation; since the action of Gk on OE preserves
the valuation, we then have G - u™W,(C") = uMW,(C") for all M € Z, so
the action is continuous and bounded. O

2.2 Coefficients

Our main concern throughout this book will be families of étale (¢, I')-modules;
an auxiliary role will also be played by families of (various flavours of) étale
p-modules. Such a family will be parameterized by an algebra of coefficients,
typically denoted by A. Since we will work throughout in the context of formal
algebraic stacks over Spf Z,, (or closely related contexts), we will always assume
that our coefficient ring A is a p-adically complete Z,-algebra. Frequently, we
will work modulo some a fixed power p® of p, and thus assume that A is actually
a Z/p®-algebra (and sometimes we impose further conditions on A, such as that
of being Noetherian, or even of finite type over Z/p®).

It is often convenient to introduce an auxiliary base ring for our coefficients,
which we will take to be the ring of integers O in a finite extension E of Qp;
in this case, we will let o denote a uniformizer of O, and A will be taken to be
a p-adically complete (or, equivalently, a w-adically complete) O-algebra, or,
quite frequently, an O/w-algebra (perhaps Noetherian, or even of finite type),
for some power w?® of w.

For the moment, we put ourselves in the most general case; that is, we
assume that A is a p-adically complete Z,-algebra, and define versions of the
various rings considered in Section 2.1 “relative to A”.

Let F' be a perfectoid closed subfield of C, and if a > 1, let v denote an
element of the maximal ideal of W,(0%.) whose image in O%. is non-zero. We
then set

Wa(ozf)A = Wa(OE«“) ®Zp A= @(WG(O;“) Xz, A)/Ui

K2
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(so that the indicated completion is the v-adic completion). Note that any two
choices of v induce the same topology on W, (05%.) ®z, A, so that W, (0%) @A@zp A
is well-defined independent of the choice of v. We then define

Wo(F)a = Wo(F’) Bz, A= Wa(Op) all/v];

this ring is again well-defined independently of the choice of v.
There are natural reduction maps

W (O%) Bz, A — Wy(Oh) Bz, A
and
Wa(F’) Bz, A — Wy(F’) Bz, A,
if @ > b, so that we may define
W(O%)a = W(O}) Bz, A= lm W, (O%)a,

and similarly
W(F")a = W(F) @z, A= lim W, (F’) 1.
a

For certain choices of F, we introduce alternative notation for the preceding
constructions. In the case when F is equal to C itself, we write

Aint s = W(OL) a.
In the case when F' is equal to IA(CyC, we write
Agoa =W (Keye)) -
In the case when F' is equal to I/(\'OO, we write
Oen =W ((Kx)) ,.
We next introduce various imperfect coefficient rings with A-coefficients: If

Tk denotes a lift to Ak of a uniformizer of Eg, defining a subring A}} of Ag
as in Section 2.1, then we write

Al 4= A Bz, A=1mAL/(p,Tk)" ®z, A=lm(lim AL/ (p™, T) @z, A),

and
Axoa = Ak @z, A= lim(lim(AL/(p™, Tk) ®z, A)[1/Tk]).
Similarly, if u denotes the usual element of &, whose reduction modulo p is a
uniformizer of X (K ), then we write
G4 =68z, A:=1m6/(p,u)" ¥z, A=lm(lim&/(p™,u") ¥z, A),
and
Oca=0sRz, A= @1(@1(6/(17”17“”) ®z, A)[1/u]).

Note that by definition the ring &4 is a power series ring over W(k) ® 4 A,
and Og¢ 4 is the p-adic completion of the corresponding Laurent series ring; and
similarly for the rings A'};,A and Ag 4.
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2.2.1 A digression on flatness and completion

We record some results giving sufficient conditions for flatness to be preserved
after passage to certain inverse limits, beginning with the following results
from [FGK11].

2.2.2 Proposition. Let R be a ring which is x-adically complete for some
r € R, and let S be an R-algebra which is also x-adically complete, and for
which R[1/x] and S[1/x] are both Noetherian. If for each k > 1, the induced
morphism R/x* — S/z*S is (faithfully) flat, then the morphism R — S is
(faithfully) flat.

Proof. The flatness claim is a special case of the discussion at the beginning
of [FGK11, §5.2]. The faithful flatness claim is a special case of [FGK11, Prop.
5.2.1 (2)]. It also follows from the flatness claim together with Lemma 2.2.9
below. O

2.2.3 Remark. Under the faithful flatness hypothesis of the preceding proposi-
tion, it is proved in [FGK11, Prop. 5.2.1 (1)] that Noetherianness of R[1/x] is
a consequence of Noetherianness of S[1/x]. This is a kind of fpgc descent result
for this property, which however we won’t need in the present book.

We next present the following variation on a result of Bhatt—Morrow—Scholze.

2.2.4 Proposition. Let R be a Noetherian ring which is x-adically complete,
for some element x € R, let S be an x-adically complete R-algebra, and suppose
that S/x™ is (faithfully) flat over R/x™ for everymn > 1. Then S is (faithfully)
flat over R.

2.2.5 Remark. In [BMS18, Rem. 4.31], the authors prove the above proposition
in the particular case when R and S are flat Z,-algebras, and x equals p. In this
case they only need to assume that S/p is flat over R/p. (Since R and S are both
flat over Z,, it follows automatically that each S/p™ is flat over R/p™.) Their
proof makes use of the following key ingredients: that for a p-adically complete
ring, any pseudo-coherent complex is derived complete; that for a complex over
a p-torsion free ring, the derived p-adic completion may be computed “naively”;
and the Artin—Rees lemma for the p-adically complete and Noetherian ring R.

Our argument is identical to theirs, once we confirm that these ingredients
remain available (with p-adic completions being replaced by z-adic completions).
The first statement holds quite generally [Sta, Tag 0A05], and of course Artin—
Rees holds for any Noetherian ring R. Thus the main point is to verify that
we may compute derived z-adic completions for the (generally non-Noetherian
ring) S “naively”. By [Sta, Tag 0923], this is possible provided that the z-power
torsion in S is bounded. So our task is to verify this boundedness (under our
given hypotheses).

We begin with the following general criterion for a ring to have bounded
torsion.

2.2.6 Lemma. If z is an element of the ring R, then the following are equiva-
lent:
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1. R[z™] = R[z*]
2. The morphism R[z'] — R/x™ is injective for some i > 1.
3. The morphism R[z'] — R/x™ is injective for every i > 1.

Proof. This is straightforward. Indeed, if the morphism R[z'] — R/x™ is injec-
tive for some i > 1, then it is in particular injective if i = 1. Suppose then that
injectivity holds for ¢ = 1. If y € R is such that 2™y = 0 for some n > 1,
then ™"~ 1y is in the kernel of the morphism R[z] — R/x™, so x™T" 1y =0,
and by an easy induction we have x™y = 0, as required.

Conversely, if ¢ is in the kernel of the morphism R[z‘] — R/x™ for some i,
then we can write t = 2™y, and we have z't = 0; so 2™y = 0. If R[2™] =
R[z°°], then we have ™y = 0, so t = 0, as required. O

2.2.7 Lemma. If x is any element of the ring R, then for any v,n > 1 we have
the exact sequence

R[z'] = R/z"™ <, R/x" — R/x* — 0.
Proof. This is immediately verified. O

2.2.8 Lemma. If z is an element of the ring R, and if R[z™] = R[z°], then

0 — Rz'] = R/z" = R/2z"" — R/z* — 0
s an exact sequence, for anymn > m and any i > 1.
Proof. This follows from Lemmas 2.2.6 and 2.2.7. O

Proof of Proposition 2.2.4. Since R is Noetherian, we see that R[z™] = R[z*]
for some m > 0. Thus, by Lemma 2.2.8, for each n > m and each i > 1, we
obtain an exact sequence

0 — R[z'] = R/z" =5 R/z"" — R/z' — 0
Tensoring with the flat R/z"-algebra S/z"*%, we obtain an exact sequence
0— S@pr Rlz'] = /2" = §/a™ — §/zt — 0

Passing to the inverse limit over n (and taking into account that all the transition
morphisms are surjective), we obtain an exact sequence of R/z"1*-modules

O—>S®RR[:ci]—>Sm—i>S—>S/xi—>0

In particular, we find that S ®@g R[z?] — S[z?], for every i, and so in particular
S[z™] = S[x*°], so that S has bounded z-power torsion.

We now follow the proof of [BMS18, Rem. 4.31]. By (for example) [Sta,
Tag 00M5], it is enough to show that if M is a finitely generated R-module,
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then M ®E S has cohomology concentrated in degree 0. Since R is Noetherian,
[Sta, Tag 066E] shows that M is pseudo-coherent when regarded as a complex
of R-modules in a single degree, and so M ®% S is a pseudo-coherent complex
of S-modules, by [Sta, Tag 0650]. Also, since R and S are z-adically complete,
it then follows from [Sta, Tag 0A05] that both M and M ®% S are derived
z-adically complete.

Since S has bounded z-power torsion, it follows from [Sta, Tag 0923] that
we may compute derived z-adic completions naively, i.e. via Rlim(—®g S/x™).
Thus

M ®% S = RlIm(M ®F S/a") = Rlim((M ®% R/a") @, S/z").

Artin-Rees allows us to replace the pro-system {M ®% R/z"} with the pro-
system {M/xz™}, and so we find that in fact

M @ S = Rlim(M /" @ ,n S/a™)
— Rlim(M ®g S/z2") —> lim M ®@g S/z",

the penultimate isomorphism holding since S/x™ is flat over R/x™, and the
final isomorphism following from the fact that the transition morphisms in the
pro-system {M ®pr S/x"} are surjective. Thus indeed M ®% S has cohomology
supported in a single degree, as required.

The claim about faithful flatness follows from the immediately following
Lemma 2.2.9. [

2.2.9 Lemma. If R — S is a flat morphism of rings, if I is an ideal in R for
which R is I-adically complete, and if the morphism R/I — S/I is faithfully
flat, then the morphism R — S is faithfully flat.

Proof. Since R is I-adically complete, we see that [ is contained in the Jacobson
radical of R. Thus Max Spec R/I = Max Spec R, and so our assumption that
R/I — S/I is faithfully flat shows that Max Spec R is contained in the image of
Spec S/I C Spec S in Spec R. Since flat morphisms satisfy going down, we find
that in fact Spec S — Spec R is surjective, as claimed. O

We also note the following lemma.

2.2.10 Lemma. If F — F’ is an inclusion of perfectoid fields in character-
istic p, then the induced morphism Wo(Or) — Wo(Op/) is faithfully flat, for
any a > 1.

Proof. Since Op is a Bézout ring, being flat over O is the same as being torsion
free, and so the inclusion O < Op/ is a flat morphism, and thus even faith-
fully flat, being a local morphism of local rings. A standard grading argument,
applying Lemma B.8 to the p-adic filtrations on source and target, then shows
that the inclusion W, (Op) — W,(Op), is faithfully flat, for each ¢ > 1. O
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2.2.11 Back to coefficient rings

We now return to our discussion of coefficient rings, and record that, at least
if A is a finite type Z/p®Z-algebra, the various natural maps between these
rings are in fact (faithfully) flat injections. We also show that the various maps
of coefficient rings induced by a (faithfully) flat morphism of finite type Z/p®-
algebras are again (faithfully) flat.

2.2.12 Proposition. Suppose that A — B is a flat homomorphism of finite type
Z/p®Z-algebras for some a > 1. Then all the maps in the following diagram
are flat. Furthermore the vertical arrows are all injections, while the horizontal
arrows are all faithfully flat (and so in particular also injections). If A — B is
furthermore faithfully flat, then the same is true of the diagonal arrows.

A},B At Gp
% - o
A;?,A Ainr,a Sa
Axp—>Akp—>W(C)p O¢.B
/ / / / /
Ak .a O¢.a

Proof. From left to right, the vertical maps are given by inverting the elements
T, v, and u respectively (where as above, v is any element of the maximal ideal
of Wa(ObC), whose image in ©” is nonzero; in particular, we can take v equal
to either T or w). Since localizations are flat, to prove the proposition for these
maps it is enough to note that the sources of the vertical maps are respectively
T-, v-, and u-torsion free, by Lemma B.19.

We now turn to the horizontal maps, where we will make repeated use of
Proposition 2.2.2. Tt evidently suffices to treat the maps with A-coefficients.
Since each of Ax 4, Ax a, W(C”))a, Og a, and Og 4 is Noetherian by Propo-
sition B.36 (1), it follows from Proposition 2.2.2 (and the flatness of the vertical
maps) that we need only show that the maps & 4 /u® — (W, (O%\ )®z, A)/u’ —

Ajpp a/ut and A}’A/Ti — (WG(O%\) ®z, A)JT" — Ajpe a/T? are faithfully

flat for each 7 > 1.
For the faithful flatness of &4 /u’ — (Wa((’)z/{\) ®z, A)/u', it is enough to

show that &/p® — WG(O%\) is faithfully flat. By a standard grading argument
(see Lemma B.8), it suffices in turn to prove that k[[u]] — O% is faithfully flat,
so in turn it is enough to check that (’)%\ is u-torsion free, which is clear. To

see that (WG(O%;) ®z, A)/u" — Ang a/u’ is faithfully flat, it suffices to note
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that Wa((’)%\) — W,(0%) is faithfully flat, by Lemma 2.2.10. The faithful

flatness of the remaining horizontal maps is proved in exactly the same way.
Finally, the (faithful) flatness of the diagonal maps is now immediate from

another application of Proposition 2.2.2, together with the (faithful) flatness of

A— B. O

Recall that if A° is a p-adically complete O-algebra, then A° is said to
be topologically of finite type over O if it can be written as a quotient of a
restricted formal power series ring in finitely many variables O((Xy,..., X,));
equivalently, if and only if A° ®¢ k is a finite type k-algebra ([FK18, §0, Prop.
8.4.2]). In particular, if A° is a O/w®-algebra for some a > 1, then A° is
topologically of finite type over O if and only if it is of finite type over O/w®.
Since O is finite over Z,, it is equivalent for A to be topologically of finite type
over O or over Z,, and so for the moment we consider the maximally general
case of a topologically finite type Z,-algebra.

2.2.13 Remark. We don’t know if the analogue of Proposition 2.2.12 holds when
A and B are taken to be merely p-adically complete and topologically of finite
type over Z,, rather than of finite type over Z/p® for some a > 1. Each of the
various coefficient rings over A and B is (by definition) formed by first forming
the corresponding coefficient ring over each A/p® or B/p?, and then taking an
inverse limit. Since the formation of inverse limits is left exact, we see that the
horizontal and vertical arrows in the diagram are injective, but we don’t know
in general that the various arrows are flat (although we have no reason to doubt
it). One can however establish some partial results, using Proposition 2.2.4. We
record here one such result, which we will need later on.

2.2.14 Proposition. If A is a p-adically complete Z,-algebra which is topo-
logically of finite type, then the natural morphism G4 — Ainea is faithfully
flat.

Proof. This follows from Propositions 2.2.4 and 2.2.12, once we note that &4
is Noetherian when A is p-adically complete and topologically of finite type;
indeed since A is in particular Noetherian, so is the power series ring W (k) ®z,
Al[u]]. O

We conclude this initial discussion of coefficient rings by explaining how the
action of ¢ on the various rings &, Aj,¢ and so on extends to a continuous action
on the corresponding rings G 4, Aint 4, etc., and similarly for the various Galois
actions. For this, it is convenient for us to briefly digress, and to introduce the
following situation, which will also be useful for us in Chapter 3.

2.2.15 Situation. Fix a finite extension k/F, and write AT = W(k)[[T]].
Write A for the p-adic completion of A*[1/T].

If A is a p-adically complete Z,-algebra, we write A := (W (k) ®z, A)[[T]];
we equip Ajg with its (p, T')-adic topology, so that it is a topological A-algebra
(where A has the p-adic topology). Let A 4 be the p-adic completion of A% [1/7],
which we regard as a topological A-algebra by declaring A} to be an open
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subalgebra. Note that the formation of G4, Og¢ 4, A;’A and Ak 4 above are
particular instances of this construction.
Let ¢ be a ring endomorphism of A which is congruent to the (p-power)
Frobenius endomorphism modulo p. We say that A7 is p-stable if p(AT) C A ™.
By [EG21, Lem. 5.2.2 and 5.2.5], if A* is @-stable, then ¢ is faithfully flat,
and induces the usual Frobenius on W (k); the same arguments show that this
is true for ¢ on A, even if At is not o-stable.

We have the following variant of [EG21, Lem. 5.2.3].

2.2.16 Lemma. Suppose that we are in Situation 2.2.15. Then for each integer
a > 1 there is an integer C > 0 such that for all n > 1, we have p(T") €
TP=C At + p*A. In particular, the action of p on A is continuous.

Proof. For some h > 0 we have o(T) € T~"A++p*A. Write o(T) = TP+pY, so
that o(T") = (TP +pY)™. If we expand using the binomial theorem, then every
term on the right hand side is either divisible by p®, or is a multiple of TP~y "
for some 0 <r < a— 1. It follows that we can take C'= (a — 1)(p + h). O

2.2.17 Lemma. If A is a p-adically complete Z,-algebra, then in Situation
2.2.15, the endomorphism ¢ of A extends uniquely to an A-linear continuous
endomorphism of A (which we continue to denote by ). If AT is p-stable,
then A7 is p-stable for all A.

Proof. Since ¢ is Z,-linear by definition, and since the topologies on AX and A 4
are defined by passage to the limit modulo p® as a — oo, we are immediately re-
duced to the case that A is a Z/p®Z-algebra. In this case the result is immediate
from Lemma 2.2.16 and Lemma B.31. U

2.2.18 Lemma. Let A be a p-adically complete Z,-algebra.

1. The endomorphism ¢ of & (resp. Og, Ag, W(O5), W(F®)) estends
uniquely to an A-linear continuous endomorphism of &4 (resp. Og a,
Ax.a, W(O%), W(F)4), which we again denote by . If K is further-
more basic, then the endomorphism ¢ of Ag 4 preserves A}A.

2. The continuous G-action on W(OL) and W(C) (resp. the continu-
ous Tk -action on Ak and Ak) extends to a continuous A-linear action
of Gk on W((’)%)A and W(Cb)A (resp. of ' on Ak, 4 and Ag 4).

Proof. As in the proof of Lemma 2.2.17, we can immediately reduce to the case
that A is a Z/p®-algebra. Part (1) then follows from Lemma B.31 as in the
proof of Lemma 2.2.17, while part (2) follows from Lemma B.34, bearing in
mind Lemmas 2.1.16 and 2.1.17. O

For our final result of this section, we compute the @-invariants in W (C”) 4.
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2.2.19 Lemma. If A is any p-adically complete Z,-algebra, then for each a >
1, the natural morphism A/p® — W,(C) s induces an identification A/p®

(Wa(C")A)wzl, and (consequently) the natural morphism A — W (C?) 4 induces
an identification A = (W(Cb)A)“o:l.

Proof. Since W(C”) 4 = Hm W,(C%) 4, we see that

=1

(W(C) )" = lim(Wa(C")4) ™,

and thus (as the phrasing of the lemma indicates), the claim for W (C”) 4 follows
from the claims for each W, (C") 4. Thus for the remainder of the proof, we may
and do assume that A is a Z,/p®module for some a > 1, and prove that

A= (Wa(Cb)A)Sa:l. In fact, for any Z/p*-module M, we may define
Wa(C)ur = (I (Wa(OF)/T") @z/pe M)[1/T]

(this extends our preceding definition for Z/p®-algebras), and we will prove
that M = (Wa(Cb)M)wﬁ. (In fact this statement for modules, which obviously
implies the statement for algebras, is actually equivalent to it, as one sees by
applying the statement for algebras to Z,/p®-algebras of the form Z,/p* & M,
where M is an arbitrary Z,/p®-module equipped with the square zero multipli-
cation.)

Suppose first that a = 1, so that M is simply an F,-vector space.. If we
choose a basis for M, i.e. an isomorphism FP" — M, then (02 =[Tie; O2,
where the prime indicates we consider the set of tuples (x;);cy for which lim; z; =
0, where the limit is taken with respect to the filter of cofinite subsets of I. Thus
we have, correspondingly, that C?w = H;e ICb (where the prime has the same
meaning). Now (C*)¥=! = F,, and so

C)P =)= = @icsFp = M.
iel

This establishes the case a = 1.

Now consider the case of general a. An application of Lemma B.20 (1)
(taking R = Z/p® and C* = W,(Oc¢»), and considering the exact sequence of
Z/p*-modules 0 — pM — M — M/pM — 0; see also Lemma 2.1.16) shows
that the sequence

0= Wa1(C')par = WalC)par = Wal(C*)nr = WalC”)aaypar = Chyjpas — 0

is short exact. Suppose that z € (W,(C") M)gj:l. The case a = 1 already proved
then shows that we may find m € M so that y := z — m lies in Wa,l(C")pM.
Of course ¢(y) = y, and so, by induction on a, we find that y € pM. Thus
r=m+y € M, as claimed. O
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We will also use the following variant on Lemma 2.2.19. Suppose that A is a

complete local Noetherian O-algebra with finite residue field, and write W (C”) ,
for the m4-adic completion of W (C?) 4.

2.2.20 Lemma. Let A be a complete local Noetherian O-algebra with finite

—

residue field. Then (W(CP) )¢~ = A.

-

Proof. Since W(C?) , = lim W (C’) 4/, we have

e =1

(W(Cb)A)Fl = @(W(Cb)A/mg)W ,

n

so the result follows from Lemma 2.2.19 (applied to each A/m"%). O

2.3 Almost Galois descent for profinite group
actions

We will be interested in descent results for profinite group actions, and in this
section we establish the key result that we will need. Our setup is slightly
elaborate, but accords with the situations that will arise in practice. We begin
with the case of finite group actions.

Suppose that R is a ring, and that I is an ideal in R such that I? = I.
Assume further that I ®g I is a flat R-module; by [GR03, Prop. 2.1.7], this
holds if I is a filtered union of principal ideals. In particular, these assumptions
hold if R is a valuation ring with a non-discrete rank one valuation, and I is the
maximal ideal of R.

The full subcategory of the category of R-modules whose objects are the
modules annihilated by I is a Serre subcategory, and so we can form the quotient
category of almost R-modules.

Suppose that S is an R-algebra equipped with an action of a finite group G
by R-algebra automorphisms (i.e. the structural morphism R — S is equivariant
with respect to the given G-action on S, and the trivial G-action on R).

2.3.1 Definition. We say that the morphism R — S makes S an almost Galois
extension of R, with Galois group G, if the natural G-equivariant and S-linear
morphism

SerS— ]S

geaG

(here G acts on the source through its action on the second factor, and on the
target by permuting the factors, while S acts on the source through its action
on the first factor and on the target through its action on each factor) defined by
51 ® S9 > (819(82))966, is an almost isomorphism (i.e. induces an isomorphism
in the category of almost R-modules).
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2.83.2 Remark. Suppose that R — R’ is a morphism, and define I’ = IR’, so
that I'2 = I’, allowing us to also define the category of almost R’-modules. If
R — S is almost Galois with Galois group G, then evidently R’ — S’ := R'®r S
is almost Galois with Galois group G.

Conversely, if R — R’ is faithfully flat, and R’ — S’ is almost Galois with
Galois group G, then so is R — S; indeed we may write R’ Qg (S ®g S) =
(R ®p S)®r (R ®r S) =5 ®@r 5"

2.3.3 Lemma. Suppose that R — S makes S an almost Galois extension of S
with Galois group G, and furthermore that R — S is faithfully flat. Then the
morphism R — S is an almost isomorphism.

Proof. Since R — S is faithfully flat, it suffices to verify that the induced
morphism
S — (S@r S)¢ (2.3.4)

is an almost isomorphism. By assumption the morphism S ®g S — [] gea
is an almost isomorphism. One easily verifies that the induced morphism on
invariant subrings
(SerS) = (J[9°=+5
geG

is then also an almost isomorphism. The composite of this map with the mor-
phism (2.3.4) is just the identity, and so we find that (2.3.4) is indeed an almost
isomorphism. O

2.3.5 Lemma. Suppose that R — S makes S an almost Galois extension of
S with Galois group G, and furthermore that R — S is faithfully flat. Then if
M is an S-module equipped with a semi-linear G-action, the induced morphism
S®r ME — M is an almost isomorphism of S-modules.

Proof. The semi-linear G-action on M can be reinterpreted as an isomorphism

(J[ 9 ®s M= Mes (] 5)

geqG geqG

(where the tensor product on the left hand side is twisted by the G-action) of
S ®p S-modules, and hence as an almost isomorphism

lmos

a t
SQrM = MQ®rS

of S ®r S-modules. The claim of the lemma now follows from faithfully flat
descent in the almost category (for which see [GR03, §3.4.1]; it is in order to
make this citation that we have assumed that I ®p I is R-flat). O

The following lemma explains our interest in almost Galois extensions.

2.3.6 Lemma. If F C F’ is a finite Galois extension of perfectoid fields, with
Galois group G, then the corresponding inclusion of rings of integers Op C Ops
realizes O/ as an almost Galois extension of O, with Galois group G (the
“almost” structure being understood with respect to the mazimal ideal of OF).
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Proof. There are various more-or-less concrete ways to see this. For exam-
ple, [Sch12, Prop. 5.23] shows that the morphism O — Op- is almost étale,
which by definition [Sch12, Def. 4.12] means that the surjection of Ops-algebras
Or ®o, Opr — Op may be “almost” split, so that Op/ is almost a direct
factor of the source. Permuting such a splitting under the action of the Galois
group G then allows one to show that the morphism Op ®p, Op — ngG Op:
is an almost isomorphism.

However, a more direct (but less explicit) way to prove the lemma is to use
the first equivalence of categories in [Sch12, Thm. 5.2], namely the equivalence
between the category of perfectoid F-algebras and the category of perfectoid
almost algebras over Op. Under this equivalence, the morphism O ®0, O —
ngG Op- is taken to the morphism F' @ F' — ngG F’. This latter morphism
is an isomorphism, since F’ is Galois over F' with Galois group G, and so we
conclude that the former morphism is an almost isomorphism, as required. [

In the case of perfectoid fields of characteristic p, we may extend the state-
ment of the preceding lemma to the context of truncated rings of Witt vectors.

2.3.7 Lemma. If F C F’ is a finite Galois extension of perfectoid fields in
characteristic p, with Galois group G, then for each a > 1, the inclusion
W, (Op) = Wo(OF/) is almost Galois, with Galois group G (the “almost” struc-
ture being understood with respect to the mazimal ideal of W, (OF)).

Proof. For simplicity of notation, write R := W,(Op) and S := W,(Op/). Each
of R and S is flat over Z/p®, and S is also flat over R, by Lemma 2.2.10. Thus
S ®p S is flat over S, hence over R, and hence over Z/p® as well.

To see that the natural morphism S ®p S — [[,co S is an almost isomor-
phism, it suffices to check the analogous condition after passing to associated
graded rings for the p-adic filtration. Lemma B.8 allows us to rewrite this
induced morphism on associated graded rings in the form

F,[T]/(T*) @, ((S/pS) ©(rspr) (S/pS)) = Fy[T)/(T*) @r, [](S/pS)
geG

(here F,[T]/(T) appears as the associated graded ring to Z/p® with its p-adic
filtration), which may be identified with the base-change over F,,[T]/(T%) of the
natural morphism

(S/pS) ®wspry (S/pS) = [ (S/pS).

geG

This latter morphism is an indeed an almost isomorphism, by Lemma 2.3.6. [

We now pass to the profinite setting. We continue to suppose that we are
given the ring R endowed with an idempotent ideal I. We suppose additionally
that v € I is a regular element of R (i.e. a non-zero divisor) and that R is
v-adically complete.
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We also suppose given a v-adically complete R-algebra S, equipped with an
action of a profinite group G as R-algebra automorphisms. We assume that this
action is continuous, in the sense that the action map G x S — S is continuous
when S is endowed with its v-adic topology.

We further suppose that we may write S = m as the v-adic completion of
an increasing union of G-invariant v-adically complete R-subalgebras S,,, with
R = Sp; that the G-action on S,, factors through a finite quotient G,, :== G/H,
of G, where H, is a normal open subgroup of G; and that for each ¢ > 0 and
each m < n, the morphism S,, /v’ — S, /v’ is faithfully flat, and realizes S,, /v’
as an almost Galois extension of S,, /v, having the subgroup H,,/H, of G, as
Galois group.

2.3.8 Lemma. For any value of m, the morphism S,, — SHm is an almost
isomorphism, as is the induced morphism Sy, /v’ — (S/v))Hm for any i > 0.

Proof. Our hypotheses, together with Lemma 2.3.3, imply that the morphism
Sy 0" = (S, Jvt)Hm/Hn

is an almost isomorphism for each n > m and each ¢ > 0. Passing to the direct
limit over n gives the second claim, and then additionally passing to the inverse
limit over ¢ gives the first claim. O

2.3.9 Corollary. The injection R[1/v] < S[1/v]% is an isomorphism.

Proof. Note that S[1/v]¢ = (S%)[1/v], since v is G-invariant (being an element
of R) and localization is exact. The corollary thus follows from the m = 0 case
of Lemma 2.3.8, as inverting v converts the almost isomorphism into a genuine
isomorphism. O

2.3.10 Definition. We say that an S-module M is iso-projective of finite rank
if it is finitely generated and v-torsion free, and if S[1/v] ®s M is a projective
S[1/v]-module.

2.3.11 Lemma. Any iso-projective S-module of finite rank is v-adically com-
plete.

Proof. If M is iso-projective, then we may write M[1/v] = eF where F is a
finite free S[1/v]-module and e € Endgyi/,F is an idempotent. Write F' =
Fy ®s S[1/v], where Fy is a finite free S-module. Then, since Fj is finitely
generated, we find that eFj is contained in v~%Fj for some sufficiently large
value of a; the latter S-module is v-adically separated, and thus so is the former.
Since eFj is furthermore the image of the v-adically complete S-module Fj, it
is in fact v-adically complete. Since eFp[l/v] = M[1/v], and both eFy and
M are finitely generated S-modules, we find that veFy C M C v beF, for
some sufficiently large value of b, and thus M is also v-adically complete, as
claimed. O
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2.3.12 Theorem. If M is an iso-projective S-module of finite rank, equipped
with a semi-linear G-action that is continuous with respect to the v-adic topology
on M, then the kernel and cokernel of the induced morphism S @pr M — M
(the source being the v-adically completed tensor product) are each annihilated
by a power of v.

Proof. Write P := S[1/v] ®s M, so that (by assumption) P is a finitely pre-
sented projective module over S[1/v]. Since M is wv-adically complete (by
Lemma 2.3.11), we have an isomorphism M — @n M/v™M. This induces
a corresponding isomorphism M¢ @n(M Jv"M)%. (We should also note
that the topology on M¢ induced by the v-adic topology on M coincides with
the v-adic topology on M, as follows immediately from that fact that multi-
plication by v on M is injective (as M is iso-projective) and commutes with the
G-action.) Thus, to prove the theorem, it suffices to show that the kernel and
cokernel of each of the morphisms

S@r (M/v"M)® — M/v"M

is annihilated by a power of v that is bounded independently of n.
Multiplication by v~" induces an isomorphism M /v"M 5 v="M /M, and
we will actually prove the equivalent statement that each of the morphisms

S@p (v "M/M)® — v "M/M (2.3.13)

has kernel and cokernel annihilated by a power of v that is bounded indepen-
dently of n.

The reason for formulating our argument in terms of the quotients v="M /M
is that these may be conveniently be regarded as submodules of the quotient
P/M. Our argument will proceed by constructing, for each n, a G-invariant
S-submodule Z,, of P/M, such that v="M/M C Z, C v~ "M /M (where ¢
is independent of n), and such that each of the morphisms

S@r 28 = Z, (2.3.14)

has kernel and cokernel annihilated by a power of v that is bounded indepen-
dently of n. This implies the corresponding statement for the morphisms (2.3.13),
and thus establishes the theorem. The remainder of the argument is devoted
to constructing the submodules Z,,, and proving the requisite properties of the
morphisms (2.3.14).

Since P is a projective S[1/v]-module, we may choose a finite rank free
module F' over S[1/v], and an idempotent e € Endgp /,)(F), such that P = eF.
We choose a free R-submodule Fy of F such that S[1/v] ®g Fy — F. (More
concretely, Fpy is simply the R-span of some chosen S[1/v]-basis of F.) The
endomorphism e may not preserve the S-submodule S ®pg Fj of F, but if we
choose a sufficiently large, then e’ := v%e will preserve S @ Fp.

Since M is finitely generated over S, we may and do assume that we have
chosen Fj in such a manner that M C v*(S ®g Fp). (Simply replace Fy by
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v*F, for some sufficiently large value of b.) Then in fact M C €'(S ®r Fp).
Furthermore, since M and €'(S ®pr Fp) both span P as an S[1/v]-module, we
find that v°e’(S ®g Fo) € M for some sufficiently large value of c.

For any n > 0 we have S/v"™ = |J;~, Si/v™. Thus ¢ mod v", which is an en-
domorphism of (S/v™)® g Fy, descends to an endomorphism of (S; /v™)®r Fy for
all sufficiently large i. Replacing (S,) by an appropriately chosen subsequence,
we may and do assume that in fact for each n, ¢’ descends to an endomorphism
el of (S, /v™) ®g Fo.

Since G acts continuously on P and preserves M, it acts continuously on
P/M. The topology on P/M is discrete, and thus any finite subset of P/M is
fixed by some open subgroup of G. In particular, we find that

v Fy /(v Fyn M)

(which we regard in the natural way as a submodule of P/M, and which we
note is finitely generated over R) is pointwise fixed by some open subgroup
of G. Since the H, form a cofinal sequence of open subgroups of G, if we
again replace S, and H,, by appropriately chosen subsequences, we may and do
assume that in fact U‘"e’FO/(v_"e’Fo N M) is pointwise fixed by H,,.

Since M 2 v°e/(S®pr Fy), we see that v="¢'Fy/(v="€¢/FyN M) is annihilated
by v"™*¢, and thus that

G(v*”e’Fo/(v*"e'Fo N M)) C o~ FINM/M C o~ (S @R Fy)/M.

Since G/H,, is finite, and since H,, fixes v’”e’Fo/(v*"e’FO N M) pointwise, we
see that in fact

G(U‘”@’Fg/(v_"e'Fo N M)) C o~ (T @g Fy) /M,

for some finitely generated R-subalgebra T of S/v"1¢S. Passing to a subsequence
one more time, we may assume that 7" is contained in S,,.

We let Y, respectively Z,,, denote the S,,-submodule, respectively the S-
submodule, of P/M generated by the G-translates of v="¢'Fy/(v™"€¢/Fy N M).
It remains to prove the requisite properties of Z,,. We begin by noting the
inclusions

v (S @R Fo) /M C Zy Com"TIM/M Com I (S @p o) /M,
which imply that
v°Z, Co " (S ®r Fo)/M C Z,,

and thus that
vz C (v (S @ Fo) /M) €zl (2.3.15)

Lemma 2.3.8 shows that S, /v"™ — (S/v™)H" is an almost isomorphism.
Thus (v™"8,/S,) ®r Fo — (v™"S/S ®@p Fy)H" is an almost isomorphism, if we
declare that H,, acts trivially on Fp, and thus via its action on the first factor
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in the target tensor product. Since (¢/)? = v®¢’, we find that the cokernel of the
inclusion

(v ™"S®r Fy)/(S @R Fo))Hn = (¢'(v"S @r Fo)/(S @r Fo))Hn

is annihilated by v%, and thus that the natural morphism

¢ (v "8 @r Fo)/(Sn @r Fo) = (€/(v™"8 @r Fo) /(S ®r Fy)) ™"

has its kernel annihilated by I, and its cokernel annihilated by v*I.
If we let X,, denote the image of /(v™"S, ®g Fp) in (e'(v‘”S@R Fo)/M) H",
then certainly
X, CY, C zHi

It follows from the conclusion of the preceding paragraph, along with the fact
that vée’(Sp ®r Fy) C M, that the cokernel of the inclusion

X, = (¢/(v"S @p Fo) /M)

is annihilated by v®*¢I, while the chain of inclusions (2.3.15) shows that the
cokernel of the inclusion

(el(v—ns R F())/M)Hn c ZrIL_In

is annihilated by v°. Thus the cokernel of the inclusion X,, C Z,If » is annihilated
by v®+2¢], and hence so is the cokernel of the inclusion Y,, C Z». Passing to
G p-invariants in the inclusion just mentioned, we find that there is an inclusion
Y% C Z%, whose cokernel is annihilated by v®+2¢I. Extending scalars to S,
we obtain a morphism

S, @r Y = S, ®p 2%

(which is in fact an embedding, since S, /v" "¢ is flat over R/v"*¢, although we
don’t need this here), whose cokernel is annihilated by v*2¢I. On the other
hand, Lemma 2.3.5 implies that the natural morphism S, ®g YnG" — Y, is an
almost isomorphism.
Putting all these results together, we find that the kernel and cokernel of the
natural morphism
S, ®p 28 — zHn

are each annihilated by v2+2¢I. Indeed, the composite S, ®p Y, — S, @r
Z& — ZHn factors through the almost isomorphism S, @ Y,%" — Y,,, and we
have shown that the natural morphism Y,, — ZH» is an injection whose cokernel
is killed by v*2¢I, while the cokernel of S,, ®r YnG" — S, ®r Z,? is also killed
by v®+2¢].

Since Y,, € ZH» and since Y,, generates Z,, over S by their very definitions,
we see that the natural map

S@g, ZHw — 7, (2.3.16)
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is surjective. We bound the exponent of its kernel as follows: The inclusion
X, C Zf", whose cokernel we have shown above to be annihilated by v*T2¢1,
induces an inclusion

S®s, Xn C S®s, Z,

whose cokernel is again annihilated by v®*2¢I, while the defining surjection
e (V"8 /v°Sn) ®r Fy) = Xn
induces a surjection
e (v "S ®r Fo)/(v°S ®r Fy)) = S ®s, Xn.
Now the natural morphism
e ((v"S ®r Fo)/(v°S ®@r Fy)) — M[1/v]/M (2.3.17)

has kernel annihilated by v°, and so we find that the kernel of (2.3.16) is anni-
hilated by v2+3¢[. (Indeed, if = is an element of the kernel of (2.3.16), then for
any i € I we can lift v*"2%z to an element of the kernel of (2.3.17).)

Putting together the results of the preceding two paragraphs, we find that
the cokernel of the natural morphism

Sor 2% = Z,

is annihilated by v®+2¢I, while its kernel is annihilated by v2**5¢I. Recalling
that v € I, and noting that the powers of v just mentioned are independent of
n, and also that we have the inclusions v="M /M C Z,, C p(nte) M/M, we see
that the proof of the theorem is completed. O

We will now deduce a descent result for projective modules over S[1/v]. For
this, we need to make some additional hypotheses, which we now describe.

2.3.18 Hypothesis.
1. S/vS is countable.
2. S[1/v] is Noetherian.
3. The morphism R[1/v] — S[1/v] is faithfully flat.

We write S[1/v] = lim v~"S. If we identify v™"5 with S via multiplica-
tion by v™, then each of the transition maps becomes identified with the closed
embedding vS < S. Thus if we equip S[1/v] with the inductive limit topol-
ogy, then S[1/v] becomes a topological ring, which is completely metrizable
(since S is v-adically complete) and in fact Polish (since S/vS is countable, so
that S and thus S[1/v] is separable). Note also that vS is an open additive
subgroup of S[1/v] which is closed under multiplication, and consists of topo-
logically nilpotent elements. Proposition C.6 then shows that finitely generated
S[1/v]-modules have a canonical topology, with respect to which all S[1/v]-
homomorphisms are continuous, with closed image.

We now establish the following descent result in this situation.
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2.3.19 Theorem. If Hypothesis 2.3.18 holds, and if M is a finitely generated
projective S[1/v]-module, equipped with a continuous (when endowed with its
canonical topology) semi-linear G-action, then MY is a finitely generated and
projective R[1/v]-module, and the natural morphism

S[1/v] @R v MC - M (2.3.20)
s an isomorphism.

Proof. Let M’ denote any finitely generated S-submodule of M that generates
M over S[1/v]; then the S-span M"” of GM’ is finitely generated (note that
since M’ is finitely generated, there is an open subgroup H of G such that
HM' C M’, and H has finite index in the profinite group G), so it is an iso-
projective S-submodule of M which is G-invariant. Applying Theorem 2.3.12
to M", and noting that

ME = (M"[1/o)¢ = (M")%[1/v]

(because localisation is exact), we find that the natural morphism (2.3.20) has
dense image. Since its target is finitely generated over S[1/v], its image is
also finitely generated (because S[1/v] is Noetherian, by assumption), and thus
closed in its target; combined with the density, we find that (2.3.20) is surjective.

Since S[1/v] ®@gp o) M — M is surjective, while M is finitely generated
over S[1/v], we see that if N is any sufficiently large finitely generated R[1/v]-
submodule of MY, then S[1/v] ®@R[1/0) N — M is surjective. Choose a finitely
generated free R[1/v]-module F' that surjects onto N, and let E denote the
kernel of the induced surjection

S[1/v] @gp v F — S[1/v] @R[1/0) N = M,
so that we have a short exact sequence
0— E — S[1/v] QR[1/v] F—M—0.

Passing to G-invariants, and taking into account Corollary 2.3.9, we obtain a
left exact sequence
0— FY > F— MY,

which (by the choice of F') induces a short exact sequence
0—+E°—F—N-0.

Tensoring back up with S[1/v] (which is flat over R[1/v] by assumption), we
obtain a morphism of short exact sequences

0 —— S[1/v] ®p(1 /o) BEY —— S[1/v] @pp1j0) F — S[1/v] @pp1jo) N —0

l | |

0 E S[1/v] ®R[1/v]F M 0
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Evidently the middle vertical arrow is the identity, and thus the natural mor-
phism S[1/v] @p(1/,) EY — E is injective. Since E is finitely generated and
projective (being the kernel of a surjection from a finitely generated free mod-
ule to a projective module), it follows from what we have already proved that
this morphism is also surjective.

Since the left hand two vertical arrows are isomorphisms, so is the third,
so that S[1/v] ®gp/n) N — M is an isomorphism. This is true for any suffi-
ciently large choice of N, and thus we find (using the faithful flatness of S[1/v]
over R[1/v], which holds by assumption) that all these sufficiently large choices
of N coincide, implying that M¢ is finitely generated and that (2.3.20) is an
isomorphism. The faithful flatness of S[1/v] over R[1/v] then implies that M“
is projective over R[1/v] [Sta, Tag 058S], as required. O

The following corollary provides a convenient reformulation of the preceding
theorem.

2.3.21 Corollary. If Hypothesis 2.3.18 holds, then the functor
M — S[1/v] ®R[1/o) M

induces an equivalence between the category of finitely generated projective R[1/v]-
modules and the category of finitely generated projective S[1/v]-modules endowed
with a continuous semi-linear action of G. A quasi-inverse functor is given by

N — NG,

Proof. Theorem 2.3.19 shows that if N is a finitely generated and projective
S[1/v]-module, endowed with a continuous semi-linear G-action, then the nat-
ural map S[1/v] @ g1 /4] N¢ — N is an isomorphism. To complete the proof
of the corollary, then, it suffices to show that if M is a finitely generated and
projective R[1/v]-module, then the natural map M — (S[1/v]®pp /) M) is an
isomorphism. Writing M as the direct summand of a finite rank free module,
we reduce to the case when M is free, which (as was already observed in the
proof of Theorem 2.3.19) is established by Corollary 2.3.9. O

2.4 An application of almost Galois descent

Let F be a closed perfectoid subfield of C, with tilt F?, a closed perfectoid
subfield of C”. Recall that, for any p-adically complete Z,-algebra A, we defined
W(05.) 4 and W(F”) 4 in Section 2.2.

2.4.1 Theorem. Let A be a finite type Z/p*-algebra, for some a > 1. The
inclusion W (F®) 4 — W(C®) 4 is a faithfully flat morphism of Noetherian rings,
and the functor M +— W (C”) 4 Qw vy, M induces an equivalence between the
category of finitely generated projective W(Fb)A—modules and the category of
finitely generated projective W(Cb)A-modules endowed with a continuous semi-
linear G g-action. A quasi-inverse functor is given by N — NCF
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The proof will be an application of the almost Galois descent results of
Section 2.3. Thus we have to place ourselves in the framework of that section.

To this end, we note that C may be regarded as a completion F of the algebraic
closure F' of F. We then write F' = |J,~, F), as the increasing union of a
sequence of finite Galois extensions of F'; to match the notation of Section 2.3,
we also write Fy := F. We write G,, := Gal(F,,/F), H,, := Gal(F/F,), and
G = Hy = Gal(F/F), so that G — lim G, and G/H, — G,. Note that
each of the finite Galois extensions F),, of F' is again perfectoid.

Assume now that A is a finitely generated Z/p®-algebra. Then W (F®)4 =
W, (F") 4, and similarly W(C*)4 = W,(C”)4, so that from here on we may
work with rings of a-truncated Witt vectors, rather than with full rings of Witt
vectors themselves. To accord with the notation of Section 2.3, we also denote
these rings by R and S respectively. Recall from Section 2.2 that v denotes a
non-zero element of the maximal ideal of W, (0%), and that by definition

R:=W,(Oh)4 = @(Wa(02) Rz pe A) 07,

while

§ = Wa(0g)a = Im(Wa(Og) ®z/pe A) /0';

so that both R and S are v-adically complete.

We let I denote the ideal in R generated by the maximal ideal of Wa(O}),
and let v denote the image in I of the chosen element v of that maximal ideal
(no confusion should result from this duplication of notation). We further set

Sn = WalO, )4 = im(Wa(OF, ) @20 4) /'

for each n > 0 (so in particular Sp = R). By construction we have that
S coincides with the v-adic completion of li . Sn. As we will see below, the
transition morphisms S,, — 5, are in fact faithfully flat, and thus injective, and

so in fact this direct limit is simply a union; thus S = {J,, Sn, as required for
the setup of Section 2.3. Furthermore, Lemma 2.2.18 ensures that the G-action
on S is continuous.

2.4.2 Proposition. For each i > 0, and each m < n, the morphism Sy, /v’ —
S, /vt is faithfully flat, and realizes S, /v' as an almost Galois extension of
Sm/vt, with Galois group H,,/H, .

Proof. Lemma 2.2.10 shows that each of the inclusions W, (O%m) — Wa(O%n) is
faithfully flat, thus so is the morphism Wo (0% ) ®z/pe A = W, (0% ) @740 A,
and hence so are each of the morphisms

SV S = (Wal(Oh ) @zpa A)) /0" (WalO% ) @z/pe A))
= (Wa(O%,) @z/pa A)) 0" (Wa(O%, ) @z/pa A)) = Sp/v'Sh.
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An identical argument, taking into account Lemma 2.3.7 and Remark 2.3.2,
shows that S,,/v%S,, — S, /v'S, is almost Galois (with respect to the ideal in
Sm generated by the maximal ideal of Wa((’)fm)7 and hence also with respect
to ISy, since the latter ideal is contained in the former), with Galois group
H, /H,. O

2.4.3 Proposition.

1. Each Sp,[1/v], as well as S[1/v], is Noetherian. (Setting m = 0 gives in
particular that R[1/v] is Noetherian.)

2. Each of the morphisms S, — S, (for m < n), as well as each mor-
phism Sy, — S, is faithfully flat. In particular (setting m = 0 and then
inverting v) the morphism R[1/v] — S[1/v] is faithfully flat.

Proof. The Noetherian claims of (1) follow from Proposition B.36 (1).

We already noted in Proposition 2.4.2 that the morphisms S,, /v* — S, /v®
are faithfully flat, and an identical argument shows that each morphism S,,, /v* —
S/v? is faithfully flat. Taking into account that statement of (1), we find that
the claims of (2) follow from Proposition 2.2.2. O

Proof of Theorem 2.4.1. Proposition 2.4.2 verifies that the running assumptions
imposed at the beginning of Section 2.3 are satisfied. Proposition 2.4.3 verifies
that Hypothesis 2.3.18 is satisfied, and also establishes the Noetherian and faith-
ful flatness claims of Theorem 2.4.1. The remainder of the theorem then follows
from Corollary 2.3.21. O

2.5 Etale p-modules

In this section we briefly recall and generalize some definitions and results
from [EG21]. Let R be a Z,-algebra, equipped with a ring endomorphism ¢,
which is congruent to the (p-power) Frobenius modulo p. If M is an R-module,
we write

©*M = RQ®g,, M.

2.5.1 Definition. An étale p-module over R is a finite R-module M, equipped
with a (p-semi-linear endomorphism ¢,; : M — M, which has the property that
the induced R-linear morphism

Bap " M ER N

is an isomorphism. A morphism of étale p-modules is a morphism of the under-
lying R-modules which commutes with the morphisms ®,,. We say that M is
projective (resp. free) if it is projective of constant rank (resp. free of constant
rank) as an R-module.



46 CHAPTER 2. RINGS AND COEFFICIENTS

We will typically apply this definition with R taken to be one of the coeffi-
cient rings defined in Section 2.2. Of particular interest to us will be the cases
corresponding to imperfect fields of norms, as it is these cases which fit into the
framework of [EG21, §5], and we will use the results of that paper to prove the
basic algebraicity properties of our moduli stacks.

2.5.2 Definition. Let S be an R-algebra, and let g be a ring endomorphism
of S, which is congruent to Frobenius modulo p, and is compatible with ¢ on R.
Then if M is an étale p-module over R, the extension of scalars S ®pr M is
naturally an étale p-module over S, with psg,m = ©s ® par.

2.5.3 Multilinear algebra

We briefly recall the multilinear algebra of projective étale p-modules. Firstly,
if P is a projective étale p-module over R, then we give its R-dual PV :=
Hompg (P, R) the structure of an étale p-module by defining the isomorphism
©*PY — PV to be the inverse of the transpose of ®p. Secondly, if M and N
are projective étale ¢p-modules, then we endow M ®g N with the structure of
an étale p-module by defining vyrgn == v ® ©nN-

2.5.4 Lemma. If M, N are projective étale @-modules over R then we have a
natural identification Hompg ,(M,N) = (MY ®g N)#=1.

Proof. We have Homp(M,N) = MY ®r N. Given f € Homg(M, N), regarded
as an element of P := MY ®@r N, we have f € P?=! if and only if ®p(1 ®
f) = f, and by the definition of the ¢-structure on P, this is equivalent to f
intertwining ®»; and ®y, as required. O

2.6 Frobenius descent

Suppose that A is as in Situation 2.2.15, and that we have a continuous -
equivariant embedding A < W(C”). Let A be a finite type Z/p®-algebra for
some a > 1. Assume that the induced map A4 — W(Cb)A is a faithfully flat
injection. Since ¢ is bijective on W(Cb), we have an increasing union

ArCo ' (Ax) Co2(Ag) C - CW(C)a.

We let Ay be the closure of Uns0p " (A4) in W(C")4, and we set AX =
.&A NAins, 4. Note that ¢ extends to a bijection on 1114, which induces a bijection
on A

2.6.1 Remark. We will apply the results of this section in the setting introduced
in Section 2.1, taking A = Ag or A = &. In either case it follows from
Proposition 2.2.12 that Ay — W(C®)4 is a faithfully flat injection, and it
follows easily from Theorem 2.1.6 that in the former case we have A 4= A KA
and in the latter case we have KA = 657A.
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2.6.2 Remark. If A; is not (p-stable, then A is not a subring of A , and in
particular it is not equal to A4 N AX.

We will make use of the following variant of Lemma 2.2.16; in view of Re-
mark 2.6.2 we cannot apply Lemma 2.2.16 in the setting of A+—modules.

2.6.3 Lemma. There is an integer r > 0 such that for all s > r we have T® €
AA, and an integer C' > 0 such that for all n > 1, we have o(T™) € TP"~ CAJr

Proof Since T is topologically nilpotent in A7 it is topologically nilpotent
in A A, SO in particular T° € AJr for all s sufficiently large. For the second
statement, we follow the proof of Lemma 2.2.16, and write o(T") = TP 4 pY for
some Y € Ay, so that o(T™) = (TP + pY)". If we expand using the binomial
theorem, and recall that p* = 0, then we see that ¢(T™) — T™ is a sum of
terms of the form TP("="Y" for some 0 < 7 < a— 1. It therefore suffices to
choose C such that T¢TP"Y" ¢ Aj for 0 < r < a—1, which we can do by the
topological nilpotence of T'. O

2.6.4 Remark. As already noted in Remark 2.6.2, Kj need not contain AX, and
so, although A4 = AF[1/T], it doesn’t make sense to write Ay = Aj[l/T].
On the other hand, Lemma 2.6.3 does ensure that T" € KX for some r > 0, and
then it does make sense to write, and is true (since T is topologically nilpotent
in A4, while ;&X is open in A ), that Ay = :&X[I/TT}.

_ Given an étale p-module M over A4, we may form its perfection M =
A4 ®a, M, which is an étale p-module over A 4.

2.6.5 Descending morphisms

2.6.6 Proposition. Let M, N be projective étale p-modules. Then the natural
map Homy , (M, N) — Homyg (M, N) is a bijection.

Proof. Write P := MY ® N, so that P is a projective étale o-module over A 4.
Then by Lemma 2.5.4, we are reduced to checking that the natural morphism
of A-modules P¥=! — P¥=! is an isomorphism. It is certainly injective, so we
need only show that it is surjective.

Since the formation of ¢-invariants is compatible with direct sums, it follows
from [EG21, Lem. 5.2.14] that it is enough to consider the case that P is in
fact free. By Lemma 2.6.3 (¢f. Remark 2.6.4) we can choose a p-stable free
At A -submodule ‘,B of P which generates P over A, (mdeed choose any basis
of P multiply by a sufficiently large power of T', and let ‘B be the submodule
generated by this scaled basis).

Consider an element x € P#=1. Choose an integer > 1 such that if s > r
then o(T*A%) C T**1AY (such an r exists by Lemma 2.6.3). We may write
T = x1+xo where z9 € T”I? and 21 € ¢ " (A 4)®a , P for some n > 0. Choosen
to be minimal with this property. If n > 0, then since x = p(z) = p(z1)+¢(x2),
and p(z2) € TP, we see that we may replace z1 with (1) € ' "(A4)®4, P,
a contradiction.
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Thus 1 € P, and we have 1 — p(z1) = p(x2) — 29 € T”:]} N P. The sum
=21+ Y e 0 (p(z1) — x1) converges to an element of T"B, and the sum
therefore converges in P. By definition we have p(z') = /. We have z — x4,
2/ —xy € TP, s0o x—a' € T™P; then z — 2’ = p(z—2') € T™IP, and iterating
gives r = 2’ € P, as required. O

2.6.7 Descending objects

We will show that every projective étale p-module over A, arises as the per-
fection of an étale p-module over A 4. We first note the following analogue
of [EG21, Lem. 5.2.14] for étale ¢-modules over A 4.

2.6.8 Lemma. If M is a projective étale p-module over KA, then M is a direct
summand of a free €tale p-module over A 4.

Proof. This can be proved in an identical fashion to [EG21, Lem. 5.2.14]. O

2.6.9 Proposition. Let M be a projective étale w-module over KA. Then there
is a projective étale @-module My over A 4 and an isomorphism M — M.

Proof. Suppose firstly that M is free of some rank d as an A 4-module. Let X
denote the matrix of ¢ with respect to a choice of basis eq,...,e4. As in the
proof of Proposition 2.6.6, after possibly scaling the e; by powers of T, we may
assume that X has entries in Aj;. Since ®,; is an isomorphism, it follows from
Remark 2.6.4) that there is an integer h > 0 such that X1 € T-"My(A%).

If we change basis via a matrix ¥V € Md(fkj) N GLg(A ), the new matrix
for ¢ is p(Y) XY L. It suffices to show that we can choose Y so that this matrix
has entries in A 4 (as we can then let My be the A 4-span of this new basis).

Fix some H > [(C + h +1)/(p — 1)], where C is as in Lemma 2.6.3, and
write X = X' + X" where X’ € TH*"M,(A%) and X" € My(p "(A4))
for some sufficiently large n. (The reason for this choice of H is to be able
to apply Lemma 2.6.10 below.) Taking ¥ = X, we may replace X, X', X"
by p(X), p(X"), o(X") respectively (note that by Lemma 2.6.3, we have p(X’) €
TH'*‘th(KX), because p(H + h) — C > H + h by our choice of C'), which has
the effect of replacing n by (n — 1). Iterating this procedure, we can assume
that n = 0, so X" € My(A4). By Lemma 2.6.10 below, we can find Y such
that o(Y)XY ! = X", completing the proof in the case that M is free.

We now return to the general case in which M is only assumed finitely
generated projective, rather than free. By Lemma 2.6.8, we may write M as
a direct summand of a free étale p-module F' over A 4. By the case already
proved, we may write ' — Fy for some free étale p-module Fy. By Proposi-
tion 2.6.6, the idempotent in End(F") corresponding to M comes from an idem-
potent in End(Fp), and we may take My to be the étale ¢-module corresponding
to this idempotent. O

The following lemma and its proof are based on [PR09, Prop. 2.2].
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2.6.10 Lemma. Suppose that X € Md(AX) N GL4(A,), and that X' €
T_th(AX) for some h > 0. Suppose that X" € Md(gg) N GLg(A ) is such
that X1 X" € 14 THC+HR D/ 0=D101,(AY), where C is as in Lemma 2.6.3.
Then there exists Y € Md(gj) NGLg(A4) with X" = o(Y)XY L.

Proof. Define sequences X;, h; by Xo = X, ho = (X”")71X, and for each i > 1,
Xi = (p(hifl)Xiflh;_ll, hl = (X//)ilXi. Then if we set Y, = hihi,1 s 'ho, we
have X" = Xih;1 = @(yi,l)ijl for each i. We claim that the y; tend to a
limit Y as i — oo; then we have X" = ¢(Y)XY ~1, as required.

To see that the y; tend to a limit, it is enough to show that h; — 1 as ¢ — oo.
To see this, suppose that h; € 1+ T*My(A7) for some s > (C+h+1)/(p—1).
We have

X"hiy1 = Xip1 = @(h)) Xihi ' = o(hi) X",

so that h;y1 = (X”)71p(h;)X"”. Using Lemma 2.6.3 and the assumption that
(X"t e T’th(AX), we see that h;y; € 1+ TPS*C*th(Kj). Since ps —
C —h > s+ 1, we are done. O

2.6.11 An equivalence of categories

We summarise the results of this section in the following proposition.

2.6.12 Proposition. Let A be a finite type Z/p*-algebra for some a > 1.

Then the functor M — M is an equivalence of categories from the category of
projective étale p-modules over A 4 to the category of projective étale p-modules
over A 4.

Proof. The functor is essentially surjective by Proposition 2.6.9, and fully faith-
ful by Proposition 2.6.6. O

2.7 (p,I')-modules

By definition, an étale (¢,I k)-module is a finitely generated A x-module M,
equipped with

e a p-linear morphism ¢ : M — M with the property that the correspond-
ing morphism ®,; : ¢*M — M is an isomorphism (i.e. M is given the
structure of an étale ¢p-module over Ag), and

e a continuous semi-linear action of 'k that commutes with .

2.7.1 The relationship with Galois representations

There is an equivalence of categories between the category of continuous rep-
resentations of Gx on finite Z,-modules, and the category of étale (¢,I'x)-
modules, which is given by functors D and T that are defined as follows. Let K“Kr
denote the p-adic completion of the ring of integers of the maximal unramified
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extension of Ax[1/p] in W(C®)[1/p]; this is preserved by the natural actions
of ¢ and G on W(C”)[1/p]. Then for a G g-representation 7', we define

D(T) i= (A} &7, T) 5o,
while for an étale (¢, 'k )-module M we define
T(M):= (A% @4, M)?=".

The action of Gk, . (resp. @) in the definition of D (resp. of T') is the di-
agonal one (with the Gg-action on M being that inflated from the action
of T'k). There is a completely analogous theory of ((p,f x )-modules, and tak-
ing Ag-invariants gives an equivalence of categories between ((p,f K )-modules
and (¢, 'k )-modules.

The functor T(M) is also defined for finitely generated étale p-modules
over Ak (i.e. in the absence of a I'-action on M), and in this context yields an
equivalence of categories between finitely generated étale p-modules over Ay
and continuous G, -representations on finite Z,-modules.

Suppose now that L/K is a finite extension, and suppose further that K =
Kcyc N L (or, equivalently, that the natural embedding I';, < I'x induced by
the inclusion K¢y C Leyc is an isomorphism). We will recall the description of
the functor Indg’; in terms of (p,T')-modules. (We will use this description in
Section 7.3.)

By construction, there are inclusions Ax C Ay, C AuKr, which are unramified
embeddings of DVRs. The composite of these embeddings is G i-equivariant
(where Gg-acts on Ak through its quotient '), while the second is G-
equivariant (where Gp-acts on Ay through its quotient I';). Regarding the
second of these embeddings as an A g-linear morphism of A g-modules, it in-
duces an Ay/-linear surjection AW ®a, Ar — AY. The source of this surjec-
tion has a diagonal action of Gk (the Gk-action on A, being via its quotient
I'x — T'z), while the surjection itself is G'z-equivariant. Thus it induces a
G k-equivariant morphism

—~ G ™
% QA g A — Indcf A%,

which is easily seen to be an isomorphism. Using the description of the induction
as a tensor product, we can express this as an isomorphism

AfE ©a, AL =5 Z,[Gx] @7 16, AR (2.7.2)
If M is an étale (p,T")-module over Ay, then we let M’ denote M regarded
as an étale (p,I')-module over the subring Ax of Ar. (Recall again that we are
assuming I', —— I'x.) The isomorphism (2.7.2) then yields an isomorphism
A ur = A ur =1
T(M') = (AF ®a, M)~ = (A} @A, AL) ©a, M)7
A ur =1 A ur =1
= (2,[Gk] @z,16,) AKX @a, M) = Zy[Gk] ®2z,c,) (AK @a, M)”
=IndZX T(M). (2.7.3)
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In short, induction of Galois representations corresponds to the restriction of
coefficients on the (p, T")-module side.

The preceding discussion also applies in the context of étale p-modules (in
the sense of Definition 2.5.1). Our assumption that I';, — I'x implies that
Gk,../Gr... — Gk /GL is a bijection, so that (2.7.2) may also be interpreted

cyc cyc

as an isomorphism

~
ur

AX @a, AL 5 Z[Gi., ] Oz, (6., AR

Then, if M is a finitely generated étale p-module over A, and if M’ denotes its
restriction to an étale p-module over A, the preceding isomorphism induces
an isomorphism

T(M') = Indg, ™ T(M). (2.7.4)
yc

c

We also need a variant of the preceding theory which again follows from the
results of [Fon90], using the Kummer extension K. /K introduced in Exam-
ple 2.1.3 and Section 2.1.14; the integral version of this theory was first studied
by Breuil and Kisin, see [Kis09b, §1]. Namely, there is an equivalence of cate-
gories between the category of continuous representations of Gx_ on finite Z,-
algebras, and the category of étale p-modules over Og, which is given by functors
D, T that are defined as follows: Let Oz denote the p-adic completion of the
ring of integers in the maximal unramified extension of Frac(QOg) in W (C”)[1/p];
this is preserved by the natural actions of ¢ and Gk on W (C”)[1/p]. We define

Doo(T) := (Og ®3z, T)“=,

for a Gk __-representation T, and define
TOO(M) = (Oﬁ QAK M)Sa:1a

for an étale p-module M.

2.7.5 Various types of p-modules with coefficients

We now introduce coefficients.

2.7.6 Definition. Let A be a p-adically complete Z,-algebra. A projective étale
(¢, T k)-module of rank d with A-coefficients is a projective étale p-module M
of rank d over Ak 4 equipped with a semi-linear action of I', which com-
mutes with ¢, and which is furthermore continuous when M is endowed with
its canonical topology (i.e. the topology of Remark D.2).

If A is a finite type Z/p®-algebra, we can use Theorem 2.4.1 to give a useful
alternative description of étale (¢, 'k )-modules with A-coefficients in terms of
étale p-modules with coefficients in the ring W(C”) 4, as we now explain.

2.7.7 Definition. Let A be a p-adically complete Z,-algebra. An étale (¢, Gk)-
module with A-coefficients (resp. an étale (o, Gk, )-module with A-coefficients,
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resp. an étale (¢, Gk )-module with A-coefficients) is by definition a finitely
generated W(Cb) a-module M equipped with an isomorphism

on e M s M

of W(C”) a-modules, and a W (C”) s-semi-linear action of G (resp. Gk.,., resp.
G k.. ), which is continuous and commutes with ¢,,. We say that M is projective
if it is projective of constant rank as a W (C?) 4-module.

If A is a finite type Z/p®-algebra, then there is a functor from the category
of finite projective étale (p, 'k )-modules with A-coefficients to the category of
finite projective étale (¢, G )-modules with A-coefficients, which takes an étale
(¢, i )-module M to W(C") 4 ®a,_, M, endowed with the extension of scalars
of ¢, and the diagonal action of Gg, with the action of Gx on M being the
action inflated from I'k.

Similarly, there is a functor from the category of finite projective étale (-
modules over Og 4 to the category of finite projective étale (p, G )-modules
with A-coefficients, which takes an étale p-module M to W(C’)4 ®0, , M,
endowed with the extension of scalars of ¢, and the diagonal action of Gk,
with the action of Gx_ on M being the trivial action.

2.7.8 Proposition. Let A be a finite type Z/p*-algebra for some a > 1.

1. The functor M — W(Cb)A(XJAKVAM is an equivalence between the category
of finite projective étale w-modules over A 4 and the category of finite
projective (@, Gk, )-modules with A-coefficients.

It induces an equivalence of categories between the category of finite pro-
jective étale (o, Ik )-modules with A-coefficients and the category of finite
projective étale (¢, Gx)-modules with A-coefficients.

A quasi-inverse functor is given by the composite of N — NSeve and a
quasi-inverse to the functor of Proposition 2.6.12.

2. The functor M +— W(Cb)A®og7AM is an equivalence of categories between
the category of finite projective étale p-modules over Og 4 and the category
of finite projective étale (¢, Gk )-modules with A-coefficients. A quasi-
inverse functor is given by N — NSK~ and a quasi-inverse to the functor
of Proposition 2.6.12.

Proof. This is a formal consequence of Theorem 2.4.1 and Proposition 2.6.12.
We begin with (2). Firstly, by Proposition 2.6.12 (and Remark 2.6.1) the functor
M M= (55, AR, 4 M is an equivalence of categories between the category of
finite projective étale p-modules over Og 4 and the category of finite projective
étale p-modules over 55,,47 so it is enough to show that M — W(Cb)A ®(557A
M is an equivalence of categories. By Example 2.1.3 and Remark 2.1.4, I/(\'Oo

is a perfectoid field, and we have a canonical identification of Galois groups
Gk = Gk, . The result then follows from the equivalence of categories given
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by Theorem 2.4.1, as we can think of ¢ as being an isomorphism of 657A—modules
@*M = M.

The same argument shows in (1) that the functor M s W(C*) 4 ®@a, , M is
an equivalence of categories between the category of projective étale p-modules
over Ag 4, and the category of projective étale (p,Gk,,.)-modules with A-
coefficients. Since I'x = Gx/Gk,,., this extends to the claimed equivalence of
categories, noting that by construction the continuity of the I'-action on M
is equivalent to the continuity of the Gg-action on W(C")4 ®a, , M (since
Lemma 2.2.18 shows that the Gx-action on W (C®) 4 is continuous). O
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Chapter 3

Moduli stacks of p-modules
and (¢, [')-modules

In this chapter we build on the results of [EG21] (which in turn built on [PR09])
to construct our stacks of (y,I')-modules, and various related stacks of -
modules. We show in particular that our stack Xk 4 of (¢,T')-modules is Ind-
algebraic.

3.1 Moduli stacks of p-modules

In this section we put ourselves in the context of Situation 2.2.15; we also
remind the reader that the notion of étale ¢-module is defined in Section 2.5.
We furthermore fix a finite extension F/Q, with ring of integers O and residue
field F'; all of our coefficient rings from now on will be O-algebras. All of our
constructions are compatible with replacing F by a finite extension, and we will
typically not comment on this, although see Remark 3.1.2 below.

If we fix integers a,d > 1, then we may follow [EG21, §5] and define an fpgc
stack in groupoids RY over Spec O/w® as follows: For any O/w®-algebra A,
we define R%(A) to be the groupoid of étale p-modules over A4 which are
projective of rank d. If A — B is a morphism of O-algebras, and M is an
object of RY(A), then the pull-back of M to R3(B) is defined to be the tensor
product Ap ®a, M.

A key point is that this definition does not require Aj; to be ¢-stable, al-
though (as far as we know) this hypothesis is required to make any deductions
about R beyond the fact that it is an fpgc stack (which relies just on Drinfeld’s
general descent results, as described in [Dri06] and [EG21, §5.1]).

Since we are ultimately interested in questions of algebraicity or of Ind-
algebraicity, from now on we regard RS as an fppf stack over O/w®. By [Sta,
Tag 04WV], we may also regard the stack Ry as an fppf stack over O, and as
a varies, we may form the 2-colimit R := ligrla RY, which is again an fppf stack

95
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over 0. In fact Ry lies over Spf O := ligla Spec O/w?, the formal spectrum of
O with respect to the w-adic, or equivalently p-adic, topology.

We now fix a polynomial F' € W (k)[T| which is congruent to a positive
power of T' modulo p (for example, an Eisenstein polynomial).

3.1.1 Definition. Suppose that Aj is p-stable. Let h be a non-negative inte-
ger, and let A be a p-adically complete O-algebra. A ¢p-module of F-height at
most h over AX is a pair (9, par) consisting of a finitely generated T-torsion
free Aj—module M, and a p-semi-linear map @gy : M — M, with the further
properties that if we write

Doy :=1® o : @M — M,

then ®gy is injective, and the cokernel of ®gy is killed by F”.

A p-module of finite F-height over AX is a ¢p-module of F-height at most h
for some h > 0. A morphism of ¢-modules is a morphism of the underlying
AX-modules which commutes with the morphisms ®gy.

We say that a p-module of finite F-height is projective of rank d if it is a
finitely generated projective A{-module of constant rank d.

If we maintain the assumption that AT is ¢-stable, and if we fix integers
a,d > 1 and an integer h > 0, then we may again follow [EG21, §5] to define
an fpgc stack in groupoids Cih over Spec O/w® as follows: For any O/w®-
algebra A, we define C(CiL,h(A) to be the groupoid of ¢-modules of F-height at
most h over Ajg which are projective of rank d. If A — B is a morphism of
Z,-algebras, and 9 is an object of Cg , (A) then the pull-back of M to Cg ,,(B)
is defined to be the tensor product AE ®Aj .

Just as for the stack R, we may and do also regard the stack Cg,h as
an fppf stack over O, and we then, allowing a to vary, define Cq p, := li_r}na Cin
obtaining an fppfstack over O which in fact lies over Spf O. There are canonical
morphisms Cg , — Ry and Cq,n — Rq given by tensoring with A 4 over AT

3.1.2 Remark. If E'/E is a finite extension with ring of integers O’, then by
definition we have (with obvious notation) Cyqpnor = Capn X0 O’ (in the case
that AT is p-stable, so that these stacks are defined) and Rg,0r = Ra,0 X0 O
(in general).

The following lemma provides a concrete interpretation of the A-valued
points of the stacks we have defined, when A is a w-adically complete O-algebra
(rather than just an algebra over some O/w?).

3.1.3 Lemma. If A is a w-adically complete O-algebra, then there is a canoni-
cal equivalence between the groupoid of morphisms Spf A — Ry and the groupoid
of rank d étale p-modules over A 4. If Aj is furthermore @-stable, then there
is a canonical equivalence between the groupoid of morphisms Spf A — Cq pand
the groupoid of p-modules of rank d and F-height at most h over AX.

Proof. This is immediate from Lemma D.5. O
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We now apply the results of [EG21, §5] to deduce various results about the
stacks we have introduced. This requires the assumption that AT is (-stable.

3.1.4 Theorem. Suppose that A" is p-stable, and let a > 1 be arbitrary.

1. The stack Cg ), is an algebraic stack of finite presentation over Spec O/w*,
with affine diagonal.

2. The morphism Cg ,, — Ry is representable by algebraic spaces, proper, and
of finite presentation.

3. The diagonal morphism A : Ry — R X 0= Ry is representable by alge-
braic spaces, affine, and of finite presentation.

4. RY is a limit preserving Ind-algebraic stack, whose diagonal is repre-
sentable by algebraic spaces, affine, and of finite presentation.

Proof. Part (1) is [EG21, Thm. 5.4.9 (1)], and parts (2), (3) and (4) are proved
in [EG21, Thm. 5.4.11], except for the claim that RY is Ind-algebraic, which
is [EG21, Thm. 5.4.20]. O

3.1.5 Corollary. Suppose that AT is @-stable.

1. Cqp is a p-adic formal algebraic stack of finite presentation over Spf O,
with affine diagonal.

2. Rq is a limit preserving Ind-algebraic stack, whose diagonal is repre-
sentable by algebraic spaces, affine, and of finite presentation.

3. The morphism Cq, — Ry is representable by algebraic spaces, proper, and
of finite presentation.

4. The diagonal morphism A : Rq — Rq Xspt o Ra is representable by alge-
braic spaces, affine, and of finite presentation.

Proof. The first part is immediate from Theorem 3.1.4 (1) and Proposition A.13.
Everything else is immediate from Theorem 3.1.4. O

3.2 Moduli stacks of (¢, [')-modules

In this section we begin the study of our main objects of interest, namely the
moduli stacks of étale (p,I')-modules. As in Chapter 2 we fix a finite extension
K/Q,. As in Section 3.1, we also fix a finite extension E of Q, with ring of
integers O, which will serve as our ring of coefficients. As always, k denotes the
residue field of the ring of integers of K, and F denotes the residue field of O.

3.2.1 Definition. We let Xk 4 denote the moduli stack of projective étale
(¢, Tk )-modules of rank d. More precisely, if A is a p-adically complete O-
algebra, then we define X 4(A) (ie., the groupoid of morphisms SpfA —
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Xk 4) to be the groupoid of projective étale (¢, 'k )-modules of rank d with A-
coefficients, in the sense of Definition 2.7.6, with morphisms given by isomor-
phisms. If A — B is a morphism of complete O-algebras, and M is an object
of Xk 4(A), then the pull-back of M to Xk q(B) is defined to be the tensor
product AK,B QAk.a M.

It follows from the results of [Dri06], and more specifically from [EG21, Thm.
5.1.16], that Xk 4 is an fpgc stack over O. As in Remark 3.1.2, the definition
of Xk 4 behaves naturally with respect to change of the coefficient ring O.

One of the main results of this book is that Xk 4 is a Noetherian formal
algebraic stack. However, the proof of this is quite involved, and will only be
fully achieved at the conclusion of Chapter 5. In this section and the two that
follow it, we establish the preliminary result that X'k 4 is an Ind-algebraic stack.

We begin by discussing the moduli stacks of étale p-modules over Ag 4,
which will play an auxiliary role in our study of Xk 4.

3.2.2 Definition. We let Rk 4 denote the moduli stack of rank d projective
étale p-modules, defined as in Section 3.1, taking A to be Af.

If A} is -stable, then Corollary 3.1.5 applies to R q; this is in particular
the case if K/Q, is basic in the sense of Definition 2.1.12. Our first task is to
establish the same results for general K, which we will do by reducing to the
basic case.

3.2.3 Definition. If K/Q, is any finite extension, we set KP®i¢ = K N
KO(Cp‘”)'

By definition, KP2i¢ is basic, and (KP®¢)y = K. Note that the natural

restriction map r K — r Kbasic 1S an isomorphism, and induces an isomorphism
'k — T goasic. By [Win83, Thm. 3.1.2], A is a free A grasic-module of rank [K :
KP5i¢] = [K ({pee) : Ko((pe)], and the inclusion A grasic C A is p-equivariant,
so there is a natural morphism Ry g — Rgvasic g xvesic] given by forgetting
the Ak 4-algebra structure on an étale p-module.
3.2.4 Remark. As noted in Remark 2.1.13, in order to ensure that A} is -
stable, it suffices for K to be abelian over Q,. Thus, rather than relating the
theory for K to that for the field K¢ introduced above, we could just as well
relate it to any other subfield K’ of K which is abelian over Q,,, and for which
the natural map 'k — T'g/ is an isomorphism; e.g. the field K’ := K N ng
(where Q¢ denotes the maximal abelian extension of K). It doesn’t matter
(for our purposes) which particular K’ we choose; K2 is simply a convenient
choice.

3.2.5 Lemma. The morphism Rg.a — Rguvasic 4. fvasic] 1S Tepresentable by
algebraic spaces, affine, and of finite presentation.

Proof. We can prove the statement after pulling back via a morphism Spec A —
R gvasic g[K: Kbasic], Where A is an O /w®-algebra for some a > 1. This morphism
corresponds to a projective étale p-module over A guasic 4 of rank d[K : K basic)
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and we need to show that the functor on A-algebras taking B to the set of
projective étale p-modules over Ak p of rank d, whose underlying étale -
module over A grasie p coincides with Mp, is representable by an affine scheme
of finite presentation over Spec A.

Note that since Mp is projective and in particular flat over A gbasic g, we
have a natural inclusion i : Mp = Ag,B ®A .. , Mp. The additional struc-
ture needed to make Mp into a projective étale p-module over Ag p is the data
of a morphism of étale p-modules over A grasic g

f 1Ak B®a Mp — Mp

Kbasic g

satisfying the conditions that

1. the composite Mp i> Ag B ®a Mp i> Mp is the identity mor-

X Kbasic p
phism, and

2. the kernel of f is A p-stable.

(We can then define the A i p-module structure on Mp via the formula A-m :=
f(A® m). The first condition guarantees that this action is compatible with
the existing A grasic g-module structure on Mp, and the second condition that
()\1)\2) -m = )\1 . ()\2 m))

By [EG21, Prop. 5.4.8], the data of a morphism of étale g-modules f :
Agp® A gbasic g Mp — Mgp is representable by an affine scheme of finite pre-
sentation over Spec A, so it is enough to show that conditions (1) and (2) are
closed conditions, given by finitely many equations. To see this, we follow the
proof of [EG21, Prop. 5.4.8]. Exactly as in that argument, we can reduce to
the case that Mp is free, and after choosing bases, any f is determined by the
coefficients of finitely many powers of T" in the Laurent series expansions of the
entries of the matrix given by f. Condition (1) is then evidently given by finitely
many equations in these coefficients.

To see that the same is true of condition (2), note that since Mg is projective
and condition (1) implies in particular that f is surjective, we have a splitting
AK.B ®A, e , M = Mp @ ker(f). The projection onto ker(f) is given by
(1 —io f), so the condition that ker(f) is Ak, p-stable is the condition that for
any A in Ak g, and any m € Mp, we have

fA(m —i(f(m)))) = 0.

This is evidently a closed condition, and since Ak g and Mp are both finitely
generated A goasic p-modules, it is determined by finitely many equations, as
required. O

3.2.6 Corollary. The stack Rk q s a limit preserving Ind-algebraic stack,
whose diagonal is representable by algebraic spaces, affine, and of finite pre-
sentation.

Proof. This follows from Lemma 3.2.5, Corollary 3.1.5 (which establishes the
claimed properties for R gbasic g[f:gbasic]), and Corollary 3.2.9 below. O
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The following series of results concerning morphisms of stacks culminates in
Corollary 3.2.9, which was used in the proof of Corollary 3.2.6.

3.2.7 Lemma. Let X — Y be a morphism of stacks over a base scheme S,
which is representable by algebraic spaces. As usual, let Ay : X — X xy X
denote the diagonal of f. If f is of finite type and quasi-separated, then Ay is
of finite presentation.

Proof. This can be checked after pulling back along an arbitrary morphism
T — Y, where T is a scheme, and hence reduced to the case of a morphism from
an algebraic space to a scheme. In this case, the claim of the lemma is proved
in [Sta, Tag 084P]. O

3.2.8 Lemma. Let f : X — Y be a morphism of stacks over a base scheme S
which is representable by algebraic spaces, has affine diagonal, and is of finite
type. Suppose that the diagonal of Y is representable by algebraic spaces, affine,
and of finite presentation. Then the diagonal of X is also representable by
algebraic spaces, affine, and of finite presentation.

Proof. We may factor the diagonal of X as
X =X xy X = X xgX.

Since the morphism X xy X — X xg X is pulled back from the diagonal
Y — Y x5 Y, it is enough to show that the relative diagonal Ay : X — X xy X
is representable by algebraic spaces, affine, and of finite presentation.

Now Ay is representable by algebraic spaces (since f is), and affine (by
assumption). Since affine morphisms are quasi-compact, we see that f is quasi-
separated, as well as being of finite type (by assumption); thus Ay is of finite
presentation (by Lemma 3.2.7). O

3.2.9 Corollary. Let X — Y be a morphism of stacks which is representable
by algebraic spaces, affine, and of finite presentation. If Y is a limit preserving
Ind-algebraic stack, whose diagonal is representable by algebraic spaces, affine,
and of finite presentation, then the same is true of X.

Proof. The claimed limit preserving property of X follows, by [EG21, Lem. 2.3.20 (3)],
from that of ) and the fact that X — ) is of finite presentation, while the
claimed Ind-algebraic property of X follows from that of ) and the fact that
X — ) is representable by algebraic spaces. Finally, the claimed properties
of the diagonal of X follow from those of ) by Lemma 3.2.8. (Note that by
assumption the hypotheses of Lemma 3.2.8 hold, since morphisms of finite pre-
sentation are in particular of finite type, while affine morphisms are separated,
and thus have their diagonals being closed immersions, which in particular are
again affine.) O

We now give a concrete description of R ; as an Ind-algebraic stack which
will be useful in Chapter 7. In order to state it, we introduce the nota-

tion C(Il(baSiC,d[K:KbaSiC],h for the stack over Spec O/w® classifying rank d pro-


http://stacks.math.columbia.edu/tag/084P

3.2. MODULI STACKS OF (p,T')-MODULES 61

jective ¢-modules over A}basic 4 of T-height at most h; by Theorem 3.1.4,
C‘;(basic’ d[K:Kbasic] is an algebraic stack of finite presentation over Spec O/w®.
We begin with a lemma which is a variant of one of the steps appearing in

the proof of [EG21, Thm. 5.4.20].

3.2.10 Lemma. If T — Ricq s a morphism whose source is a Noetherian
scheme, then there is a Noetherian scheme Z and a scheme-theoretically dom-
inant and surjective morphism Z — T such that the composite Z — T —
Rica — ’R;}basic’d[K:Kbasic] can be lifted to a morphism Z — C%basic’d[K:Khasic]’h
for some sufficiently large value of h.

Proof. Since T is Noetherian, is is quasi-compact, and so admits a scheme-
theoretically dominant surjection from a Noetherian affine scheme (e.g. the dis-
joint union of the members of a finite cover of T by affine open subsets). Thus
we are reduced to the affine case.

Since T is affine, by [EG21, Prop. 5.4.7], we may find a scheme-theoretically
dominant surjection Z = Spec A — T such that the étale p-module M over
A corresponding to the composite Z — T — Rk 4 is free (of rank d) over
A 4 (rather than merely projective). Thus M is also free (of rank d[K :
KP25) over A gvasic 4. We may then choose a ¢-stable A jbasic 4-basis of M.

If we let 9t denote the A;basic 4-module spanned by this basis, then 90 is
p-invariant, and has some height h. Thus 97 induces the desired morphism
Z = C% O

K basic 7d[[{J{basic] ,h .

We now give the promised description of the Ind-algebraic stack structure
on Ri 4.

3.2.11 Lemma. Fix a > 1, and for each h > 0, let R 4 gvaste j, denote the
scheme-theoretic image of the base-changed morphism

a
Cd[K:KbaSic],h XRKbasic’d[K:Kbasic] RK7d — RK,d?

50 that RY. ; jevasic , 15 a closed algebraic substack of R%d. Then the canonical

morphism hmh RK,d,Kbasic,h — RK,d is an tsomorphism.

Proof. We have to show that any morphism 7" — R ; whose source is a scheme
factors through the inductive limit. Since R , is limit preserving, we may
assume that T is of finite type over O/w?®. Let Z — T be as in the statement
of Lemma 3.2.10. Then the composite

Z TRy (3.2.12)

. . a
lifts to a morphism Z — Cg . revasic) j, XR cvasic g xbasic; [0K.d> and hence the

morphism (3.2.12) factors through R?{,d,KbaSiC,h' Since Z — T is scheme-
theoretically dominant, the original morphism 7" — R ; also factors through
R‘;( dKbasic > and hence through the inductive limit. Thus the lemma is proved.
(We remark that this argument is essentially identical to that used to prove [EG21,

Thm. 5.4.20].) O
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We now turn to studying I'x-actions on our ¢-modules. To ease notation,
write I' = I' from now on. We choose a topological generator v of I', and let
Caise == <’7>§ 50 Dgise = Z.

8.2.13 Remark. Since I'gisc is dense in I', while a projective étale ¢p-module M
is complete with respect to its canonical topology, in order to endow M with
the structure of an étale (¢, I')-module, it suffices to equip M with a continuous
action of Tgisc (Where we equip Tgisc with the topology induced on it by T').

In order to study the properties of Xk 4 we will take advantage of Re-
mark 3.2.13. Accordingly, we now consider the moduli stack of projective étale
p-modules of rank d equipped with a semi-linear action of I'gjsc. We don’t intro-
duce particular notation for this stack, since the following proposition identifies
it with a fixed point stack Rl;(dd, which we now define.

There is a canonical action of I'gisc on Ry (that is, a canonical morphism
v :Rqg — Rq): if M is an object of Ry4(A), then v(M) is given by v*M =
Ag A @y A s M. (Note that this is naturally a ¢-module, because the action
of v on Ak 4 commutes with ¢.) Then we set

Ry =Ry %  Ra,
A,Rd XR,LFA,

where A is the diagonal of R4 and Iy is the graph of 7, so that I'y (z) = (x, y(x)).

3.2.14 Proposition. The moduli stack of projective étale p-modules of rank d
equipped with a semi-linear action of Tqisc s isomorphic to the fixed point stack
Rgdisc.

Proof. Using the usual construction of the 2-fibre product, we see that Rgd‘“
consists of tuples (x,y,,3), with z,y being objects of R4, and o : © — y
and B : y(x) — y being isomorphisms. This is equivalent to the category
fibred in groupoids given by pairs (z,t¢) consisting of an object = of R4 and
an isomorphism ¢ : y(z) — x. Thus an object of R}%*(A) is a projective
étale p-module of rank d with A-coefficients M, together with an isomorphism
of p-modules ¢ : v*M -~ M; but this isomorphism is precisely the data of a
semi-linear action of T'gisc = (y) on M, as required. O

Since R4 is an Ind-algebraic stack, so is Rgd‘“. More precisely, we have the
following lemma.

3.2.15 Lemma. Rg‘““ s a limit preserving Ind-algebraic stack, whose diagonal
is representable by algebraic spaces, affine, and of finite presentation.

Proof. The description of Rg““sc as a fibre product shows that the forgetful
morphism Rdrd‘“ — Ra (given by forgetting the T'gjsc-action) is representable
by algebraic spaces, affine, and of finite presentation, since these properties
hold for the diagonal of R4, by Corollary 3.2.6. The claim of the lemma is
now seen to follow via another application of Corollary 3.2.6, together with
Corollary 3.2.9. O



3.2. MODULI STACKS OF (p,T)-MODULES 63

Restricting the I'-action on an étale (p,I')-module to I'gisc (and taking into
account Proposition 3.2.14), we obtain a morphism Xk 4 — Rg‘““, which by
Remark 3.2.13 is fully faithful. Thus Xk 4 may be regarded as a substack of
Rgdisc.

As already noted, the first step in proving that Xk 4 is a Noetherian formal
algebraic stack is to show that it is an Ind-algebraic stack. Although Xg 4
is a substack of the Ind-algebraic stack Rg‘““, it is not a closed substack, but
should rather be thought of as a certain formal neighbourhood of X ;cq in Rdrd‘“
(see Remark 7.2.18), and so even this statement will require additional work to
prove. We begin with the following lemma, which allows us to reduce to the
case that K is basic.

3.2.16 Lemma. We have a 2-Cartesian diagram

XK,d — XKbasic ,d[K: K basic]

l |

N isc r isc
RKd,d - R;basic,d[K:Kbasic]
where the horizontal arrows are the natural maps (forgetting the A x-module
structure), and the vertical arrows are the monomorphisms given by restricting
the T'-action to Tgjsc-

Proof. Unwinding the definitions, we need to show that if A is an O/w-algebra
for some a@ > 1, and M is an étale p-module over A g 4 with a semi-linear action
of T'gisc, then the action of I'gjsc extends to a continuous action of I if and only
if the same is true of M regarded as a module A grasic 4. Since Ag 4 is free
of finite rank over A guasic 4, this is clear (for example, because it follows from
Lemma D.7 that the set of lattices in M regarded as an Ak, 4-module is cofinal
in the set of lattices in M regarded as an A guasic 4-module). O

As a consequence of Lemmas 3.2.5 and 3.2.16, we can deduce some properties
of X4 from the corresponding properties of R4.

3.2.17 Proposition.

1. The morphism Xia — Xpgvasic gk grasic] @S representable by algebraic
spaces, affine, and of finite presentation.

2. The diagonal of Xk q is representable by algebraic spaces, affine, and of
finite presentation.

Proof. To make the proof easier to read, we write R for Ry g4 and R goasic

. Ta; Tais
for R gvasic q(fc. vasic]. We factor the morphism Ryfe — R S5, as

RIde = Ry X Ri — Ri X Ry
ARKXRK,Ty AR pebasic X R gebasic sy

Tais
— R goasic X R gvasic =: RK%;:;C.
AR pebasic XR gbasic [y
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By Lemma 3.2.5, the morphism Rxg — Rgwvasic is representable by algebraic
spaces, affine, and of finite presentation. Thus so is the second arrow in the
preceding displayed expression. The first arrow is a base-change of a product of
two copies of the diagonal

Rk — Rk XRKbasic Rik.

As in the proof of Lemma 3.2.8, we deduce from Lemma 3.2.5 that this diagonal
is representable by algebraic spaces, affine, and of finite presentation. Thus so is
the first arrow in the expression, and hence so is the morphism er’*c — Rl;(dg;i,c.

It follows from Lemma 3.2.16 that Xx 4 — XKbasic7d[K4Kb1<lc] is then also
representable by algebraic spaces, affine, and of finite presentation. The claimed
properties of the diagonal of Xk 4 follow from the corresponding properties of

the diagonal of Rl;{ddc proved in Lemma 3.2.15, together with the fact that

Xr.qa — R%E“ is a monomorphism. O

From now on we will typically drop K from the notation, simply writing X,
R4 and so on. We conclude this section by showing that Xy is limit preserving,
using the material on lattices and continuity developed in Appendix D.

3.2.18 Lemma. We have ¥(T) — T € pAg a+ T?Aj 4. If K is basic then
1T) =T € (p,T)TA% 5.

Proof. Given the definitions of Ag 4 and A+ KA in terms of Agx and AK,
suffices to prove the lemma for these latter rings (i.e. in the case when A =
Z,). We then reduce modulo p, and write v(T) = > 2 a,T%, with a; € koo
and a, # 0. Since the action of v is continuous for the T-adic topology7 we see in
particular that for m > 0 sufficiently large, we have (7)™ = V(Tm) € Tkoo|[T]].
Since y(T)™ = al?T™ + ..., we see that n > 0. Since 47" — 1 as s — 00,
we see that n = 1 and that a1 = 1 for all sufficiently large s, which implies
that a; = 1.

If K is basic then we have chosen T so that y(T') € TAJ[(’A7 so that yv(T')—T €

(p, T)TA}’A by the above. O

If K is basic, it follows from Lemma 3.2.18 that (D.24) holds, so that by
Lemma D.27 we can use the material on T-quasi-linear morphisms developed
in Appendix D to study the action of ~.

3.2.19 Lemma. X is limit preserving.

Proof. By Proposition 3.2.17 it suffices to prove this in the case that K is
basic (since a morphism which is of finite presentation is in particular limit
preserving). Since Xy < Rgdi“ is fully faithful, and Rgd‘“ is limit preserving
by Corollary 3.1.5, it suffices to prove that X, is limit preserving on objects.
Since RF‘““ is limit preserving on objects, we are reduced to showing that
if T = im, T; is a limit of affine schemes, and T;, — RF‘“SC is a morphism with
the property that the composite

Taise
T =T, — Ry!
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factors through Xy, then for some ¢ > ig, the composite
T, — Tio N Rgdisc

factors through Xjy. This follows from the equivalence of conditions (1) and (7)
of Lemma D.28, together with Lemma D.31. O

3.3 Weak Wach modules

In this section we introduce the notion of a weak Wach module of height at

most h and level at most s. These will play a purely technical auxiliary role for

us, and will be used only in order to show that X, is an Ind-algebraic stack.
We suppose throughout this section that K is basic.

3.8.1 Remark. By Lemma D.28, if A is an O/w%algebra for some a > 1, and
M is a rank d projective p-module of T-height < h over A, such that 9[1/T)
is equipped with a semi-linear action of I'gjsc, then this action extends to a
continuous action of T if and only if for some s > 0 we have (y?" —1)(9) C THN.

3.3.2 Definition. Suppose that K is basic. A rank d projective weak Wach
module of T-height < h with A-coefficients is a rank d projective p-module I
over A, ,, which is of T-height < h, such that 9[1/7] is equipped with a semi-
linear action of I’ which is furthermore continuous when 9[1/T] is endowed with
its canonical topology (see Remark D.2).

If s > 0, then we say that 9 has level < s if (%" — 1)(M) < TM.
Remark 3.3.1 shows that any projective weak Wach module is of level < s for
some s > 0.

A special role in the classical theory of (¢, I')-modules is played by the weak
Wach modules of level 0. However, this will not be important for us.

3.3.3 Definition. We let Wy ;, denote the moduli stack of rank d projective
weak Wach modules of T-height < h. (That this is an fpgc stack follows as in
Definition 3.2.1.) We let Wy 5, s denote the substack of rank d projective weak
Wach modules of T-height < h and level < s.

We recall from Section 3.1 that there is a p-adic formal algebraic stack Cq p,
classifying rank d projective ¢-modules of T-height at most h. We consider
the fibre product Rdrd‘“ X R4 Cd,n, where the map RS‘“SC — Ry is the canonical
morphism given by forgetting the I'gisc action. By Proposition 3.2.14, this is the
moduli stack of rank d projective ¢p-modules 9t of T-height at most h, equipped
with a semi-linear action of T'gisc on 9M[1/T].

3.3.4 Lemma. Rgd‘“ XRr, Can is a p-adic formal algebraic stack of finite pre-
sentation over Spf O.

Proof. The map RS‘“SC — R, is representable by algebraic spaces and of finite
presentation, being a base-change of the diagonal of R4, which is representable
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by algebraic spaces and of finite presentation by Corollary 3.1.5. Again by
Corollary 3.1.5, Cq4 , is a p-adic formal algebraic stack of finite presentation, and
thus ’Rg‘““ xR, Cq.n is a p-adic formal algebraic stack of finite presentation, as
claimed. O

Restricting the I'-action on a weak Wach module to I'gisc, we obtain a mor-
phism Wy, — RZ‘“S“ xR, Ca,n, which, by the evident analogue for weak Wach
modules of Remark 3.2.13, is fully faithful. Thus Wy ;, may be regarded as a sub-
stack of Rgd‘“ Xy Ca,n. The following proposition records the basic properties
of the stacks Wy 5 and Wa 6.

3.3.5 Proposition.

1. For s > 0, the morphism
Taisc
Wd,h,s 4>’R,dd XRa4 Cd,h

is a closed itmmersion of finite presentation. In particular, each of the
stacks Wa n,s 15 a p-adic formal algebraic stack of finite presentation over
Spf O.

2. If s > s, then the canonical monomorphism Wy s < Wan,s 1S a closed
immersion of finite presentation.

8. The canonical morphism 1'%5 Wa.h,s = Wa,p, s an isomorphism. In par-
ticular, Wa,p, is an Ind-algebraic stack.

Proof. Since Rg‘““ X, Ca,n classifies p-modules 9 that are projective of rank
d and of T-height < h, which are endowed with a I'gjs.-action on the under-
lying étale p-module, in order to prove (1), we must show that the condition
that (7" — 1)(9) € TM is a closed condition, and is determined by finitely
many equations. It suffices to check this after pulling back via an arbitrary mor-
phism Spec A — Rgd‘“ X R, Ca,n, where A is an O/w-algebra for some a > 1.

This morphism gives rise to a projective A}; 4 p-module M, such that M :=
9M[1/T] is étale, and is furthermore endowed with a semi-linear I'gjsc-action. As
already stated above, we must now check that the condition (v?" —1)(90%) C T9
is a finitely presented closed condition (in the sense that it holds after replacing
M by Mp = AEB DAt M for an A-algebra B if and only if Spec B — Spec A
factors through a certain finitely presented closed subscheme of Spec A).

Note firstly that for n sufficiently large, we have (y*" — 1)(T"9) C T9N.
Indeed, writing

Vo= (- D+ 1

and expanding via the binomial theorem, it suffices to show that for n sufficiently
large, we have (v — 1) (T™9) C T for all 0 < m < p®; and this is immediate
from Lemma D.19.

We next choose a finitely generated projective A}’ 4-module 9 such that § :=
M d N is free, and write N := N[1/T], F := F[1/T]. Extend the mor-
phism 4?" — 1 : M — M to the morphism f : F — F given by (4#" — 1,0) :
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M@ N — M @ N, so that the condition that (47" — 1)(9%) C T is equivalent
to asking that f(F) C T§. By our choice of n above, the morphism § — F/T§
induced by f factors through a morphism §/7T"§ — F/T7g; since § is finitely
generated, after enlarging n if necessary, it factors through §/7"§ — T "F/T5.
The vanishing of this morphism is obviously a closed condition; indeed it is given
by the vanishing of finitely many matrix entries, so is closed and of finite pre-
sentation, as required.

Since Rg‘““ X, Can is a p-adic formal algebraic stack of finite presentation
over Spf O, it follows that so is each Wy p 5. That Wy s < Wiy p s is a closed
immersion of finite presentation follows immediately from a consideration of the
composite

Wans = Wans = Ry Xz, Can,

as we have just shown that both the composite and the second morphism are
closed immersions of finite presentation. Thus we have proved (1) and (2).

For (3), we need to show that every morphism Spec A — Wy ,, where A is
an O/w-algebra for some a > 1, factors through Wy 5, s for s sufficiently large.
As we already noted in Definition 3.3.2, this follows from Remark 3.3.1. Since
each Wy s is an Ind-algebraic stack, so is Wq,p. O

3.4 A, is an Ind-algebraic stack

Continue to assume that K is basic. By definition, we have a 2-Cartesian
diagram

Wapn —— 'Rgdiﬁc Xy Cd.h (3.4.1)

| |

Idisc
%%Rd

If b’ > h then the closed immersion C4p < Cqp is compatible with the mor-
phisms from each of its source and target to R4, and so we obtain a closed
immersion

Wan — Wa,n. (3.4.2)

By construction, the morphisms Wy — &y are compatible, as h varies,
with the closed immersions (3.4.2). Thus we also obtain a morphism

liﬂwdﬁh — Xy (343)
h
Roughly speaking, we will prove that X is an Ind-algebraic stack by showing

that it is the “scheme-theoretic image” of the morphism ligh Wan — Rgd‘“
induced by (3.4.3). More precisely, choose s > 0, and consider the composite

Wan,s = Wan — Xg — ’R,gdi“. (3.4.4)
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This admits the alternative factorization
w W RFdisc C erisc
d,h,s = Wd,n — Xy XRg Cdp — K77

Proposition 3.3.5 shows that the composite of the first two arrows is a closed
embedding of finite presentation, while Corollary 3.1.5 shows that the third
arrow is representable by algebraic spaces, proper, and of finite presentation.
Thus (3.4.4) is representable by algebraic spaces, proper, and of finite presen-
tation.

Fix an integer a > 1, and write Wg7h7s = Wa.n,s Xspto Spec O/w®. Propo-
sition 3.3.5 shows that W, j,  is a p-adic formal algebraic stack of finite presen-
tation over Spf O, and so Wy, , is an algebraic stack, and a closed substack of
Wa,h,s-

3.4.5 Definition. We let X7, . denote the scheme-theoretic image of the com-
posite

W:il,h,s — Wd,h,s (%—4;1) Rdr‘““, (346)

defined via the formalism of scheme-theoretic images for morphisms of Ind-
algebraic stacks developed in Appendix A.

More concretely, since Rg‘““ is an Ind-algebraic stack, constructed as the 2-
colimit of a directed system of algebraic stacks whose transition morphisms are
closed immersions, the morphism (3.4.6), which is representable by algebraic
spaces, proper, and of finite presentation, factors through a closed algebraic
substack Z of Rgd‘sc. We then define X7, . to be the scheme-theoretic image

of Wi, s in Z. Note that X7, . is a closed algebraic substack of RY%e | and is
independent of the choice of Z.

3.4.7 Remark. As already observed above, the morphism (3.4.6) factors through
X;. However, since at this point we don’t know that X; is Ind-algebraic, we
can’t directly define a scheme-theoretic image of W5, - in &y. It might be
possible to do this using the formalism of [EG21]; since (3.4.6) is proper, this
scheme-theoretic image would then coincide with X7, .. We don’t do this here;
but we do prove somewhat more directly, in Lemma 3.4.9 below, that X7, _ is
a substack of Xj.

As in Definition D.6, a lattice M in a projective étale p-module M is a
finitely generated A}Z’ 4-submodule of M whose A g 4-span is M. Note that 9t
is not assumed to be projective.

3.4.8 Lemma. Suppose that M is a projective étale w-module of rank d over
a finite type Artinian O/w®-algebra A, and that M is endowed with an action
of Tqise, such that the corresponding morphism Spec A — RS‘“SC factors through
Xips- Then M contains a @-invariant lattice I of T-height < h, such that

(77" = 1)(9m) € TIM.

Proof. Since an Artinian ring is a direct product of Artinian local rings, it
suffices to treat the case that A is local. Let the residue field of A be F’, a



3.4. X4 IS AN IND-ALGEBRAIC STACK 69

finite extension of F, and write @’ for the ring of integers in the compositum
of E and W (F')[1/p], so that O’ has residue field F’; note that A is naturally
on (-algebra.

The projective étale ¢-module M is in fact free of rank d, since Ak 4 is
again a local ring, and we fix an (ordered) basis for M as an A, 4-module.
Write Mp/ := Ak 7/ ®a o M; the Ay a-basis of M gives rise to a corresponding
A pr-basis of Mgs. Let Cos be the category of Artinian local O’ /w®-algebras
for which the structure map induces an isomorphism on residue fields. By a
lifting of Mg/ to an object A of Cop/, we mean a triple consisting of an étale
p-module M, which is free of rank d, a choice of (ordered) A a-basis of Mj,
and an isomorphism My @ F' = Mg of étale p-modules which takes the chosen
basis of My to the fixed basis of Mg/. Let D be the functor Cor — Sets taking A
to the set of isomorphism classes of liftings of Mg/ to an étale p-module My
with A-coefficients, endowed with an action of I'gjsc lifting that on Mg,. Note
that A is an object of Cor, and that our originally chosen basis for M is classified
by a continuous morphism R — A.

The functor D is pro-representable by an object R of pro-Cos, by the same
argument as in the proof of [EG21, Prop. 5.3.6]: namely, by Grothendieck’s
representability theorem, it suffices to prove the compatibility of D with fibre
products in Cor, which is obvious. The universal lifting Mp gives a morphism
Spf R — Rg‘““. The composite Spec A — Spf R — Rg‘““ is of course just the
morphism that classifies M.

We let D’ denote the subfunctor of D consisting of those lifts for which
there is a lattice My of F-height < h and level < s, with M, [1/T] = M. (More
precisely, we require that 779ty C (1 ® par, ) (@ MMa) and (¥7° — 1)(9My) C
T A.) We claim that the functor D’ is pro-representable by a quotient S of R.
To see this, it is again enough to show that D’ preserves fibre products, and in
turn it is enough to show that the property of an étale p-module M with an
action of I'gisc admitting a p-stable lattice 91 of T-height < h, and such that
(v?" —1)(9M) C TN, is stable under taking direct sums and subquotients. This
is obvious for direct sums, and the case of subquotients follows as in [EG21, Lem.
5.3.10] (which is the same result without the conditions on I'qgisc). More precisely,
once checks that if we have a short exact sequence 0 — M’ — M — M" — 0
of étale p-modules with A-coefficients and actions of T'gisc, and 9 is a lattice
of the appropriate kind in M, then the kernel and image of the map 9t — M
give the appropriate lattices 9, 9M” in M’, M" respectively. (The properties
that (77" — 1)(9) € TN and (v*° — 1)(M”) C TM” follow from a short

diagram chase, using that the composite 9t (7;7; Y M — M/TO% vanishes by
hypothesis.)

By the definition of D’, the statement of the lemma is equivalent to the
statement that the map R — A factors through S. Let X = W, 5 XRZ‘“SC Spf R,

a formal algebraic space, and let SpfT be the scheme-theoretic image of the
morphism X — Spf R. Since the morphism Spec A — Rgd‘“ factors through
X 1. by hypothesis, the morphism Spec A — Spf R factors through SpfT so
it is enough to show that SpfT is a closed formal subscheme of SpfS. By
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Lemma A.32, it in turn suffices to show that if A’ is a finite type Artinian
local R-algebra for which R — A’ factors through a discrete quotient of R,
and for which the morphism Wy j, s X ,rai.. Spec A” — Spec A’ admits a section,
then R — A’ factors through S. ’

By replacing R with R @y gy k(A’) we can reduce to the case that A" has
residue field F' (cf. [EG21, Cor. 5.3.18]), so that R — A’ factors through S
if and only if the étale p-module corresponding to Spec A’ — ’Rdrd““ admits
a p-stable lattice M4, of T-height < h for which (fyps —1D(Ma) C TN A
But a section to the morphism Wy s X ,rg.. Spec A’ — Spec A’ gives us a

d

R

R
morphism Spec A" — Wy p, s, and the corresponding weak Wach module provides
the required lattice. O

3.4.9 Lemma. Each X7, ; is a closed substack of Xy.

Proof. Since Xy, . is a closed substack of RY % if it is a substack of X, it will in
fact be a closed substack. Thus it suffices to show that X7, _ is indeed a substack
of Xg. Since X, ; is limit preserving, it is enough to check that if A is a finite
type O/w*-algebra, then for any morphism Spec A — X s> the composite
morphism Spec A — Xins = R};(“SC factors through X;. Equivalently, if M
denotes the étale p-module over A, endowed with a T'gjsc-action, associated to
the given point Spec A — RS‘“SC, then we must show that the I'g;s.-action on
M is continuous.

By Lemma D.28, to see that the I'gijsc-action on M is continuous, it suffices
to produce a lattice M C M such that (47" — 1)(9M) € TM. We will produce
such a lattice by reduction to the Artinian case, as follows. Let {4;};cs be the
directed system of Artinian quotients of A. Since A is of finite type over O/w?,
and so Noetherian, the natural map A — B := []; A; is injective. Lemma 3.4.8
shows that each base-changed module My, admits a p-invariant lattice 9; of
T-height < h satisfying the condition (47" — 1)(90%;) C T9N,.

Write Mp = [[,M; C Mp, and set M := M NMp C Mp. Since (’yps —
)(Mp) C TMp, we have (v2° — 1)(M) C TN, so it only remains to check
that 90 is a lattice. To see this, let 9 be a finite height lattice in M (i.e. a
lattice in M which is ¢-stable, and for which the cokernel of ® is killed by a
power of T; such a lattice exists by [EG21, Lem. 5.2.15]). By Lemma D.7 (3),
it suffices to prove that there is an integer I > 0 such that 7'9% C 9 C T,
Accordingly, if for each ¢ we let 9, denoted the image of 9M; ®4 A; in Ma4,, we
need to show that we have lemg M, C T—lzm;.

The existence of such an [ is established in the course of the proof of [EG21,
Lem. 5.3.14], although this is not explicitly recorded there. For the convenience
of the reader, we recall the argument in our present setting. Increasing h if
necessary, we may assume that 9 has T-height at most h. It follows that 9
and 9; are each ¢-stable lattices of height at most h in M4,. We claim that
we may take I = |(h+ap)/(p—1)].

To see this, let 7 be minimal such that T991; C 2; then we have

Pon, (™M) €M C TIMYG C T~ Doy (0700,
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so that Thip*M; C *IM.. Tt follows from [EG21, Lem. 5.3.13] that h+ j >
(j—a)p, so that j < (h+ap)/(p—1), and j < I by definition. Thus T'90; C M,
as claimed. Reversing the roles of 90; and 90, we have T'O, C 9M;, and we are
done. O

We now prove our first key structural result for Ay, in the case when K is
basic.

3.4.10 Proposition. If K is basic, then the canonical morphism lig)(jh’s —
Xy is an isomorphism. Thus Xy is an Ind-algebraic stack, and may in fact be
written as the inductive limit of algebraic stacks of finite presentation, with the
transition maps being closed immersions.

Proof. Note firstly that if ' > a, b’ > h and s’ > s then the canonical mor-
phism X7, & — X(i;b,,s/ is a closed immersion by construction. By Lemma 3.4.9,
each X . is a closed substack of Xy, so it remains to show that any mor-
phism T' — X; whose source is an affine scheme factors through some X7, ., or
equivalently, that the closed immersion .

Xy xx, T —T (3.4.11)

is an isomorphism, for some choice of h and s.

Since Xy is limit preserving, by Lemma 3.2.19, we can reduce to the case
where T' = Spec A for a Noetherian O/w®-algebra A. If M denotes the étale
(¢,T)-module corresponding to the morphism Spec A — X, then an appli-
cation of [EG21, Prop. 5.4.7] shows that we may find a scheme-theoretically
dominant morphism Spec B — Spec A such that Mp is free of rank d. If we
show that the composite Spec B — Spec A — X, factors through X7,  for some
h and s, then we see that the morphism Spec B — Spec A factors through the
closed subscheme X7, . X x,Spec A of Spec A. Since Spec B — Spec A is scheme-
theoretically dominant, this implies that (3.4.11) is indeed an isomorphism, as
required.

Since Mp is free, we may choose a @-invariant free lattice 9t C Mp, of height
< h for some sufficiently large value of h. Since the I'gisc-action on M, and hence
on Mp, is continuous by assumption, Lemma D.28 shows that (y?" — 1)(9%) C
T for some sufficiently large value of s. Then 90t gives rise to a B-valued point
of Wy}, s» whose image in Rgc““ is equal to the étale p-module Mp. Thus the
morphism B — X corresponding to Mp does indeed factor through X dhs O

Finally, we drop our assumption that K is basic.

3.4.12 Proposition. Let K be an arbitrary finite extension of Q,. Then Xy
18 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. Furthermore the diagonal of Xy is representable by
algebraic spaces, affine, and of finite presentation.

Proof. This is immediate from Propositions 3.2.17 and 3.4.10, together with
Corollary 3.2.9. O
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3.5 Canonical actions and weak Wach modules

We now explain an alternative perspective on some of the above results, which
gives more information about the moduli stacks of weak Wach modules. The
results of this section are only used in Chapter 7, where we use them to establish
a concrete description of Xy in the case d = 1. For each s > 0, we write Kcyc s
for the unique subfield of K.y which is cyclic over K of degree p®. The following
lemma can be proved in exactly the same way as Lemma 4.3.3 below.

3.5.1 Lemma. Assume that K is basic. For any fixed a,h, there is a con-
stant N(a,h) such that if N > N(a,h), there is a positive integer s(a,h, N)
with the property that for any finite type O/w®-algebra A, any finite projec-
tive @-module M over A}A of T-height at most h, and any s > s(a,h,N),
on Mot .— Aint A ®AI+(A m
which commutes with ¢ and is semi-linear with respect to the natural action
of Grk.,... on At .4, with the additional property that for all g € Gk, we
have (g — 1)(9M) c TNinE,

there is a unique continuous action of Gk

cyc,s

It is possible to prove the following result purely in the world of (¢, T')-
modules (by following the proof of Lemma 4.3.3, interpreting the existence of a
semilinear action of I'c_ . in terms of linear maps between twists of ¢-modules,
satisfying certain compatibilities), but we have found it more straightforward
to argue with Proposition 2.7.8.

3.5.2 Corollary. Assume that K is basic. For any fized a,h, there is a con-
stant N(a,h) such that if N > N(a,h), there is a positive integer s(a,h, N)
with the property that for any finite type O/w®-algebra A, any finite projective
p-module M over AEA of T-height at most h, and any s > s(a,h,N), there
s a unique semi-linear action of (’yps> on M which commutes with ¢, and with
the additional property that (47" — 1)(9%) C TNM.

In particular, this action gives M[1/T] the structure of a projective étale
(¢, Tk, )-module.

Proof. By Lemma 3.5.1, there is a a unique continuous semi-linear action of G,
on Iinf .= Ainp A ® AL, O which commutes with ¢, with the additional prop-

erty that for all g € Gk, we have (g — 1)(OM) C TNM™. Write M :=
Aga@pr M M= W(C)a ®ay, . M. By Proposition 2.7.8, the G, .-

action on M endows M with the structure of a projective (¢, Tk, -module

cyc,s)
with A-coefficients, and M with its Gk, _-action is recovered as

M =W(C") 4 @a, , M.

Since T'k,,. . is topologically generated by 4P", and since (g — 1)(9M) C
TN for g € Gi.,..., we have (7" — 1)(9) C TVM™E. We also have (77" —
1)(9M) € M, and since M N9 = M (as is easily checked, by reducing to the
case that 9 is free, and then to the case that it is free of rank one), we have

cyc,s
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(v?" — 1)(M) € TNIM, as required. For the uniqueness, note that if we have
two such actions, then taking their difference gives a nonzero ¢-linear morphism
(vP" )M — TVM, which is impossible for N sufficiently large (see e.g. the first
part of the proof of Lemma 4.3.2 below).

Finally, the claim that this gives 9[1/T] the structure of a (¢, 'k
module is immediate from Remark 3.3.1.

We continue to assume that K is basic. For any s > 1, we write I'; gisc
to denote the subgroup of I'gis. generated by 4?". We write Rg"“d‘“ in obvious

analogy to the notation Rg‘““ introduced above. The result of Corollary 3.5.2
may be interpreted as constructing a morphism

Co, — R =dise 3.5.3
d,h d

for sufficiently large values of s (depending on a and h), lying over the morphism
Cin — Ra. Of course there is also a morphism Rg‘““ — ’Rg”‘di“‘ given by
restricting the action of I'gisc to I's disc-

Since the morphism RZ““SC — Rgq given by forgetting the I'y gisc-action is
representable by algebraic spaces and separated (indeed, even affine — it is a
base-change of the morphism Ry — R4 X Rgq giving the graph of the action
of 47°, and this latter morphism is representable by algebraic spaces and affine,
since the diagonal morphism of R, is s0), the diagonal morphism

1—‘s,disc Fs,disc Fs,disc
RLoe 5 Rt sp RY

d
is a closed immersion. We may thus define a closed substack Z3 , . of Rg‘““ XRy
Cq p, via the following 2-Cartesian diagram:

a Caisc a
Zd h,s >Ry Xr, Cqp

l i

Fs,disc Fs,di:;c Fs,di:;c
L7 > RS s RY

d
in which the lower horizontal arrow is the diagonal, and the right-hand vertical
arrow is the product of the restriction morphism and the morphism (3.5.3). In
less formal language, the stack Z4 ns Parameterizes projective rank d p-modules
N over A}r( 4 of T-height at most h, for which M[1/7T] is endowed with a Igisc-
action exteﬁding the canonical action of I's gisc given by Corollary 3.5.2.

3.5.4 Proposition. Assume that K is basic. Then each Zg, . is contained
(as a closed algebraic substack) in Xy xr, Capn, and the natural morphism
ligla . ij’h’s — Xg xR, Cqn 1S an isomorphism.

Proof. That Zg’h’s is a substack of Xy xR, Cq,p is immediate from Remark 3.3.1;
indeed, if we are given 90t over A}"(, 4 of T-height at most h, for which 9[1/T)
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is endowed with a I'g;s.-action extending the canonical action of I'; gisc given by
Corollary 3.5.2, then we have (y?" — 1)(9) € TN C TO. Since Zipsisa
closed substack of RS‘“S“ XR, Cg,h» it is a closed substack of Xy xr, Cq .

To see that the natural morphism 1ii>na’S Zins = XaxXwr, Cq,p, is an isomor-
phism, we need to show that it is surjective, and so we need to show that for
any finite type O/w*-algebra A, and any projective p-module 99t over A} 4 of
T-height at most h, for which 9[1/T] is endowed with a continuous I'gjsc-action,
there is some s > 1 such that the restriction of this action to 7, gisc agrees with
the canonical action of I's gisc given by Corollary 3.5.2.

By Remark 3.3.1, there is some s’ > 1 such that (y*° — 1)(9%) C T9N.
Let N = N(a, h) be as in the statement of Lemma 3.5.1. By the equivalence of
conditions (3) and (4) of Lemma D.28, there is some s > s’ such that (7" —
1)(9) C TN, as required. O

For arbitrary K (not necessarily basic) we can deduce the following descrip-
tion of X as an Ind-algebraic stack, in the style of Lemma 3.2.11.

3.5.5 Lemma. Fiz a > 1. For each h, and each sufficiently large (depending
on a and h) value of s, let X 4 gvasic o denote the scheme-theoretic image of
the base-changed morphism

a a a
Zd[K:KbaSi“],h78 XXKbasic,d[K:Kbasic] XK,d - XK,d?

so that Xfa(,d,Kbasic,h,s is a closed algebraic substack of X q. Then the natural

morphism @h ) XILl(,d,Kbasic,h,s — ngd is an tsomorphism.

Proof. This is proved in the same way as Lemma 3.2.11, bearing in mind Propo-
sition 3.5.4. O

3.6 The connection with Galois representations

In Section 2.7.1 we recalled the relationship between étale (p, I')-modules with-
out coefficients (which is to say, with coefficients in Z,) and p-adic representa-
tions of Gk, and the similar relationship between étale ¢p-modules over Og¢ and
p-adic representations of Gk _ . In this section, we revisit those topics in the
context of étale (¢, I")-modules (resp. étale ¢-modules) and G g-representations
(resp. Gk, -modules) with coefficients.

3.6.1 Galois representations with coefficients

For a general p-adically complete Z,-algebra A, a projective étale (¢, I')-module
with A-coefficients need not correspond to a family of G g-representations. It
will be useful, though, to have a version of such a correspondence in the case
that A is complete local Noetherian with finite residue field. In this case, follow-
ing [Dee01] we let Ak, 4 denote the m4-adic completion of Ak 4, and we define
a formal étale (p,T')-module with A-coefficients to be an étale (¢, T')-module
over A K, in the obvious sense.
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3.6.2 Remark. If A is a complete local Noetherian O-algebra, with finite residue
field, then the groupoid of formal étale (¢,T')-modules is equivalent to the
groupoid X;(A) (which we remind the reader refers to the groupoid of mor-
phisms Spf A — Xy; here Spf A is taken with respect to the m4-adic topology
on A). Indeed, by definition, the latter groupoid may be identified with the
2-limit @1 X,4(A/mY)), which is easily seen to be equivalent to the groupoid of
formal étale (o, T')-modules, via an application of [GD71, Prop. 0.7.2.10(ii)].

We let K‘[‘(T 4 denote fAuKr @z,, A, where the completed tensor product is with

respect to the usual topology on .&%, and the mg-adic topology on A. The
functors T4, D 4 defined by

DA(T) = (A§ 4 @4 T) e,

Ta(M) = (A 4 @5, , M)7~"

then give equivalences of categories between the category of finite projective
formal étale (p,T)-modules with A-coefficients, and the category of finite free
A-modules with a continuous action of Gg. (In fact the results of [Dee01] do
not require the (p,I')-modules to be projective, but we will for the most part
only consider projective modules in this book.)

Continuing to assume that A is complete local Noetherian with finite residue
field, we let Og 4 denote the m4-adic completion of O¢ 4, and we define (95;714 =
Ogw ®Zp A, where the completed tensor product is with respect to the usual
topology on Og;, and the my-adic topology on A. Then the analogous state-
ments to those of the previous paragraph, relating representations of G on

finite free A-modules and étale ¢-modules over (557 4! via the functors

Doo,A(T) = (@Eu\r,A ®a T)GKoo7

~

Too,a(M) = (Ogz 4 ©5, M)#=1,

can be proved in exactly the same way as in [Dee01] (by passage to the limit
over A/m%).

We will also occasionally apply these statements in the case A = Fp. Their
validity in this case follows from their validity in the case when A is a finite
extension of Fp,, and the fact that both Galois representations and projective
étale (¢, T')-modules over F, arise as base changes from such finite contexts; for
Galois representations, this follows from the compactness of Gx and Gk __, and
for étale (¢, T')-modules, it is an immediate consequence of Lemma 3.2.19.

We can use the equivalence between Galois representations and (¢, I')-modules
as a tool to deduce facts about the finite type points of X;. More precisely,
if F//F is a finite extension, then the groupoid of points x € X;(F’) is canon-
ically equivalent to the groupoid of Galois representations p : Gx — GL4(F).

1One might refer to an étale p-module over 65,A as a “formal étale p-module over A”, but
since there are several different species of étale p-modules under consideration throughout the
book, we avoid using this potentially ambiguous terminology.
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For this reason, we will often denote such a point x simply by the corresponding
Galois representation p.

Suppose now that F'/F is a finite extension, and that « : SpecF' — X is a
finite type point, with corresponding Galois representation p : Gx — GL4(F').
Let (Xy), be the category of Definition A.25 (with F there being Xy). Let O’ =
O @w @) W(F') be the ring of integers in the finite extension £’ = W (F')E.

3.6.3 Proposition. There is a morphism Spf RﬁD’O, — X4 which is versal at

~

the point x corresponding to p, an isomorphism Spf RE’O/ X x, Spf RE’OI —

GL 2() , where GLd}L ° 22

the closed subgmup of (GLd)F/ gwen by the centraliser of p, and an zsomorphzsm
Spt B x = Spt RSO GLML o1

pletion of (GLd) 0,00 along the zdentzty of (GLqg)¥ -

denotes the completion of (GLd) 0,00 along

where GLd .0 denotes the com-
p

Proof. The existence of the morphism follows from the theorem of Dee recalled
above, and the descriptions of the two fibre products are clear from its very
definition. To see that this morphism is versal, it suffices to show that if p :
Gk — GLg4(A) is a representation with A a finite Artinian O-algebra, and if

B : Gk — GL4(B) is a second representation, with B a finite Artinian O-
algebra admitting a surjection onto A, such that the base change p4 of pp to
A is isomorphic to p (more concretely, so that there exists M € GL4(A) with
p = MpaM~1), then we may find p' : Gx — GL4(B) which lifts p, and is
isomorphic to pp. But this is clear: the natural morphism GL4(B) — GLg(A)
is surjective, and so if M’ is any lift of M to an element of GL4(B), then we
may set p' = M'pp(M’')~1L. O

Because of the equivalence between (p,I')-modules and Galois representa-
tions with Z,-coefficients, and because of the traditional notation p for Galois
representations, we will often denote a family of rank d projective étale (o, T')-
modules over 7', i.e. a morphism T' — &, by pr, or some similar notation.
We caution the reader that this notation is chosen purely for its psychological
suggestiveness; a family of (¢, I')-modules over a general base T' does not admit
a literal interpretation in terms of Galois representations.

3.6.4 Galois representations associated to (¢, Gx)-modules

At times it will be convenient to consider the Galois representations associated
to étale (p, G )-modules. Let A be a finite O/w*-algebra for some a > 1, and
let M be a finite projective étale (p, Gk )-module (resp. étale (¢, Gk )-module)
with A-coefficients. Then we may apply the equivalence of Proposition 2.7.8
to obtain an étale (p,I')-module (resp. an étale p-module) from M; applying
the functor Ty (resp. Teo,4) of Section 3.6.1 to this latter object yields a G k-
representation (resp. G k__-representation) on a finite free A-module, which we
denote simply by T4 (M) (resp. Teo,a(M)).
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By passage to the limit over a, we can extend these functors to the case
where A is a finite O-algebra, and in particular to the case that A = @’ is the
ring of integers in a finite extension E'/E. As in Section 3.6.1, we can and do
then further extend these functors to the case A =F,,.

While we have defined the functors T4 (M) (resp. T 4(M)) via our equiv-
alences of categories, we note that both also admit a more direct description:
namely Ta(M) = M%=! (resp. Troo a(M) = M*®=1). Similarly, the composites
of the functors D4 and Do, 4 with the equivalences of Proposition 2.7.8 admit
the following simple description: if T4 is a finite free A-module with a contin-
uous action of G (resp. Gk__ ), then the corresponding étale (p, Gk )-module
(resp. (¢, G, )-module) is given by W (C®)4 ®4 T (with ¢ acting on the first
factor in the tensor product, and G (resp. Gk ) acting diagonally).

3.6.5 Galois representations over certain fields

There is one more context in which we will need to consider the correspondence
between Galois representations and étale (o, I')-modules. Namely, suppose that
A is a complete Noetherian local Zy-algebra which is a domain, and which has
finite residue field. Let K denote the fraction field of A, and as usual, let m
denote the maximal ideal of A. We say that a representation p : Gx — GL4(K)
is continuous if there exists a finitely generated A-submodule L of K¢ which
spans K? over K (a “lattice”), such that G'x preserves L and acts continuously
(when L is given its m-adic topology).

We write KKJC = ./AXK,A ®4 K, and also write ./AX“KrK = KUKYA ®a4 K. We
have the obvious notion of a projective (¢, I')-module with coefficients in A KK
We say that such a (p,T")-module D is étale if there exists a (not necessarily
projective) étale (y,T')-module D4 over KKA contained in D such that the
evident morphism KK’;C ®§K.A D4 — D is an isomorphism.

Then, analogously to the case of A itself, we have functors Ti, Dy defined
by R

D (T) = (AR x ©x T) "o,

Te(M) = (A x @5, M)*"

which give equivalences of categories between the category of finite projective
formal étale (p,I')-modules with K-coefficients, and the category of finite di-
mensional IC-vector spaces with a continuous action of Gg. (This is proved by
passing to lattices on each side, and using the results of [Dee(1]; note that the
lattices involved need not be projective in general, and so we apply those results
in their full generality.)

This formalism is most often applied in the literature in the case when A =
Z,, so that = Q,. However, we will not consider étale (¢,I')-modules with
Qp-coefficients in this book. Rather we will apply the preceding formalism only
once, namely in our analysis of the closed Fp—points of Xy, which we make in
Section 6.6; and in this application, we will take A to be a complete local domain
of characteristic p.
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3.7 (p,Gx)-modules and restriction

Our goal in this section is to define certain morphisms of stacks which are the
analogues, for families of (p,I')-modules, of the restriction functors on Galois
representations p — pjg,_ and p = pg, (for any finite extension L of K).

3.7.1 Definition. We let Rpk 4 denote the moduli stack of rank d projective
étale p-modules over Og 4; that is, the stack Rq constructed in Section 3.1 in
the case when Ay = Og¢ 4.

Recall that we also have the stack Xy of étale (¢,T')-modules of Defini-
tion 3.2.1. We now construct a morphism X; — Rpk,q which corresponds to
the restriction of Galois representations from Gg to Gk, .

3.7.2 Proposition. There is a canonical morphism Xy — Rek.a. If A is a
complete local Noetherian O-algebra with finite residue field, or equals Fp, then
the morphism X4(A) — Rpk.a(A) is given by restriction of the corresponding
representation of G to Gx_ .

Proof. If A is a finite type O/w®-algebra, for some a > 1, then we define a
morphism of groupoids X3(A) — Rpk,q(A) via the equivalences of categories of
Proposition 2.7.8; that is, given a finite projective étale (p,T")-module with A-
coefficients, we form the corresponding finite projective étale (¢, Gk )-module,
which yields a finite projective étale (¢, Gk )-module by restricting the G k-
action to Gk_, and thus gives an étale p-module over Og 4. Since both Ay
and Rpx ¢ are limit preserving (by Corollary 3.1.5 and Lemma 3.2.19), it follows
from [EG21, Lem. 2.5.4, Lem. 2.5.5 (1)] that this construction determines a
morphism Xy — Rpx,q-

Suppose now that A is a complete local Noetherian (O-algebra with finite
residue field. Let M be a formal étale (¢, I')-module corresponding to a mor-
phism Spf A — X, and M, be the étale p-module over (557 4 corresponding to
the composite Spf A — X; — Rpk,q. The relationship between M and M, is
expressed as an isomorphism

— —

W(C), @z, , M = W(C),®5, , M. (3.7.3)

Recall that the Galois representation associated to M is defined via T4 (M) :=
(K‘}{A DR a M)®=! and that the evident (p, Gk )-equivariant K“Kr,A—linear mor-
phism R R

Ka®aTa(M) = AR 4 ®5,, M

is then an isomorphism (see for example [Dee0l, Prop. 2.1.26]). Thus there is
an induced natural (¢, Gk )-equivariant isomorphism

W(Cb)A ®a Ta(M) = W(Cb)A ®KK,A M,
where we recall that we write W (C?) , for the m4-adic completion of W (C”) 4.
Similarly, we obtain a natural (¢, Gk_)-equivariant isomorphism

J—— o —
~

W(C) , ©4 Tooa (M) 3 W(CP) 4 @5, , Mec.
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Combining these two isomorphisms with (3.7.3), we obtain a natural (¢, Gx_ )-
equivariant isomorphism

o — o —

W(Cb)A XA TA(M) = W(Ci’)A XA Too,A(Moo)~

Each of T4 (M) and Teo, 4 (M) is a free A-module with trivial p-action, and so if
we pass to p-invariants in this isomorphism, and take into account Lemma 2.2.20),
we obtain an isomorphism Ta(M)|c,_ — Too,a(Ms), which is what we

wanted to show. Finally, if A = F,, the result follows by taking direct lim-
its. O

3.7.4 Proposition. The diagonal morphism A : Xq — Xg XRrpy , Xa induced
by the morphism of Proposition 3.7.2 is a closed immersion.

Proof. The product Xy Xgg. X4 can be described explicitly as follows: its
A-valued points are pairs (M, Ms) of étale (¢, Gi)-modules with a Gg__-
equivariant isomorphism between them. The diagonal is defined by M +—
(M, M), with the isomorphism being the identity. To see that this defines a
closed immersion, we have to check that if we are given a pair (M, Ms) of
(¢, Gk )-modules with A-coefficients, together with a Gk __-equivariant isomor-
phism f : M; % M, then the locus where f becomes Gg-equivariant is
closed. That this is so follows from Corollary B.27. (That corollary shows that,
for each g € Gk, there is an ideal J; C A which cuts out the condition for the
given isomorphism to commute with g. The ideal J := g then cuts out the
condition for the given isomorphism to be G g-equivariant.) O

We now construct the restriction maps corresponding to finite extensions
of K.

3.7.5 Lemma. Let L/K be a finite extension. There is a canonical mor-
phism Xgq — X4, which is representable by algebraic spaces, affine, and
of finite presentation. If A is a complete local Noetherian O-algebra with finite
residue field, or equals F,, then the morphism X 4(A) — Xr a(A) is given by
restriction of the corresponding representation of Gk to Gp.

Proof. As in the case of Proposition 3.7.2; the morphism is defined first in the
case of O-algebras that are of finite type over O/w?® for some a by applying
the equivalences of categories of Proposition 2.7.8: we send an étale (p, Gk )-
module M to an étale (¢, Gp)-module My, via restricting the continuous G-
action to a continuous Gp-action. Since Xk 4 and X7 4 are limit preserving
(by Lemma 3.2.19), it follows from [EG21, Lem. 2.5.4, Lem. 2.5.5 (1)] that this
construction determines a morphism Xg 4 — A, 4.

Before verifying the various claimed properties of this morphism, we confirm
that it has the claimed effect on associated Galois representations. To this end,
we note that if A is a complete local Noetherian O-algebra, then, as in the
proof of Proposition 3.7.2, it follows from the definition that we have a natural
(¢, Gp)-equivariant isomorphism

o — o —

W(CP), ®aTa(M) = W(C"), ®a Ta(My),
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and by Lemma 2.2.20, taking ¢-invariants induces an isomorphism T4 (M)|g, —
Ta(Mp). We deduce the same statement if A =F,, by taking direct limits.

We now verify the claimed properties of the restriction morphism Xx 4 —
Xp.q. Suppose firstly that L/K is Galois, and let {g;} be a set of (finitely many)
coset representatives for G, in G . For each i, we may give g7 M the structure
of a (¢, Gp)-module by letting each h € G, act as g;lhgi acts on M; then to
extend the action of G, to an action of Gk is to give an isomorphism of (¢, Gr,)-
modules g M — M for each index i, satisfying a slew of compatibilities. (Since
G, is open in G, the continuity of the G x-action is automatic, given that the
G r-action that it is extending is continuous.)

We let V; denote the stack classifying objects M4 of Xf, 4(A), endowed with
an isomorphism gy M4 — M. If we regard g} as an automorphism of X7, 4(A),
then we may form its graph I';, and we then have an isomorphism of stacks

Vi = Xp.a(A) XA x, 4(A)xxp.a(A),1; XL,d(A).

(Here A denotes the diagonal of X7, 4; cf. the definition of Rgd‘“ in Section 3.2
above, together with Proposition 3.2.14.) The projection onto the second factor
Vi — XL4(A), which corresponds to forgetting the isomorphism, is a base-
change of the diagonal A, and so is representable by algebraic spaces, affine and
of finite presentation by Proposition 3.2.17.

We can rephrase our interpretation of objects of Xk 4(A) as objects of
Xr.4(A) endowed with isomorphisms gfMa — M, satisfying certain com-
patibilities as the existence of a closed immersion

XK,d =N Xxpa X Xaxp 4 Yn

(the point being that the compatibilities arise as base-changes of the double
diagonal, and so impose closed conditions). Since the morphisms YV; — X 4
are representable by algebraic spaces, affine and of finite presentation, it follows
that the same is true of the morphism Xx 4 — X7, g, as claimed.

Finally, let L/K be a general finite extension. Let M/K be the normal
closure of L/K, so that we have morphisms

XK,d — XL,d — XM,d-

By what we have already proved, both the second arrow and the composite of
the two arrows are representable by algebraic spaces and affine, and of finite
presentation. An affine morphism is separated, and thus has affine and finite
type diagonal. One sees (e.g. by Lemma 3.2.7) that the diagonal of an affine
morphism of finite type (and so, in particular, the diagonal of an affine morphism
of finite presentation) is furthermore of finite presentation. A standard graph
argument, in which we factor the first morphism as

Xid = Xid Xxpq Xo,d — XL oa

(the first arrow in this factorization being the graph of the first morphism, which
is a base change of the diagonal X7 ¢ — &L 4 Xx,, ;, X4, and the second arrow
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being the projection, which is a base change of the composite Xx 4 — Xp, 4 —
Xar,q), then shows that the first morphism is also representable by algebraic
spaces and affine, and of finite presentation. O

3.8 Tensor products and duality

If M is a projective étale (p,T")-module with A-coefficients, we define the dual
(¢, T)-module by
Mv = HOmAK’A(M, AK,A);

if A is a finite O-module, then there is a natural isomorphism T'(MY) =2 T(M)V.
Similarly, for each M, we let M(1) := M ®a, , Ak, (1) denote the Tate twist,
where Ak 4(1) denotes the free (¢, I')-module of rank 1 with a generator v on
which T acts via the cyclotomic character and ¢(v) = v. (Note that if A = O
then T(Agk, (1)) = O(1), the usual Tate twist on the Galois side.) We also
define the Cartier dual M* := MV(1), which again in the case that A is a
finite O-algebra is compatible with the usual notion for Galois modules. If
T — X4 corresponds to a family pr, then we adopt the natural convention of
writing pr(1), py and p4 for the corresponding families.

Given two projective étale (o, T')-modules M;, My with A-coefficients of
respective ranks dj,ds, we may form the tensor product (p,I')-module M; ®
M (given by the tensor product on underlying Ak 4-modules, and the tensor
products of the actions of each of ¢ and I'). If A is a finite O-module, then we
have a natural isomorphism

T(My @ My) 2T (M) @ T(Ms).
The tensor product induces a natural morphism

Xa, X0 Xay = Xaydys

in particular, twisting by (the (¢,I')-module corresponding to) any charac-
ter Gxg — O gives an automorphism of each X;. Given morphisms S — X,
T — X,,, denoted by ps and p/., we write pg X pf. for the family corresponding
to the composite

S X(QT% Xdl Xo Xd2 — Xd1d2~

If S =T then we write pr ® pf for the composite
T—>TxoT — Xa, X0 Xigy = Xy,

where the first map is the diagonal embedding.
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Chapter 4

Crystalline and semistable
moduli stacks

In this chapter we build on the results of Appendix F to define the poten-
tially semistable and potentially crystalline substacks of Xx 4. Using the re-
sults of the earlier chapters, and Kisin’s results on potentially semistable lifting
rings [Kis08], we show that these stacks are p-adic formal algebraic stacks, and
compute the dimensions of their special fibres.

4.1 Notation

Recall from Section 2.1.14 that the embedding &4 — Ais .4 depends on the
choice of a uniformizer © of K, and of a compatible family 7'/?” of p-power
roots of unity in K. In this chapter we will want to consider all possible choices
of m and 7'/P” | and consequently we introduce some notation to do so. We
write 7 € O% for the element determined by 7/PT . For each s > 0 we
write K ¢ for K(7'/P"), and K» o for UsK s . We write &5 4 for the image
of G4 in Ajus 4 via the homomorphism determined by u — [wb], and Og v 4
for the image of Og 4 in W(C?)4 under the corresponding homomorphism.
When 7 is fixed, we will often write u for [7°] when discussing S We
write E, for the Eisenstein polynomial corresponding to . We also have a
natural map 6 : Ajnr 4 — Oc, 4 (where the target is the tensor product O¢ RA,
which is the quotient of the source by the principal ideal generated by the kernel
of the usual map 6 : Ar — Oc¢).

4.1.1 Remark. In contrast to many papers in the literature (e.g. [BMS18, Liul2])
we do not twist the embedding & — Aj,r by . While such a twist is impor-
tant in applications involving comparisons to Fontaine’s period rings, it is more
convenient for us to use the embedding we have given here. Since ¢ is an au-
tomorphism of Aj,¢, it is in any case straightforward to pass back and forth
between these two conventions.

83
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4.2 Breuil-Kisin modules and Breuil-Kisin—Fargues
modules

4.2.1 Definition. Fix a choice of 7°. Let A be a p-adically complete O-algebra
which is topologically of finite type. We define a projective Breuil-Kisin module
(resp. a projective Breuil-Kisin—Fargues module) of height at most h with A-
coefficients to be a finitely generated projective &, 4-module (resp. Ajuf,a-
module) M, equipped with a @-semi-linear morphism ¢ : 9t — 9, with the
property that the corresponding morphism ®gy : *9M — M is injective, with
cokernel killed by EQ If 9% is a Breuil-Kisin module then Ajn¢ 4 Qs , , I is
a Breuil-Kisin—Fargues module. ’

4.2.2 Remark. Note that our definition of a Breuil-Kisin-Fargues module is less
general than the definition made in [BMS18], in that we require ¢ to take 9
to itself; this corresponds to only considering Galois representations with non-
negative Hodge—Tate weights. This definition is convenient for us, as it allows
us to make direct reference to the literature on Breuil-Kisin modules. The re-
striction to non-negative Hodge-Tate weights is harmless in our main results,
as we can reduce to this case by twisting by a large enough power of the cyclo-
tomic character (the interpretation of which on Breuil-Kisin—Fargues modules
is explained in [BMS18, Ex. 4.24]).

4.2.3 Definition. Let A be a p-adically complete O-algebra which is topolog-
ically of finite type. A Breuil-Kisin—Fargues G g-module with A-coefficients is
a Breuil-Kisin—Fargues module with A-coefficients, equipped with a continuous
semilinear action of Gx which commutes with .

Note that if 9t is a Breuil-Kisin-Fargues G x-module with A-coefficients,
then W(C") 4 ®a,,; , M is naturally an étale (¢, Gk )-module in the sense of
Definition 2.7.7. The following definition is motivated by Theorem F.11 and
Corollary F.23.

4.2.4 Definition. Let A be a p-adically complete O-algebra which is topolog-
ically of finite type over O (and recall then that Ajur 4 is faithfully flat over
&> 4, by Proposition 2.2.14). We say that a Breuil-Kisin-Fargues G'x-module

with A-coefficients MM™ descends for ©° or descends to S» 4 if there is a Breuil-

.. . wNe .
Kisin module M, with M, C (MF)"“=*.~ and for which the natural map
Ainfa @, , My — MMM is an isomorphism.

We say that 9™ admits all descents if it descends for every choice of m°
(for every choice of 7), and if furthermore

1. The W (k) ®z, A-submodule M » /[7°]M o of W (k) 4 ®a,,, o MO is inde-
pendent of the choice of 7 and 7.

2. The Ok ®z, A-submodule ©*M 1, /E0* M of Oc,a @A 4,0 @IV is
independent of the choice of = and .
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If MM*f admits all descents, then we say that it is crystalline if for each 7°, and
each g € Gk, we have

(9= 1)(M) o~ () (4.2.5)

(where p = [e]—1 for some compatible choice of roots of unity € = (1, (p, (p2,...) €
0L).

If L/K is a finite Galois extension, then we say that 9™ admits all de-
scents over L if the corresponding Breuil-Kisin-Fargues Gr-module (obtained
by restricting the G g-action to Gr) admits all descents.

4.2.6 Remark. There is considerable redundancy and rigidity in Definition 4.2.4.
Note in particular that if for some 7” there exists a Sr» g-module M, with
M = Ajea e, , Meo, then since &, 4 — Ain,a is faithfully flat, the
&, 4-module M, is automatically finite projective (by [Sta, Tag 0585]).

We will find the following basic lemmas useful.

4.2.7 Lemma. Fiz a choice of w. Suppose that ™ is a Breuil-Kisin—Fargues
G i -module with A coefficients, where A is a p-adically complete O-algebra which
is topologically of finite type over ©. Then IM™ descends for some choice of 7
(for our fixed 7) if and only if it descends for all such choices.

Proof. We can choose an element g € G with g(7”) = (7°)’, so that S(rrya =
9(&yv ). Then if M, is a descent to & 4, g(My) is a descent to Sy, 4. O

4.2.8 Lemma. Let A be a p-adically complete O-algebra which is topologically
of finite type over O. Suppose that M™ is a Breuil-Kisin-Farques G g -module.
Then if MM descends for ©°, the Brewil-Kisin module M., is uniquely deter-
mined.

Proof. Assume to begin with that A is an O/w“-algebra of finite type, for
some a > 1. By Proposition 2.7.8, the p-module (W (C®)4 ®a,,, , S)ﬁinf)GKﬂ"woo
uniquely descends to an étale p-module M over Og » 4. Thus if My, My are
two descents of MM to S 4, then Og 15 4 De_, , My and Og 1 4 e, , Mo
coincide; they are both equal to M.

This allows us to show that 9t + 9y is also a descent of M™ . For this,
we have to show that the natural map Ajnf a ®s_, , (M + My) — M s
an isomorphism. (Note that it will then follow aut(;matically that 91, 4+ M,
is projective over &, 4, by Remark 4.2.6.) That it is a surjection is clear,
since it is already a surjection when restricted to each summand. To see that
it is an injection, we may check that its composite with the injection 9i*f <
W(C’) 4 ®a,, . MM is injective. But this composite may be factored as the
composite of the embedding

Ainga @s_, , (M +My) = Ainpa®s_, M


https://stacks.math.columbia.edu/tag/058S
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(obtained by tensoring the embedding 9t; +9Mty — M with the extension Ainf 4
of &,» 4, which is flat by Proposition 2.2.14), and the isomorphism

Aina®s_, , M= (Ainga @s, , Op v a) ®o, , M

,A

= W(Cb)A ®(951,,b M= W(Cb)A D Aint, 4 me.

JA

Since My + My is also a descent, we may replace Mo by Ny + My, and therefore
assume that 0 C My, Since Ajpr a s, , (Ma/My) = 0, and as &b 4 —
Ayt 4 is faithfully flat (again by Proposition 2.2.14), we see that My/9My = 0,
as required.

Suppose now that A is p-adically complete and topologically of finite type.
Let M, and M, be two descents of M. Since G4 — Aine, 4 is faithfully flat
(again by Proposition 2.2.14), we find that 9 /@w® and M /w® both embed
into M /w®, for any @ > 1, and both provide descents for 7 of 9™ /e,
Applying the uniqueness result we’ve already proved (our coefficients now being
A/w?), we find that M, /o and My /w? coincide as submodules of MM /2.
Passing to the inverse limit over a, we find that 9t; and 915 coincide as sub-
modules of MM proving the desired uniqueness in general. O

4.3 Canonical extensions of G _-actions

In this section we will consider a fixed choice of 7”, which we will accordingly
drop from the notation. For each s > 1, write K, = K(7'/?"). We now use a
variant of the arguments of [CL11], which show that the trivial action of Gk__
on a Breuil-Kisin module with O/w®-coefficients can be extended to some G, .
We begin with some preliminary lemmas, the first of which is an analogue for
Breuil-Kisin modules of [EG21, Lem. 5.2.14], and is proved in a similar way.

4.3.1 Lemma. Let A be a p-adically complete O-algebra which is topologically
of finite type, and let M be a finite projective Breuil-Kisin module with A-
coefficients of height at most h. Then M is a direct summand of a finite free
Breuil-Kisin module with A-coefficients of height at most h.

Proof. Since the map ®gn : ™9 — 9 is an injection with cokernel killed
by E", there is a map Yop : M — ™M with Uop o gy and gy o Yoy both
being given by multiplication by E". Let B be a finite projective & 4-module
such that § := M PP is a finite free G4 module. Set Q := P B M P, a finite
projective G 4-module.

Note that M P O = F P § is a finite free S 4-module, so it suffices to show
that 9 can be endowed with the structure of a Breuil-Kisin module of height
at most h. Since § is free, we can choose an isomorphism ®3 : *F — §, and
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we then define g : ¢*Q — Q as the composite
Q=" PO "M P

= ¢TMS " P ©"P
=" TD"P
BFoep
S PoMae o™P
B PoorMme P
=Poe§
Bpeg=a.

Every morphism in this composite other than Wgy is an isomorphism. Since
Wop 0 Pop = Pop o Uy = E” we see that Wyy is an injection with cokernel killed
by E”, so the same is true of &g, as required. O

The following lemma is proved by a standard Frobenius amplification ar-
gument, which is in particular almost identical to the proof of [CEGS19, Lem.
4.1.9].

4.3.2 Lemma. Let MM™, N e projective Brewil-Kisin-Fargues modules of
height at most h, where A is a finite type O/w®-algebra. Suppose that N >
e(a+h)/(p—1). Let

f . minf N minf

be an Aing,a-linear map, and suppose that for all m € NI (f 0 Pgpine — Pogyine 0
W*f)(m) c uPNopinf

Then there is a unique Ainr a-linear, p-linear morphism f' : ominf _y oinf
with the property that for all m € MM, (f' — f)(m) € NN, in fact, we have
(= F)(m) € uV i,

Proof. We firstly prove uniqueness. Suppose that f” also satisfies the properties
that f/ does, and write ¢ = f’ — f”, so that by assumption we have that im g C
uNOU and g o ®gpinr = Popinr 0 ©*g. We claim that this implies that img C
uN TN if this is the case, then by induction on N we have img C uN9tinf
for all N, and so g = 0 (note that as 9" is a finite projective Aine, a-module,
it is u-adically complete and separated).

To prove the claim, note that since img C wu we have imp*g C
uPNNE, By [EG21, Lem. 5.2.6] (and its proof), and the assumption that 9™t
has height at most h, we have im ®@gpine D u¢@tP=DINE Since g o Pypint =
Doint 0 *g, it follows that

Nminf

u D im g C im g o Bopinr = im Peginr 0 ¥ g C PN N

and since M is u-torsion free, we have im g C w?N—¢@+h=DNf - Our assump-
tion on N implies that pN —e(a +h — 1) > N + 1, as required.
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We now prove the existence of f'. For any Ajp 4-linear map h : otinf . oinf
we set §(h) := Pyinr 0p* h—ho®gpine : @* MM — NI We claim that for any s :
@ int s yPNOHntwe can find ¢ : I — NN with §(¢) = s. Given this
claim, the existence of f’ is immediate, taking s = §(f) and [’ := f — ¢, so
that §(f') =0

To prove the claim, we first prove the weaker claim that for any s as above we
can find h : M — NI with im(5(h) — s) € wPNFINIE Admitting this
second claim, we prove the first claim by successive approximation: we set ty =
h, so that im(d(tg) —s) € uPNV+HDMN - Applying the second claim again with N
replaced by N + 1, and s replaced by s — §(tg), we find h : It — o N+297inf
with im(5(h) — (s — 6(tg))) € wPNF2ANIE. Setting ¢, = to + h, and proceeding
inductively, we obtain a Cauchy sequence converging (in the u-adically complete
finite Ajn¢, a-module Homa,,, , (O™, 9N0)) to the required ¢.

Finally, we prove this second claim. If A : 9 — VI then im p*h C

uPNFDMNI 50 it suffices to show that we can find h such that h o ®gpine = —s;
but this is immediate, because the cokernel of ®gpint is killed by u@ "1 and
pre(athfl)ZNJrl. O

The following lemma is proved by a reinterpretation of some of the arguments
of [CL11, §2].

4.3.3 Lemma. For any fized a,h, and any N > e(a + h)/(p — 1), there is
a positive integer s(a,h, N) with the property that for any finite type O/w®-
algebra A, any projective Breuil-Kisin module M of height at most h, and
any s > s(a,h,N), there is a unique continuous action of Gg. on I =
Aint, A ®a 4, M which commutes with ¢ and is semi-linear with respect to the nat-
ural action of Gk, on Ains, a, with the additional property that for all g € Gk,
we have (g — 1)(9M) C uVoNint,

Proof. By definition, to give a semi-linear action of G, on MM is to give for
each g € Gk, a morphism of Breuil-Kisin-Fargues modules

69 :g*minf N minf

with the property that for all g,h € Gg,, we have B4, = B o h*B,. Now,
the requirement that (g — 1)(9M) C vV implies that if we have two such
morphisms By, 35 then (8, — 8;)(g*MM™) C uVOM™ so that g = B, by the
uniqueness assertion of Lemma 4.3.2.

We now use the existence part of Lemma 4.3.2 to construct the required
action. Since the homomorphism &4 < Ajns 4 takes u to the Teichmiiller lift
of (r/P"),,, we can and do choose s(a,h, N) sufficiently large that for all s >
s(a,h,N) and g € Gk, we have g(u) —u € U,pNA.inf,A; thus for all A € & 4, we
have g(A\) — X € UpNAinf,A.

We claim that for each g € Gk, we may define an Aj,¢ 4-linear map

L% inf inf
g gt —

with the following two properties:
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o (ag o @ egnint — Popint 0 P g (@*g* M) C PN NNt
e For each m € 9, we have ay(1 ®m) —m € uN oL,

It suffices to construct such maps in the case when 91 is free; indeed, by
Lemma 4.3.1, we may write § = 9 ® P where §, are respectively free and
projective Breuil-Kisin modules of height at most h, and given a morphism o :
g*F"f — Ff satisfying our requirements (where we write ™ = Ainf 4®s,F)s
we may obtain the desired morphism ay : g Mt — Minf by projection onto
the corresponding direct summands.

If then § is a free Breuil-Kisin module of height at most h, we choose a
basis fi,..., fq for §, and then, for each g € Gk, we define an Aj,¢ a-linear
map

g g*ginf N Srinf

(which depends on our choice of basis) by
ag YN @ fi) =D Aifi.

We now check that oy has the claimed properties. If @z(1® f;) = >, 0; ; f; (so
that 6, ; € G4), then for any > . \; ® f; € ©*g*F™, we compute that

(g 0 By gt — B 0 ") (3N @ 1) = 3 NilglB) — 01,0 € wPNF,
i i
while for any >, \; f; € § (note then that each A\; € &4), we compute that
ag(1® (Z Aifi)) = Z)\ifi
= Oég(z g(\i) ® gi) — Z Xigi = Z(g()\i) - \)gi € uNFM,

3
in both computations we have used the fact that, by our choice of s, if A € G4,
then g(\) — A € uPNginf C N gt
Returning to the general case of a projective Breuil-Kisin module 9t of
height at most h, it follows from Lemma 4.3.2 that there is a unique morphism
of Breuil-Kisin—Fargues modules

/Bg :g*minf N minf

with im(8, —ay) C ulV Ajpr 4 ®g , M. Since we have agn = ap o b oy, it follows
from this uniqueness that B4, = B, o h* By, so we have constructed an action
of G, on M. Tt remains to check that (g — 1)(9) C uwVOE; for this, note
that, for any m € 91, we have

(g—1)m=B,(1@m) —m= (g —a,)(1@m) +a,(1®@m) —m e u¥mt,

here we have used the fact im(8; — ay) C uN Ajr 4 s, M, together with the
second of the properties satisfied by the maps o. O
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4.4 Breuil-Kisin—Fargues Gx-modules and canon-
ical actions

In an earlier draft of this book, we claimed to show that for Breuil-Kisin—Fargues
G i-modules admitting descents for all 7°, the actions of the GK,,b . C Gk (for
sufficiently large values of s) are necessarily the canonical actions considered in
Section 4.3. We then used this claim to establish finiteness properties of the
stacks of Breuil-Kisin—-Fargues G x-modules that we consider later in this chap-
ter. We are grateful to Dat Pham for pointing out a mistake in our argument,
and we do not know whether this is in fact automatic. However, the following
result of Caruso—Liu (which motivated our consideration of canonical actions in
the first place) shows that the Breuil-Kisin—Fargues G x-modules coming from
potentially semistable G i-representations do necessarily have this property; so
we can (and do) impose this as an extra condition in the definition of our stacks.

The following lemma is essentially the content of [CL11, §3] (although they
are concerned with getting precise bounds on the size of s, which is unimportant
for us). Recall that, by Theorem F.11, to any O-lattice in a semistable E-
representation of G with Hodge—Tate weights in [0, h] (for some integer h > 0),
there corresponds a Breuil-Kisin-Fargues G g-module 9t of height at most h
which admits all descents.

4.4.1 Proposition. For any fixzed K,a,h and N > e(a+ h)/(p — 1) there is a
constant s'(K,a,h,N) > s(a,h,N) (where s(a,h,N) is as in Lemma 4.3.3)
with the following property: for any Brewil-Kisin—Fargues G g-module 9™
corresponding as above to a semistable Gy representation with Hodge—Tate
weights in [0, h], and for any choice of 7 with corresponding descent Mo,
if s > s'(K,a,h,N), then the restriction to GK,\,b . of the action of Gk on

M @p O/w® agrees with the action obtained from M., by Lemma 4.3.3.

Proof. This is essentially the content of [CL11, Prop. 3.3.1]. By the statement
of Lemma 4.3.3, it is enough to check that if s is sufficiently large, then for
all g € Gk, ~we have (g — 1)(M @0 O/w?) C uN Ay @ M @0 O/w?,
where the action of g is via the given action of Gx on 9™, This is immediate
from [CL11, Lem. 3.2.1] (taking £ = 91, and noting that in their notation,
€ is an extension of scalars of £ to a subring of At 0/wa; this extension of
scalars involves a twist by ¢, but since ¢ is a continuous automorphism of Aj¢,
this is harmless). O

4.5 Stacks of semistable and crystalline Breuil—
Kisin—Fargues modules
We now define moduli stacks parameterizing the Breuil-Kisin—Fargues G-

modules admitting all descents that were introduced in Definition 4.2.4. As
discussed in Section 4.4, we also impose a condition that the Gi-actions agree
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with the canonical actions introduced in Section 4.3. To this end, we make the
following definition.

4.5.1 Definition. For each K, a,h and N > e(a+h)/(p—1), we fix a constant
s'(K,a,h,N) as in the statement of Proposition 4.4.1. Let A be a p-adically
complete O-algebra which is topologically of finite type, and let 9™ be a pro-
jective Breuil-Kisin—Fargues G g-module with A-coefficients which admits all
descents. Then we say that the G g-action on 9" is canonical if for any a > 1,
any 7°, and any s > s'(K, a, h, N), the restriction to Gi_, . of the action of Gk

on M ©p O/w® agrees with the action obtained from 9., by Lemma 4.3.3.

4.5.2 Remark. The point of this definition is that it is immediate from Propo-
sition 4.4.1 that the Breuil-Kisin—Fargues modules coming from lattices in
semistable G i-representations have canonical G i-actions.

We now define our moduli stacks of Breuil-Kisin—Fargues G g-modules.

4.5.3 Definition. For any h > 0 we let Cj, , denote the limit preserving
category of groupoids over Spec O/w® determined by decreeing, for any finite
type O/w"-algebra A, that Cg . , (A) is the groupoid of rank d projective Breuil-
Kisin—Fargues G g-modules with A-coefficients, which are of height at most h,
which admit all descents, and whose G g-action is canonical.

We let € .,ys , denote the limit preserving subcategory.of groupoids of Cg . ,
consisting of those BreuilKisin-Fargues G g-modules 9™ which are further-
more crystalline. We let Cy 5 1= @a Cg)ss,h, and let Cq crys,n 1= @a Cg’crys,h.

4.5.4 Remark. This definition uniquely determines limit preserving categories
fibred in groupoids over O by [EG21, Lem. 2.5.4]. We will see shortly that the
inductive limits Cgges,n and Cq crys,p are in fact p-adic formal algebraic stacks
(Theorem 4.5.20).

If A is a p-adically complete O-algebra, then as usual we write Cqgs n(A)
(resp. Caqerys,n(A)) to denote the groupoid of morphisms from Spf A (defined
using the p-adic topology on A) to Cq s, (resp. Cqerys,n). More concretely, we
have

Cd,ss,h(A) = Liilcg,ss,h(A/wa)a
a

and similarly for Cq crys,n(A). We will typically apply this convention in the case
when A is furthermore topologically of finite type over O. In this case each of the
quotients A/w?® is of finite type over O/w?® (by the definition of topologically of
finite type), and so the objects of Cg . ,,(A/w®) admit a concrete interpretation
as Breuil-Kisin—Fargues Gx-modules over A. The objects of Cy s n(A) and of
Cd,crys,h (A) then similarly admit a concrete interpretation.

4.5.5 Lemma. Let A be a p-adically complete O-algebra which is topologically
of finite type. Then Cqgs,n(A) is the groupoid of rank d projective Breuil-Kisin—
Fargues G -modules with A-coefficients, which are of height at most h, which
admit all descents, and whose G i -action is canonical. In addition, Cq crys n(A)
is the subgroupoid consisting of those Breuil-Kisin—Fargues G g-modules 9™
which are furthermore crystalline.
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Proof. This follows from Lemma D.5. O

The following lemma is crucial: it shows that Breuil-Kisin—Fargues modules
which admit all descents give rise to (¢, ')-modules.

4.5.6 Lemma. There is a natural morphism Cqssp — X4, which on Spf A-
points (for p-adically complete O-algebras A that are topologically of finite type)
is given by extending scalars to W(CP) 4.

Proof. As indicated in the statement of the lemma, this morphism is defined,
for finite type O/w-algebras, via M s W(C®) 4 ®4,,, , ", with the target
object being regarded as an A-valued point of X; via the equivalence of Proposi-
tion 2.7.8. Since both Cy s 5 and Xy are limit preserving (the former by its very
construction, and the latter by Lemma 3.2.19), it follows from [EG21, Lem. 2.5.4,
Lem. 2.5.5 (1)] that this construction determines a morphism Cq g5, — X4. O

4.5.7 Remark. The proof of Lemma 4.5.6 illustrates a general principle (which
was also applied in the proofs of the results in Section 3.7), namely that to con-
struct a morphism between limit preserving stacks over Spec O/w®, or over Spf O,
it suffices to define the intended morphism on finite type O/w®-algebras (with
a either fixed or varying, depending on which case we are in).

Similarly, if P is any property of such a morphism that is preserved under
base-change, and that is tested by pulling back over A-valued points, then to
test for the property P, it suffices to consider such pull-backs in the case when
A is of finite type over O/w®.

We will apply these principles consistently throughout the remainder of this
section.

For any h > 0 and any choice of ©°, we write Cro 4, for the moduli stack of
rank d projective Breuil-Kisin modules over &, 4 of height at most h, and R 4
for the corresponding stack of rank d projective étale p-modules. We also write
Cﬁ,,,d)h and Rfr,,)d for their base-change over O/w?, for any a > 1.

Recall that, by Proposition 3.7.2, we have a natural morphism Xk 4 — R » g,
which for each s > 1 can be factored, via Lemma 3.7.5, as

XK,d — Xwa.s’d — Rﬂ'",d‘

4.5.8 Proposition. For any fized a, h, and any N and s(a, h, N) as in Lemma 4.3.3,
then for any s > s(a,h, N) there is a canonical morphism C¢, ., — Xi .
obtained from the canonical action of Lemma 4.3.3. This morphism fits into a
commutative triangle
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Proof. As discussed in Remark 4.5.7, it is enough to show that if A is a fi-
nite type O/w*-algebra, and 9 is a finite projective étale Breuil-Kisin module
with A-coefficients, then we can canonically extend the action of G K, _ on
W(Cb)A ®s ., , M to an action of GK,rb K if s > s(a,h, N). Such an extension
is provided by Lemma 4.3.3. O

a
b ,d,h

sentable by algebraic spaces, proper, and of ﬁnite presentation.

4.5.9 Lemma. The morphism C — X, .a of Proposition 4.5.8 is repre-

Proof. This follows by a standard graph argument. Namely, we write this mor-
phism as the composite

a a a a
C‘n'b,d,h —> Cﬂ'b,d,h XRib_d XKﬂb,S7d —> XKﬂ-b,s’d'

The first arrow is a closed immersion, being the base change of the diagonal
morphism Xy — X, XR , X4, which is a closed immersion by Proposition 3.7.4.
The second arrow is repfesentable by algebraic spaces and proper, because it
is the base change of the morphism C7arb,d,h — R;b7d of Theorem 3.1.4. The
composite morphism is thus representable by algebraic spaces and proper. Such
a morphism is in particular of finite type and separated (and so also quasi-
separated), and hence Lemma 4.5.10 below allows us to conclude that it is also
of finite presentation (once we take into account Lemma 3.2.19, which shows
that its target is limit preserving). O

4.5.10 Lemma. Let Z — X be a morphism of stacks over a locally Noetherian
base scheme S which is representable by algebraic spaces, of finite type, and
quasi-separated. If X is limit preserving, then this morphism is furthermore of
finite presentation.

Proof. 1t is enough to show, for any morphism 7" — X whose source is an affine
S-scheme T, that the pulled back morphism (of algebraic spaces) T xxy £ — T
is of finite presentation. Since X is limit preserving, the morphism T — X
factors through a morphism of S-schemes T' — T’, where T is affine and of
finite presentation over S. Thus, replacing T by T, we may assume that T is
of finite presentation over S, and consequently Noetherian.

The base-changed morphism T Xy Z — T is thus a finite type and quasi-
separated morphism from an algebraic space to a Noetherian scheme, and hence
is of finite presentation by [Sta, Tag 06G4]. This proves the lemma. O

4.5.11 Definition. The morphisms of Lemma 3.7.5 and Proposition 4.5.8 allow
us to define a stack C%, =, by the requirement that it fits into a 2-Cartesian
diagram

a 5 a
Cﬂb,s,d,h CTrb,d,h

.

a a
Xgg— g R

7P s?

(4.5.12)


https://stacks.math.columbia.edu/tag/06G4
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The stack C2, _ . classifies rank d projective Breuil-Kisin modules 90t of height

at most h over &, 4 equipped with an extension of the canonical G K_, -action
on W(C”) 4 ®e_, , M to an action of Gk (making it an étale (o, Gx)-module).

Since the lower horizontal arrow in (4.5.12) is representable by algebraic
spaces and of finite presentation, by Lemma 3.7.5, and since C%, ,, is an
algebraic stack of finite presentation over O/w®, by Theorem 3.1.74,7 we see
that CZ,,VS’ dh is also an algebraic stack of finite presentation over O/w®. Since
the right hand vertical arrow in this diagram is representable by algebraic spaces,
proper, and of finite presentation, by Lemma 4.5.9, so is the left hand vertical
arrow.

4.5.13 Lemma. The diagonal of CZ, s affine and of finite presentation.

»8,d,h

Proof. As we already noted, the morphism Cﬁb)s, an = Xk ,q is representable by
algebraic spaces and proper (and so in particular is both separated and of finite
type); the claim of the lemma thus follows from Proposition 3.2.17, together
with Lemma 4.5.14 below. O

4.5.14 Lemma. Suppose that f : X — Y is a morphism of stacks over a base
scheme S which is representable by algebraic spaces, separated, and of finite
type. Suppose also that the diagonal Ay 1Y — Y xg Y is affine and of finite
presentation. Then the diagonal Ay : X — X xg X is affine and of finite
presentation.

Proof. The diagonal morphism
X > X xgX
may be factored as the composite of the relative diagonal
X=X xyX (4.5.15)

and the morphism
X xyX = X xg &, (4.5.16)

which is a base change of the diagonal morphism Ay. Our assumption on Ay,
then, implies that the morphism (4.5.16) is affine and of finite presentation.
Since X — ) is representable by algebraic spaces and separated, its diago-
nal (4.5.15) is a closed immersion, and thus affine. Since it is furthermore of
finite type, the morphism (4.5.15) is also of finite presentation, by Lemma 3.2.7.
Thus Ay is the composite of morphisms that are affine and of finite presenta-
tion, and the lemma follows. O

4.5.17 Proposition. For each 7° and each s > s'(K,a,h,N), there are nat-
ural closed immersions Cg ..osp = Cssn = Clo gy, A0 particular, Cg
and Cg ,ys , are algebraic stacks of finite presentation over O/w®, and have

affine diagonals.
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Proof. We have already observed that C¢, _ . is of finite presentation over O/w?,
and has affine diagonal by Lemma 4.5.13. Once we construct the claimed closed
immersions, the claims of finite presentation will follow from Lemma 4.5.10;
and since closed immersions are in particular monomorphisms, the diagonals
of Cqes,n and Cq crys,n, are then obtained via base change from the diagonal
of C;‘:b,& dh and are in particular affine. We thus focus on constructing these
closed immersions. Throughout the proof, we take into Remark 4.5.7, which
allows us to restrict our attention to the points of the various stacks in question
that are defined over finite type O/w?-algebras.

Lemma 4.5.6 constructs a morphism Cg ., — X% 4, given by extending

scalars to W(C”), and it follows from Lemma 4.2.8 that there is a natural mor-

phism C§, , — C%, ., defined via 9™ — 9M_,. The composite morphisms
a a a a a a c . .
Clssh — Cﬂb’d’h — XK@ d and C§ ., = Xt g — XKW., d coincide by defini-

tion (see Definitions 45.1 and 4.5.3). Thus these morphisms induce a morphism
Céll,ss,h - Cgb,s’d,h- (4.5.18)

To see that (4.5.18) is a monomorphism, it is enough to note that if A is
any finite type O/w®-algebra A, and ™ is any Breuil Kisin-Fargues mod-
ule over A which admits all descents and whose G i-action is canonical, cor-
responding to an A-valued point of Cg)ss’h, then oinf = Aint A Vs Mo is
determined by 9 _,, and the G'x-action on M™ is determined by the G g-action
on W(Cb)A OAinea oint,

We now show that (4.5.18) is a closed immersion. It is enough to do this
after pulling back to some finite type O/w*-algebra A, where we need to show
that the conditions that oirf = Aint. A s , , I, is G x-stable and admits all
descents, and that the G g-action is canonicél, are closed conditions. We begin
with the first of these. It is enough to show that for each g € Gk, the condition
that g(O™f) ¢ M is closed. This condition is equivalent to the vanishing of
the composite morphism

boA

g

g*minf N Dﬁinf[l/u] N minf[l/u} /minf,

and this is a closed condition by Lemma B.28. Let Cj ., denote the closed
substack of C¢, _ , , for which ominf ig G g-stable.

We next show that for each choice of uniformizer 7/, and each ('), the con-
dition that 9"f admits a descent to S 4, (ry» 18 & closed condition. To this end,
note that by Proposition 2.7.8, MM [1 /u] descends uniquely to Sy all/ul, s0

we have a morphism Cg ,, — R‘(lﬂ,)b_’d. Then the fibre product Cg 4 . xn?ﬂ/)b)d
Cfﬂ,)b .., s the moduli space of pairs (9, M) where M := M, is as above (an

object classified by Cj 5 ), and M’ is a Breuil-Kisin module for &y 4 of
height at most h which satisfies

W(C®)a ®s, M =W(C)a s, , M.

ﬂ/)va
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Consider the substack C§ G (n)? of this fibre product satisfying the condition
that
nf
Ainf,a ®s ,, , T =M™ (4.5.19)
Note that this is exactly the condition that 9t admits a descent for ('), and
that 99U is this descent (which is uniquely determined by Lemma 4.2.8), so the
projection C§ Grer(mry Ci G, is a monomorphism, and we need to show that

o o . . . a a a
it is a closed immersion. Since the projection Cg XRe C(Tr')b,d,h = Ci ax

is proper (being a base change of the proper morphism C?ﬁ,)b an = R?ﬁ,)b 2
and since proper monomorphisms are closed immersions, it is enough to show
that Cg,GK,(w/)b is a closed substack of C:},GK XRZL,‘./)b’d C(aw/)b,d,h; that is, we must
show that (4.5.19) is a closed condition. This again follows from Lemma B.28.

We now consider the closed substack of C%, _,, for which minf is G -stable

and admits a descent for each (7’)". We need to show that for each (7)”, the
further conditions that

9:n‘n'b/[Trb]g:n‘n'b = m(ﬂ/)b/[(ﬂ'/)b}m(ﬂ./)b

and
@*mﬂ.b /Eﬂb Q*mﬂ,b = @*M(ﬂ/)b /E(ﬂ./)b @*m(ﬂ/)b

are closed conditions.

The arguments in both cases are very similar (and in turn are similar to
the proof of Lemma B.28), so we only give the argument in the second case,
leaving the first to the reader. Each side is a projective O ®z, A-submodule
of the projective Oc ®z, A-module Oc ®a,, 4.0 ¢*M™, and indeed spans
this module after extension of scalars to Oc. By symmetry, it is enough to
show that for each element m € @*M 1y /Eryp ™My, the condition that
m € ¢*M /E oM, is closed.

Write P := o*M,»/E»@* M5, and choose a finite projective O ®z, A-
module ) such that F := P ® Q is free. We can think of m as an element of
Oc ®o, P and thus as an element of Oc ®o, F', and it is enough to check that
the condition that m € F is closed. Choosing a basis for F', we reduce to the
case that F' is one-dimensional, and thus to showing that the condition that an
element of Oc ®z, A lies in O ®z, A is closed. Since Oc is a torsion-free and
thus flat Ox-module, Oc/w® is flat and thus free as a module for the Artinian
ring Ok /w?. Thus O¢ ®z, Ais afree O ®z, A-module, and the result follows
by choosing a basis.

We now need to show that the condition that the G i-action is canonical
is a closed condition. Explicitly, by Lemma 4.3.3, we need to show that for
each b < a, each N > e(b+ h)/(p — 1), each s > s'(K,b, h, N), each 7°, and
each g € Gk , , the condition that

(g— 1M, R0 O/x’) C u¥ (M 00 O/x?)

is closed. This follows from Lemma B.29.
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Finally, it remains to show that the monomorphism Cg ..., — Cg ), is a
closed immersion; that is, for each g € Gx and each 7 we need to show that
the condition that

(9= 1)(M) C ™" ()]
is a closed condition. It is enough to show that for each m € 9+, the condition
that (g — 1)(m) € o1 (u)[7°]MM™F is closed. Since ¢~ (u)[7° ] is a finite
projective Ain¢ 4-module, this follows from another application of Lemma B.29.
O

4.5.20 Theorem. Cqssp is a p-adic formal algebraic stack of finite presenta-
tion, as is its closed substack Cqcrys,n- In addition, both of these stacks have
affine diagonal, and each of the morphisms Cqssn — Xk q and Cq.crys,n — XK,d
1s representable by algebraic spaces, proper, and of finite presentation.

Proof. Since Cq crys,n is a closed substack of Cy g 1, it suffices to prove the state-
ments of the lemma for Cggs . (Here we use the fact that a closed immersion
is a monomorphism to see that the diagonal of Cqcrys,n is obtained via base
change from the diagonal of C; s 1, While we use Lemma 4.5.10 to transfer finite
presentation properties from Cy s t0 Ca,crys,h)-

By Proposition A.13, to see that Cqs,n is a p-adic formal algebraic stack of
finite presentation, it is enough to show that each Cg . j is an algebraic stack of
finite presentation over O/w®, which was proved in Proposition 4.5.17. Since
each Ciss’h has affine diagonal, by the same proposition, we see as well that
Ca,ss,n has affine diagonal.

That Cqss,n — Xk ,q is representable by algebraic spaces, proper, and of
finite presentation also follows from Proposition 4.5.17. Indeed, for each a the
morphism Cg ., — Xk 4 factors as Cj o, — C, _,, — X 4, where the first
morphism is a closed immersion of finite type aléei)faic stacks, so it is enough
to prove the same properties for the morphism C2, =, — X i,4; as explained
in Definition 4.5.11, this follows from Lemma 459, O

4.5.21 Potentially crystalline and potentially semistable
stacks

We now consider the corresponding potentially semistable and potentially crys-
talline versions of these moduli stacks of Breuil-Kisin—Fargues modules.

4.5.22 Definition. For a Galois extension L/K, define stacks Cigfh and

Ciégs,h as follows: for each a > 1 we let Céif ,* denote the limit preserving

category of groupoids over Spec O/w® determined by decreeing, for any finite
type O/w-algebra A, that Cigféa(A) is the groupoid of Breuil-Kisin—Fargues
G g-modules with A-coefficients, which are of height at most h, which admit all
descents over L, and whose (Gp-actions are canonical.

We let CiérKy’:h denote the limit preserving subcategory of groupoids of Cg . 1,
consisting of those Breuil-Kisin-Fargues G x-modules 9™ for which the action
of G, is crystalline.
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L/K

We let Cd,ss,h = hﬂ CgésKha, and let ¢L/K lgl cL/Ka

d,crys, h - d,crys,h’

The following lemma is proved in exactly the same way as Lemma 4.5.5.

4.5.23 Lemma. Let A be a p- adically complete O-algebra which is topologically
of finite type over O. Then Cd s, h( ) is the groupoid of Breuil-Kisin—Fargues
G i -modules with A-coefficients, ‘which are of height at most h, and which ad-
mit all descents over L, and whose Gr-actions are canonical; and Ciégsvh(A)
is the subgroupoid of those Breuil-Kisin-Farques G -modules M which are
furthermore crystalline.

4.5.24 Proposition. For any Galois extension L/K, any d, and any h, Ciéfh

s a p-adic formal algebraic stack of finite presentation, and Cd erys,p 15 @ closed
substack, which is thus agam a p-adic formal algebraic stack of finite presen-

tation. Both C(féSKh and C

phisms Cd s h — Xk ,q and Cd erys,h Xk q are representable by algebraic spaces,
proper, and of finite presentation.

dcrysh have affine diagonal, and the natural mor-

Proof. We have a natural morphism C; gSKh - C; és , (given by restricting the
action of Gx to Gp; the target is of course just the stack denoted Cq,ss,n, above,

but for L instead of K), and a natural morphism Cd - h — Xk 4, and thus a
natural morphism

Collt = Crlly X,y X (4.5.25)

We claim that (4.5.25) is a closed immersion. Given this, the proposition
follows. Indeed, by Theorem 4.5.20, CC?QSL 5 is a p-adic formal algebraic stack

of finite presentation, and the morphism Cd ss. h — X q is representable by
algebraic spaces, proper, and of finite presentatlon. Furthermore, Xx 4 — X714
is representable by algebraic spaces and of finite presentation by Lemma 3.7.5.
That C; éYVS ,, s a closed substack of Ciéf ,, follows from Proposition 4.5.17. The
claims on the diagonals are proved by appeal to Lemma 4.5.14 (¢f. the proof of
Lemma 4.5.13).

It remains to prove the claim. It suffices to prove this after pulling back via a
morphism Spec A — X, g for some finite type O/w®-algebra A. Unwinding the
definitions, we have to show that if 9™ is a Breuil-Kisin-Fargues G;-module
with A-coefficients, with a compatible action of Gx on W(C’)4 ®a,,, , T,
then the condition that 9™ is G-stable is a closed condition. It suffices to
show that for each ¢ € G, the condition that g(9™"f) C M is a closed
condition; as in the proof of Proposition 4.5.17, this follows from Lemma B.28,
applied to the composite morphism

g*minf N imi“f[l/u] N Smi“f[l/u]/imi“f. O

We end this section with the following lemma, which will be used in the
proof of Proposition 4.8.10.
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4.5.26 Lemma. Let R be a complete local Noetherian O-algebra with residue
field ¥, together with a morphism Spf R — Xk 4, and let C := Ciés{{h X Xy
Spt R. Then there is a projective morphism of schemes C — Spec R whose

mp-adic completion is isomorphic to C'.

Proof. Note that since C(fésK » — XK,q is proper and representable by algebraic

spaces, we see that C is a formal algebraic space, and the morphism C— Spf R
is proper and representable by algebraic spaces. In particular, C is a proper
mp-adic formal algebraic space over Spf R.

To show that we can algebraize C, we will use an argument of Kisin, see
[Kis09b, Prop. 2.1.10], which proves a similar statement for moduli of Breuil-

Kisin modules. In order to use this, we show that we can realise CfégK 5, as a
closed substack of a product of moduli stacks of Breuil-Kisin modules.

Let 7, 7" be two choices of uniformizers of L, chosen such that =/7’ is not a
pth power, and choose compatible systems of p-power roots 7°, (7')?. Note that
the closure of the subgroup of G, generated by Gwa,oo and GLW)b,oo is just G,
because its fixed field is contained in L » N L5yp o = L, so that a continuous
action of GGy, is determined by its restrictions to GLﬂ'b,oo and GL(w')b,eo

Suppose firstly that L = K. We have a natural morphism
Ca,ss,n = Cov an Xspf © Cinryp d hs (4.5.27)

which we claim is a monomorphism. To see this, it is enough to note that M™f =
Ainga Qs , , 9, is determined by 9, », while the Gx-action on M is de-

termined by the actions of G K., and G K, , which are in turn determined

ﬂ./)bym

by the conditions that they act frivially on M_» and M,/y» respectively.
We may factor (4.5.27) as the composite

Cass,n = (Cov a,n Xspf OC(nye d ) X (R s xspt 0R s ) VK d = Cr a i X5t OC(aryp d, e

Since the composite is a monomorphism, the first morphism is a monomorphism.
This first morphism is also proper (since the morphism Cg 55, — Xk 4 obtained
by composing it with the projection to Xk 4 is proper, by Theorem 4.5.20,
while this projection is separated, being a base-change of the product of the
morphisms Ciry g, = Rpv g and Cirrye g, — R(rryr g €ach of which is proper,
and so in particular separated, by Theorem 3.1.4) and so it is in fact a closed
immersion. Thus C is a closed algebraic subspace of
(C‘frb,d,h XRﬂb,d Spf R) XSpf R (C(‘fr/)b,d,h XR(W’)b,d Spf R)
By the Grothendieck Existence theorem for algebraic spaces [Knu71l, Thm.
V.6.3] (and the symmetry between 7° and (7')”), we are therefore reduced to
showing that the morphism Cr» 4, X% _, , Spf R — Spf R can be algebraized to
a projective morphism. In the case h = i, this is [Kis09b, Prop. 2.1.10] (bearing
in mind the main result of [BL95], as in the proof of [Kis09b, Prop. 2.1.7]), and
the case of general h can be proved in exactly the same way, as explained in the
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proof of [Kis10, Prop. 1.3]; the key point is that Cr» 45 X®_, , Spf R inherits a
natural very ample (formal) line bundle from the affine Grassmannian.

We now consider the case of a general finite Galois extension L/K, where
we argue as in the proof of Proposition 3.7.5. Let {g;}i=1,....n be a set of coset

representatives for Gy in Gg. By definition, to give an obJect of Cd s, h(A) (for

some A) is the same as giving an object of ck/ s, h(A), together with an extension
of the action of G on the underlying Breuil-Kisin—Fargues module imi};f to an
action of Gg. Now, for each i we can give g79MA! the structure of a Breuil-
Kisin-Fargues module by letting h € G, act as g; 'hg; acts on mifff; it follows

from the definitions that g9}f is also an object of CgéSL n(A). Then to give an
extension of the action of G, on ML to an action of Gk is to give for each i

an isomorphism g = IR of objects of Cd . h(A), satisfying a slew of
compatibilities.
L/L

We let Vi denote the stack classifying objects D4" of C; (" (A), endowed
with an isomorphism g; smmf im;‘;f. If we regard g; as an automorphism

of CféSL ,(A), then we may form its graph I';, and we then have an isomorphism
of stacks

Vi =2 CutinA) X s eirs, capnctrs, (avr, Casen(A)
(Here A denotes the diagonal; cf. the definition of Rgd‘“ in Section 3.2 above,
together with Proposition 3.2.14.) The projection onto the second factor Y; —
C;éf n(A), which corresponds to forgetting the isomorphism, is a base-change
of the diagonal A, and so is affine, since A is affine by Theorem 4.5.20. In
particular, J; X x, , Spf R admits a natural ample formal line bundle, pulled

back from the natural very ample formal line bundle on Cjéf n Xxp.. SPFR,
whose existence we established above.
We can rephrase our interpretation of objects of Cd s, h(A) as objects of

Cééf 1 (A) endowed with isomorphisms g; it — M satisfying compatibilities

as the existence of a closed immersion
L/K
cL/

d,ss,h — yl Xcgéfh X oo XCL/L yn

(the compatibilities that cut out Cigfh arise as base-changes of the double diag-

onal, and so impose closed conditions). It follows that C;if » Xy o Spf R inherits
a natural ample formal line bundle. As noted in the proof of Lemma 3.7.5, since
the morphism X 4 — X7 4 is affine, it has affine diagonal, so that the natural
morphism

ColE, X aea SPER — CYI 1 xx,  SPER

is affine. It follows that that Cd - h X xy. o Spf R in turn inherits a natural ample
formal line bundle (see e.g. [Sta, Tag 0892]), and the result then follows from
another application of [Knu71, Thm. V.6.3]. O
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4.6 Inertial types

In this section we examine how to extract the inertial type of the Galois rep-
resentation associated to a Breuil-Kisin—Fargues G g-module; in Section 4.7 we
study the same problem for Hodge—Tate weights, and in Section 4.8 we use
these results to define our moduli stacks of potentially semistable and poten-
tially crystalline representations of fixed inertial and Hodge type.

In contrast to the rest of the book, in this and the following sections we
will need to consider Kisin modules with coefficients with p inverted. To this
end, we will write A° and B° for p-adically complete flat O-algebras which
are topologically of finite type over O, and write A = A°[1/p|, B = B°[1/p].
We hope that this change of notation will not cause any confusion. We will
freely use that if A° is topologically of finite type over O, then A := A°[1/p] is
Noetherian and Jacobson ([FK18, §0, Prop. 9.3.2, 9.3.10]), and the residue fields
of the maximal ideals of A are finite extensions of K ([FK18, §0, Cor. 9.3.7]).

Let L/K be a finite Galois extension with inertia group Iy, and suppose
now that F is large enough that it contains the images of all embeddings L <>
Qzﬂ that all irreducible E-representations of I7,x are absolutely irreducible,
and that every irreducible Qp—representation of I,k is defined over E. Write [
for the residue field of L, and write Ly = W (I)[1/p].

Let 9140 be a Breuil-Kisin—Fargues G x-module with A°-coefficients which
admits all descents over L, and write Mae = Mpo o /[1°]M 4o v for the
module considered in Definition 4.2.4 (1) (for some choice of 7°, with 7 a
uniformizer of L; note that by the definition of M40 admitting all descents
over L, the quotient 9 40 is actually well-defined as a W (l) ®z, A°-submodule
of W(k)4 ®a,,; » Mao, independently of the choice 7 or 7°). Then M40 has a
natural W (l) ®z, A-semilinear action of Gal(L/K), which is defined as follows:
if g € Gal(L/K), then g(M 4o r») = Mo g(rsy (see the proof of Lemma 4.2.7),
so the morphism g : M 4o o — g(M 4o 1) = M40 (7») induces a morphism

g: on,ﬂ"/[ﬂ-b]mAO,w" - mA",g(ﬂ'b)/[g(ﬂ-b)]DﬁA",g(ﬂ'b)’
and the source and target are both canonically identified with 91 4.

This action of Gal(L/K) on M 4o induces an Ly ®q, A-linear action of I, x
on the projective Ly ®q, A-module Mao ®40 A. Fix a choice of embedding
o: Ly E, and let e, € Ly ®q, F be the corresponding idempotent. Then
eo (Mo @40 A) is a projective A-module of rank d, with an A-linear action
of It /k. (Indeed, since M 4o is a finite projective & 4-module of rank d, M 40
is a finite projective W (k) ®z, A°-module of rank d, and M 4o ® 40 A is a finite
projective Ly ®q, A-module of rank d. It follows that e, (M40 @40 A) is a finite
projective A-module of rank d.)

Note that up to canonical isomorphism, this module does not depend on
the choice of e,: indeed the induced action of ¢ commutes with I,k and
induces isomorphisms between the e, (940 @40 A) (with o varying), because
the cokernel of ¢ is killed by FE,, which is a unit in our setting (in which [7°] = 0
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and p is a unit).

4.6.1 Definition. Let EmiAf‘f be as above. Then we write
WD) = e, (M40 @40 A),

a projective A-module of rank d with an A-linear action of I, /.

4.6.2 Remark. The point of this definition is that if A° is a finite flat O-algebra,
then it computes inertial types in the following sense: writing A := A°[1/p],
and Mo = W(C")Ao O Ains, a0 Qﬁij‘lﬁ, we have a potentially semistable repre-
sentation of Gk on a free A-module given by Va(Mao) := Tao(Mac) ®40 A.
As explained in Section F.24, the inertial type Dpst(Va(Mao))|1, is then given

by WD(93!) with its action of Ik

4.6.3 Proposition. Let A° be a p-adically complete flat O-algebra which is
topologically of finite type over O, and write A = A°[1/p]. Let MEL and M 4o
be as above, and fix o : Lo — E. Then WD(IMMLL) is a finite projective A-
module of rank d with an action of I, whose formation is compatible with base
changes A° — B° of p-adically complete flat O-algebras which are topologically
of finite type over O.

Proof. Writing u for [°], the compatibility of formation with base change re-
duces to the observation that the natural map &4 ® 4 B — G&p induces an
isomorphism

GB/UGBg(GA/UGA)(@AB. O

Let 7 be a d-dimensional E-representation of Iy /k-.

4.6.4 Definition. In the setting of Proposition 4.6.3, we say that imi;gﬁ has
inertial type 7 if Zariski locally on Spec A, WD(M4E) is isomorphic to the base

change of 7 to A.

4.6.5 Corollary. In the setting of Proposition 4.6.3, we can decompose Spec A
as the disjoint union of open and closed subschemes Spec A™, where Spec A™
is the locus over which ML has inertial type 7. Furthermore, the formation
of this decomposition is compatible with base changes A° — B° of p-adically

complete flat O-algebras which are topologically of finite type over O.

Proof. By Proposition 4.6.3 (more precisely, by the compatibility with base
change), we can define Spec A™ to be the locus over which zmigﬁ has inertial
type 7. That Spec A is actually the disjoint union of the Spec A™ follows easily
from our assumptions on F, and standard facts about the representation theory
of finite groups in characteristic zero. For lack of a convenient reference, we
sketch a proof as follows.

Since E has characteristic zero, the representation P := @,.r is a projective
generator of the category of E[I}k]|-modules, where 7 runs over a set of repre-
sentatives for the isomorphism classes of irreducible E-representations of Iy k.
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Our assumption that F is large enough that each r is absolutely irreducible fur-
thermore shows that Endy, . (r) = E for each r, so that End;, ,, (P) =[], E.

Standard Morita theory then shows that the functor M + Homyp, . (P, M)
induces an equivalence between the category of E[I},x]-modules and the cat-
egory of J], E-modules. Of course, a [], E-module is just given by a tuple
(N;:) of E-vector spaces, and in this optic, the functor Homy, ,, (P, ) can be
written as M +— (Homy, , (r, M)), , with a quasi-inverse functor being given by
(Ny) = D, 7 ®g Ny. It is easily seen (just using the fact that Homy, ,, (P, )
induces an equivalence of categories) that M is a finitely generated projective
A-module, for some E-algebra A, if and only if each Homy, ,, (r, M) is a finitely
generated projective A-module. Writing the various 7 in the form @,r"r, we
are done. O

4.7 Hodge—Tate weights

Let A° be a p-adically complete flat O-algebra which is topologically of finite
type over O, and let sm‘;;}i be a Breuil-Kisin—Fargues G x-module of height at
most h with A°-coefficients, which admits all descents. We now explain how
to interpret the condition that imlffg has a fixed Hodge type, following [Kis08,
Lem. 2.6.1, Cor. 2.6.2] (but bearing in mind the corrections to these results
explained in [Kis09a, A.4]). We would like to thank Mark Kisin for a helpful
conversation about these results, and for some suggestions regarding the proof
of Proposition 4.7.2.

Fix some choice of 7”, and write 90 4o for M 40, and u for [7°]. For each 0 <
i < h we define Fil' *M 0 = CID;nlAO (E(u)M40), and we set Fil* p*9M g0 =
M 40 for ¢ < 0.
4.7.1 Remark. The point of this definition is that it captures the Hodge fil-
tration. Indeed, if A° is a finite flat O-algebra, then writing A = A°[1/p],
and Mo = W(Cb)Ao @A a0 Dﬁij“f, we have a representation of Gg on a
free A-module given by VA(MAo) = Tho(Mao) ®40 A. As explained in Sec-
tion F.24 (or see the proof of [Kis08, Cor. 2.6.2]), there is a natural identification
of Dar (Va(Mao)) with (¢*IM 40 / E(u)p* M) 40 A, under which Fil* Dgg (Va (M 4-))
is identified with

(Fil @*M g0 /B (u) Fil' ™! 0*M 40) @40 A;

in particular, this latter module is a finite projective K ®q, A-module.

The following proposition shows that the final conclusion of the preceding
remark holds for more general choices of A°; the proof uses that particular case
(i.e. the case that A° is a finite flat O-algebra) as an input.

4.7.2 Proposition. Let A° be a p-adically complete flat O-algebra which is
topologically of finite type over O, and write A = A°[1/p]. Let ML and M 40
be as above. For each 0 <i < h,

(Fil o*M 40 /E(u) Fil' ! 0*Mao) @40 A
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is a finite projective K ®q, A-module, whose formation is compatible with base
changes A° — B° of p-adically complete flat O-algebras which are topologically
of finite type over O.

Proof. For any morphism of O-algebras A° — B°, we write Mpo := Gpo ®s 40
M 40. We begin by showing (following the proof of [Kis08, Lem. 2.6.1]) that for
any p-adically complete O-algebra A° which is topologically of finite type over O,
both M 40 /im Poy ,, and @*ﬁﬁAo/Filh ©*M 40 are finite projective O ®z, A°-
modules, whose formation is compatible with arbitrary base changes A° — B°
(with B° also topologically of finite type).

Indeed, that 940 /im ®op ,, is a finite projective Ox ®z, A°-module whose
formation is compatible with base change follows as in the proof of [Kis08,
Lem. 2.6.1] from the fact that ®gy remains injective after any base change
(because E(u) remains a non-zero-divisor after any base change), and the result
for *M 40 / Fil" 0*M 40 follows from this and the short exact sequence

0 = @ M 4o/ Fil" 0*Mao — Mao /E(u)"Mao — Mao/im Bgp,, — 0.

We claim that for each 0 < i < h, (Fil" o*M 40 /E(u) Fil" ™ 0*M 40) @ 40
A is a finite projective K ®q, A-module whose formation is compatible with
base change. Admitting the claim, the proposition follows from the short exact
sequence

0 — Fil' 9*M 40 / E(u) Fil' ™ ©* M 4o

w)h—i ) )
PO Rilh o9 e / B (u) =+ Fil™ 0 90 4o

— Fil" 0* Mo /E(u)" T Fil' o*Myo — 0 (4.7.3)

(because after tensoring with A, the second and third terms are projective and
compatible with base change, so that the sequence splits, and the first term is
also projective and compatible with base change).
To prove the claim, we firstly consider for each 0 <7 < h the finite Ok ®z,
A°-module
@ Mae /(E(u) " Mo + Fil" "M 40).

Since this is the cokernel of the morphism
E(u)'@* Mo — 0 M40/ Fil" 0* M g0,

we see that its formation is compatible with base change. We have a short exact
sequence of finite type A°-modules

0 — Fil" o*M 4o /E(u) Fil" ™ @* M g0 — ©* M40 /E(u)' @* M g0

. 4.7.4
— ©*Mae /(E(u)'@* Mo + Fil" 0*M40) = 0, 14

in which the second and third terms are compatible with base change, and we
need to prove that after inverting p, the first term is projective and is of for-
mation compatible with base change. To this end, note firstly that as discussed
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above, if A° is a finite flat O-algebra, then each
(Fil' 9*Mao /E(u) Fil' ™ 0" Mao) @ 40 A

is a finite projective K ®q, A-module, and it follows from (4.7.3) and an easy
induction that the same is true of (Fil" ¢*M 40 /E(u)! Fil" ™ ©*M 40 ) @ 40 A.
To simplify notation, we write (4.7.4) as

0— K(A°) = M; — My — 0,

and for any A°-algebra C, we write K (C') for the kernel of the surjection M; ® 4o
C — Ms ® 40 C. In particular for B° as in the statement of the proposition, if
as usual we write B := B°[1/p], then we have

K(B) = (Fil" ¢"Mpe /E(u)' FII" ™' ¢"Mpe) ©peo B;

so we need to show that K (A) is projective, and that K(B) = K(A) @4 B.

Let m be a maximal ideal of A, so that A/m’ is a finite E-algebra for each i.
Then since Xm is a flat A-algebra, since the Artin-Rees Lemma shows that
tensoring with A, coincides with m-adic completion for finite type modules,
and since the formation of kernels commutes with limits, we see that

K(A) ®p0 Ap = K(Ap) = @K(A/mi).

Since A/m' is a finite E-algebra, we see that K(A/m') is a finite projective
(K ®q, A)/m‘-module of rank bounded independently of i. It follows that
K(A) ®a0 Em is a finite projective O ®z, gm—module. Since A, is Noethe-
rian, Apis a faithfully flat A,-algebra, so that K(A) ® 40 Ay, is a finite projec-
tive Og ®z, Am-module. Since this holds for all m, we see that K (A) is a finite
projective Ok @z, A-module, as claimed.

It remains to show that we have K(B) = K(A) ® 4 B. We have a natural
surjective morphism of finite projective K ®q, B-modules

K(A)®4 B — K(B), (4.7.5)

which we need to show is an isomorphism. Note firstly that if B = A/m for
some maximal ideal m of A, then this follows from the previous paragraph. Now
suppose that B is general. Since the kernel of (4.7.5) is in particular a finite
projective B-module, is enough to prove that for any maximal ideal mp of B,
(4.7.5) becomes an isomorphism after tensoring with B/mp. Suppose that mp
lies over a maximal ideal m of A, so that B/mp is a finite field extension of A/m;
we need to show that the induced surjection

K(A/m) ®A/m B/mB — K(B/mB)

is an isomorphism. FEach side is determined by the de Rham filtration on the
corresponding G g-representation, which is compatible with the extension of
scalars, so we are done. O
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In what follows, we will work in the relative setting of an extension L/K. To
this end, we let A° be a p-adically complete flat O-algebra, with A := A°[1/p],
let L/K be a finite Galois extension, and let M4 be a Breuil-Kisin-Fargues
G g-module of rank d and height at most A with A° coefficients, which admits all
descents over L. Fix some choice of 7” a uniformizer of L, write 9% 40 for Mo a0,
and u for [7°]. Applying Proposition 4.7.2, with L in place of K, we obtain a
projective L ®q, A-module (¢*M 4o /E(u)p*Ma0) @40 A, which is filtered by
projective submodules. This filtered module has a natural action of Gal(L/K),
which is semi-linear with respect to the action of Gal(L/K) on L®q, A induced
by its action on the first factor. Since L/K is a Galois extension, the tensor
product L®q, A is an étale Gal(L/ K )-extension of K ®q, A, and so étale descent
allows us to descend (¢*M4o/E(u)p*Mao) @40 A to a filtered module over
K ®q, A; concretely, this descent is achieved by taking Gal(L/K)-invariants.
This leads to the following definition.

4.7.6 Definition. In the preceding situation, we write

Dar(ME1) = (" Mae / E(u)pMpe) @40 A)

)

and more generally, for each 7 > 0, we write

Fil' Dag (M5L) := ((Fil’ "M po /B () Fil' ' 0" My ) @ 40 A) T4
(and for i < 0, we write Fil' Dag (92L) := Dar (ML), The property of being
a finite rank projective module is preserved under étale descent, and so we find
that Dqr (MM}L) is a rank d projective K ®q, A-module, filtered by projective
submodules.

Since A is an F-algebra, we have the product decomposition K ®q, 4 =
[L,.x g A, and so, if we write e, for the idempotent corresponding to the factor
labeled by o in this decomposition, we find that

DdR (mmf) H s DdR (mmf)

o K—FE

where each e(,DdR(Emmf) is a projective A-module of rank d. For each i, we
write

Fﬂi engR(miXo) = €4 Fil’ DdR(gﬁmf)
Each Fil* eUDdR(im““f) is again a projective A-module.

The base-change property proved in Proposition 4.7.2 shows that the var-
ious quotients Fil’ e, Dar (9MEL)/ Fil'™ e, Dgr (ML) are again projective A-
modules. Phrased more geometrically, then, we see that each engR(fm”‘f) gives
rise to a vector bundle over Spec A which is endowed with a filtration by subbun-
dles. We may thus decompose Spec A into a disjoint union of open and closed
subschemes over which the ranks of the various subbundles Fil’ o Dar (M)
(or equivalently, the ranks of the various constituents

Fil' e Dar (ML) / Fil'™ e, Dgg (9F5E)
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of the associated graded bundle) are constant.
To encode this rank data, and the corresponding decomposition of Spec A,
it is traditional to use the terminology of Hodge types, which we now recall.

4.7.7 Definition. A Hodge type A of rank d is by definition a set of tuples of
integers {/\UvJ}G:K<—>6p,1§j§d with Ay ; > Ay jp1 foralloandall 1 <j<d-1.

If D := (Ds)s:k—g is a collection of rank d vector bundles over Spec A,
labeled (as indicated) by the embeddings o : K < FE, then we say that D has
Hodge type A if Fil’ D, has constant rank equal to #{j | A\,; > i}.

4.7.8 Corollary. In the preceding context, if A is a Hodge type of rank d, then
we let Spec A2 denote the open and closed subscheme of Spec A over which the
tuple (engR(migﬁ)) of filtered vector bundles is of Hodge type A. We have a
corresponding decomposition

Spec A = H Spec A2, (4.7.9)
A

labeled by the set of Hodge types A of rank d. This decomposition is compatible
with base changes A° — B° of p-adically complete flat O-algebras which are
topologically of finite type over O.

Proof. This follows from the preceding discussion. O

4.7.10 Remark. A priori, the tuple of filtered vector bundles (eUDdR(Sﬁ%))U:K%E
on Spec A, and hence the decomposition (4.7.9) of Spec A, depends on the de-
scent M > 4o, and hence on the choice of 7. However, Theorem 4.7.13 below
implies in fact that the decomposition (4.7.9) is independent of the choice of 7”;
see Remark 4.7.14 for a more detailed explanation of this.

As in Section 4.6, suppose now that FE is large enough that it contains the
images of all embeddings L — Qp, that all irreducible E-representations of I,/
are absolutely irreducible, and that every irreducible Qp—representation of I' Kk
is defined over E. We can then immediately combine Corollaries 4.6.5 and 4.7.8,
obtaining the following result.

4.7.11 Corollary. In the preceding situation, we have a decomposition

Spec A = H Spec A>T (4.7.12)
AT

labeled by the set of Hodge types A of rank d, and the set of inertial types T
of Iyi- This decomposition is compatible with base changes A° — B° of p-
adically complete flat O-algebras which are topologically of finite type over O.
The Breuil-Kisin—Fargues G -module E)ﬁf‘lf is of Hodge type A and inertial
type T if and only if AA™ = A.

The following key theorem relates the constructions of this section, and the
previous one, to the p-adic Hodge theory of G g-representations. If B is a
finite F-algebra, then we say that a sub-O-algebra B° C B is an order of B if
B°[1/p] = B, and B° is a finite O-algebra.
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4.7.13 Theorem. Suppose that A° is a finite flat O-algebra, let M be a projec-
tive étale (p, Gk )-module with A°-coefficients, and write Vo (M) = Tao (M)[1/p].
Let L/ K be a finite Galois extension. Then Va(M)|q, is semistable with Hodge—
Tate weights in [0, h] if and only if there is an order (A°) of A := A°[1/p]
that contains A°, and a Breuil-Kisin-Fargues G g -module mti(f;{o), with (A°) -
coefficients, which is of height at most h, which admits all descents over L, whose
Gr-action is canonical, and which satisfies M0y = W(Cb)(Ao)/ O A a0y
M) -

Furthermore Va(M)|q, is crystalline if and only if Sﬁi&fo), is crystalline as
a Brewil-Kisin—Fargues G -module with (A°)" coefficients.

In either case, the Hodge type is determined by applying Definition 4.7.7 to
the tuple (eoDdR(imi(rgo),))U:KHE arising from Definition 4.7.6, and the inertial
type of Va(M) is given by Definition 4.6.4.

Proof. Suppose firstly that (A°)" and mti(;fo), exist. Then if we simply forget

the (A°)'-coefficients and consider 9, as a Breuil-Kisin-Fargues G x-module
with Z,-coefficients, the theorem follows from Corollaries F.23 and F.25. Con-
versely, suppose that Va(M)|q, is semistable with Hodge—Tate weights in [0, A].
If we show that (A°) and Dﬁi&fo), exist, then (as discussed in Remarks 4.6.2
and 4.7.1) it again follows from Corollary F.25 that the inertial and Hodge
types are given by the claimed recipes; so it suffices to prove this existence. We
begin with a preliminary reduction.

The ring A is a product of Artinian local E-algebras, say A = [[, A;; then
if A denotes the image of A° in A;, the product [], A is an order of A con-
taining A°. Thus it is no loss of generality to replace A° by this product, and
hence, by working one factor at a time, to assume that A is local. The residue
field E’ of A is then a finite extension of E, and A is naturally an E’-algebra.
The compositum OpgrA° is an order in A containing A° which is furthermore
an Opg/-algebra. Replacing A° by this compositum, we may thus assume that
A° is an Ogr-algebra. Then, relabelling E’ as E if necessary, we can and do
assume that £’ = E . Thus, reformulating the preceding discussion slightly, we
have A;eq = £ and A} = Og.

By Corollary F.23 there is a unique Breuil-Kisin-Fargues G x-module 9t
with Z,-coefficients which is of height at most i and admits all descents over L,
and satisfies

M =W(C") @4, MM

inf

For each m° we have by definition a descent M, of M. Fix some choice of 7°,
write u for [7°], and write & for &, and 90 for M .

We now follow the proof of [Kis08, Prop. 1.6.4]. In particular, we work for
the most part with the Breuil-Kisin module 9, rather than the Breuil-Kisin—
Fargues module ™. It is possible that by using [BMS18, Prop. 4.13], we
could make our arguments with 9t itself, but since this does not seem likely
to significantly simplify the proof, and would make it harder for the reader to
compare to the arguments of [Kis08], we have not attempted to do this.
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Note firstly that 9t ¢ 9" € M are stable under the action of A° on M.
Indeed, since A° is local, it is enough to check stability under the action of (A4°)*.
In the case of MM it is immediate from the unicity of 9™ that we have Mt =
adMf for any a € (A°)*, and similarly for 91 it follows from Lemma 4.2.8.

In particular 91 is naturally a finite & 4o-module, which is projective as an
G-module. While 9 need not be a projective & go-module, Og¢ 40 R ,, M
is a projective Og go-module, because after the faithfully flat base extension
O¢ 40 — W(Cb)Ao it is identified with M. It follows from [Kis08, Lem. 1.6.1]
that 9[1/p] is a projective & 40[1/p]-module, necessarily of rank d, and that
M[1/u] is a projective & 40 [1/u]-module, again of rank d.

In fact, it will be useful to note that 9M[1/p] is actually free of rank d. To
see this, it suffices to prove it after base-changing to

(&.40)[1/plrea = (&a2 )[1/p] = Goll/p] = H Ol[u]][1/p].
oW (k)—=0O

Since O[[u]][1/p] is a PID (by the Weierstrass preparation theorem), any finitely
generated projective module over (&ao )[1/p] of constant rank is necessarily
free. For later use, we note that since (Og, a0 )red = O®z, O¢ = Hgtw(k)%o O¢,
and Og¢ is a local ring (indeed a discrete valuation ring, with uniformizer p),
any projective module of constant rank over Og 4o is also necessarily free.

Now let 9, denote the image of M under the projection M[1/u] — M[1/u]® 4
E (the map A — FE being the projection from A to its residue field), and
let M, C Mo be the canonical inclusion (with finite cokernel) of MY, into the
corresponding finite projective &p-module. (The existence of M follows from
the structure theory of G-modules, see [BMS18, Prop. 4.3]. Concretely, we have
Mo = My[1/u] N M,[1/p].) The module Mp is again a Breuil-Kisin module
of height at most h.

Choose an Gp-basis for My, and lift it to an & 40[1/p]-basis of M[1/p],
and let (A°)” be the A°-subalgebra of A generated by these matrix coefficients.
These coefficients have bounded powers of p in their denominators (when we
think of A as equalling A°[1/p]) and lie in O after passing to the quotient of A
by its maximal ideal (equivalently its nilradical); in other words these entries
lie in A° 4+ p~ nil(A°) for some N > 0, and this A°-submodule of A generates
a finite A°-subalgebra of A. Thus (A°)” is an order in A. Let 940y~ be the
& 40y-submodule of M[1/p] spanned by this basis. Then D40y~ is p-stable
by construction. Again by construction we have that

Maey[1/p] = (A%)" @40 M[1/p],
and that
O ®(acyr Og (a0yr ®& 40,0 M(acyr = O Qe Mo = O¢ Vs Mo
(where the first tensor product is with respect to the surjection (A°)” —

(AO);/ed = O) ThU.S ng(Ao)// ®G(AO),, m(Ao)// and 057(140)// ®6Ao Dﬁ are two
rank d projective Og (40)s-modules which coincide after inverting p, and also
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after reducing modulo nil((Ao)”). In fact, they are both free of rank d, by our
above observation that a projective Og 4o-module of constant rank is necessar-
ily free (applied now with (A°)” in place of A°). If we choose bases for each
of them which coincide modulo nil((A°)”), then we may regard each of these
bases as a basis of Og 40y @ ,0 M[1/p] over Og (a0y[1/p], and so they differ
by a change-of-basis matrix lying in 1 + nil((A°)"”)Mq(Og (a0y[1/p]). Just as
we argued above in the construction of (A°)” we see that we may enlarge (A°)"”
to an order (A°)’ such that the entries of this change-of-basis matrix lie in (A4°)’.
Consequently, if we set M40y 1= G(40)1 O oy M40y, then we find that

O¢,(a0y @6 40 M= Of (a0 O 40y M0y

Extending scalars further, we find that

M(Ao)/ = W(Cb)(Ao)/ QW (C) 4o M
= W(C) a0y ®e 4o M =W (C”) (40 ®& poy M(a0)-

We claim that 90740y, is a Breuil-Kisin module of height at most A, i.e. that
the cokernel of ®oy ., is killed by E(u)". This cokernel is, as an &-module,
a successive extension of copies of the cokernel of ®oy,, (the injectivity of ®
implies that the formation of the cokernel of ® is exact), and is in particular
p-torsion free (by [Kis09b, Lem. 1.2.2 (2)]). After inverting p the cokernel is a
base change of the cokernel of ®gy, and is therefore killed by F(u)", as required.

We now set Sﬁi&fo), = Ajur a0y ICH M40y, a Breuil-Kisin—Fargues
G ig-module of height at most h with (A°)-coefficients which by construction
satisfies M40y = W(Cb)(Ao)/ QA s a0y imi&o),. It remains to prove that
zmi(r;{o), admits all descents over L and that the Gp-action is canonical. Apply-
ing Corollary F.23 again to M40y regarded as an étale (¢, Gk )-module with
Z,-coefficients, we see that there is a Breuil-Kisin—Fargues G -module (901inf)’
of height at most h with Z,-coeflicients which admits all descents over L and
satisfies M40y = W(C”) ®a,,, (M), Write (9)’ for the descent of (M),
for our particular choice of 7”; then by the uniqueness of Breuil-Kisin modules
with Z,-coefficients ([Kis06, Prop. 2.1.12]) we have (9t)" = 940/, so that in
fact (smi“f)’ = mti(r;{o),. Thus Dﬁi(rjo), admits all descents over L to Breuil-Kisin
modules with Z,-coefficients, and by another application of Lemma 4.2.8, these
Breuil-Kisin modules are (A°)’-stable. Finally, the Gr-action is canonical by
Proposition 4.4.1, and we are done. O

4.7.14 Remark. It follows from Theorem 4.7.13 that the decomposition (4.7.9)
is independent of the choice of 7. Indeed, the condition that Fil’ engR(Dﬁijﬁ)
has given constant rank can be checked after base changing to all A/m, for m
a maximal ideal of A, so it follows from Proposition 4.7.2 and Theorem 4.7.13
that the direct factor A2 of A is characterized as follows: for any A°-algebra B°
which is finite and flat as an O-algebra, the canonical morphism A — B°[1/p]
factors through A2 if and only if the Gx-representation Vi (9MaL) has Hodge
type A.
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4.8 Moduli stacks of potentially semistable rep-
resentations

We are now in a position to define the main objects of interest in this chapter,
which are the closed substacks of X classifying representations which are po-
tentially crystalline or potentially semistable of fixed Hodge and inertial types.
In this section L/ K will denote a finite Galois extension with inertia group I, /K
we will always assume (without specifically recalling this) that E is large enough
that all irreducible E-representations of I,k are absolutely irreducible, and
that every irreducible Q -representation of [ L /K is defined over E. For any

such L/K we have the stacks C, / s and Cd ‘erys.n that we defined in Defini-

tion 4.5.22, and we write C, / ﬂ an d cL/K A

derys,, Tespectively for their flat parts (in
the sense recalled in Appendlx A).

4.8.1 Definition. We say that a Hodge type A is effective if A, ; > 0 for each
o and i, and that A is bounded by h if A\, ; € [0, h] for each ¢ and i.

4.8.2 Proposition. Let L/K be a finite Galois extension. Then the stacks

L/K A L/K A - L/K AT
Cd ss,hond C, erys,n AT€ scheme-theoretic unions of closed substacks Cd,ss,h

and Cjégsﬂh)‘T, where X\ runs over all effective Hodge types that are bounded
by h, and T runs over all d-dimensional E-representations of Iy k. These lat-
ter closed substacks are uniquely characterised by the following property: if A°
is a finite flat O-algebra, then an A°-point of Cd s, h (Tesp C, Crysﬂh) s a point
L/K A \T L/K, A\
d,ss,h ( resp. Cd ,crys,h

Fargues module zmmf has Hodge type A\ in the sense given by applying Defini-
tion 4.7.7 to the tuple (engR(mlnf))a:K_}E arising from Definition 4.7.6, and
inertial type T in the sense of Definition 4.6.4; or, more succinctly (and writing
A= A°[1/p], as usual), if and only if AAT = A.

Finally, each stack Cié:;’bﬂ’éﬁ Ciégf}’%ﬁ is a p-adic formal algebraic stack
of finite presentation which is flat over Spf O and whose diagonal is affine, and
the natural morphisms to Xy are representable by algebraic spaces, proper, and

of finite presentation.

) if and only if the corresponding Breuil-Kisin—

Proof. We give the proof for C; QSK hﬂ, the crystalline case being formally iden-

tical. Since C(%SK ,;ﬂ is a flat p-adic formal algebraic stack of finite presentation
over Spf O, we can choose a smooth surjection

Spf B® — cy/ 10 (4.8.3)

where B° is topologically of finite type over O.
As usual, we write B := B°[1/p|]. By Corollary 4.7.11 we may write Spec B
as a disjoint union Spec B = [] Ar B27 and so correspondingly factor B as a

product B = HA’T BA7 . If we let BA™° denote the image of B° in BA7, then
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we obtain an induced injection B® < [], . B*™°, which induces a scheme-
theoretically dominant morphism B

[ spf BA™° — Spf B°. (4.8.4)
AT

Write R = Spf B® X 1/x.0 Spf B°, so that [Spf B°/R] —~ Cjy/X". Then we

cd,ss,h
claim that each Spf BA™° is R-invariant. Granting this, if we write R27 for the

restriction of R to Spf BA™°, and then define Cféf,;‘ﬂ’éﬁ := [Spf BAT°/RAT] it

follows from the discussion of closed substacks in Appendix A that cL/KAAT

d,ss,h
embeds as a closed sub-formal algebraic stack of Cgéf ,;ﬂ. Furthermore, the in-

duced morphism

L/K A\ L/Kfl
Cd,ss,h Cd,ss,h (485)
AT

induces the morphism (4.8.4) after pull-back via the morphism (4.8.3), which
is representable by algebraic spaces, smooth, and surjective. Since this latter
morphism is scheme-theoretically dominant, so is (4.8.5).

We now verify that Spf BA7° is R-invariant, i.e. that Ry := Spf B&7° XCLI;/K}.H
Spf B® and Ry := Spf B°® x b/ Spf BA™° coincide as closed sub-formal alge-
braic spaces of R = Spf B° x C’j /50 Spf B° (and thus that both coincide with
RA’T = Spf BA’T’O XCCI;/K},fl Spf BA’T’O).

Since Spf B® — Cié:,( ,;ﬂ is representable by algebraic spaces and smooth, it
is in particular representable by algebraic spaces, flat, and locally of finite type,
and thus so are each of the projections Ry — Spf BA™° and R, — Spf BA™°.
It follows from Lemmas A.3 and A.4 that any affine formal algebraic space
which is étale over either of Ry or R is of the form Spf A°, where A° is w-
adically complete, topologically of finite type, and flat over O. Thus, to show
that Ry and R; coincide as subspaces of R, it suffices to show that if A° is any
w-adically complete, topologically of finite type, and flat O-algebra endowed
with a morphism Spf A° — R, then this morphism factors through Ry if and
only if it factors through R;. Unwinding the definitions of R, Ry, and R; as
fibre products, this amounts to showing that if we are given a pair of morphism

Spf A° = Spf B° which induce the same morphism to Ciéf ;Lﬂ, then one factors

through Spf B27° if and only if the other does.

The pair of morphisms Spf A° = Spf B° correspond to a pair of morphisms
fo, f1: B° = A°. The fact that these morphisms induce the same morphism
to Ciéf ,;ﬂ may be rephrased as saying that fiO™™f and f;9"f are isomor-
phic Breuil-Kisin—Fargues modules over A°. Now, applying the base change
statements from Propositions 4.6.3 and 4.7.2, we find that both f;WD(Mint)
and ffWD(9iB) are isomorphic, as Ix-representations, to WD(IE!), and
that both f§ Dar (MM5L) and f; Dar (M) are isomorphic, as filtered K ®q, B-
modules, to Dqr (ML), Thus either, and hence both, of fEWD(MEL) and
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FEWD(ONEE) are of inertial type 7 if and only if WD(9M2) is of inertial type 7,
while either, and hence both, of f§Dar(9MEL) and ff Dar (9M5L) are of Hodge
type A if and only if DdR(Dﬁmf) is of Hodge type A. Consequently fy factors
through Spf B27° if and only f; does. This shows that Spf B2™° is indeed
R-invariant.

We now show that C(Il”éf,;ﬂ’éﬁ := [Spf BA7° / RA 7] satisfies the required prop-

erty, i.e. that for any finite flat O-algebra A°, a morphism Spf A° — CjésK ;Lﬂ

factors through C(féSK hﬁ A7 if and only if A»7 = A. By construction, such a fac-

torization occurs if and only if the induced morphism Spf A° X ,.,x.a Spf B® —

Cd ss,h
Spf B° factors through Spf BA7°.
Since the surjection Spf B® — CdLéSK }’lﬂ is representable by algebraic spaces,
smooth, and surjective, the fibre product Spf A° x CL/Kn Spf B° is a formal alge-

L/x.a 9pf BO —> Spf A° is representable

C4 ss,h
by algebraic spaces, smooth, and surjective. We may thus find an open cover of

Spf A° X, x.n Spf B® by affine formal algebraic spaces Spf C°, with C° being

a faithfull;ssfi}z;t w-adically complete A°-algebra which is topologically of finite
type. (We are again applying Lemmas A.3 and A.4.) If we write C := C°[1/p],
then the base-change property of Corollary 4.7.11 shows that the hypothesized
factorization occurs if and only if C' = C27, and also that C27 = A7 @4 C,

so that (since C is faithfully flat over A) C27 C if and only if A" = A. In

conclusion, we have shown that Spf A° — Cd s, h % factors through Cjéf ,;ﬂ’A’T if

braic space, and the surjection Spf A° x

and only if A&7 = A, as required.

Finally, the uniqueness of Ciéslf ,’lﬂ’A’T is immediate from Proposition 4.8.6
below; the properties of being of finite presentation,of having affine diagonal,
and of the morphism C(;QSK ,;ﬂ’A’T — Xy being representable by algebraic spaces,
proper, and of finite presentation, are immediate from Proposition 4.5.24 and

Lemma 4.5.10. O

4.8.6 Proposition. Suppose that ) and Z are two Noetherian formal algebraic
stacks, both lying over Spf O and both flat over O, and both embedded as closed
substacks of a stack X over Spec O (in the usual sense that the inclusions of
substacks Y, Z — X are representable by algebraic spaces, and induce closed
immersions when pulled back over any scheme-valued point of X'). Suppose also
that each of Vieq and Zieq are locally of finite type over ¥, and suppose further
that, for any finite flat O-algebra A°, a morphism Spf A° — X factors through Y
if and only if it factors through Z. Then Y and Z coincide.

Proof. The O-flat part W := (Y X x Z)g of the 2-fibre product Y X x Z embeds
as a closed substack of each of Y and Z, and it suffices to show that each of
those embeddings are isomorphisms. The stack W inherits all of the hypotheses
shared by Y and Z, including the fact that, for any finite flat O-algebra A°, the
AP-valued points of W coincide with the A°-valued points of each of ) and Z.
Thus, replacing the pair ), Z by the pairs W,)Y and W, Z in turn, we may
reduce to the case when ) is actually a closed substack of Z.
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Since Z is Noetherian, lies over Spf O, and is flat over O, we can find a
smooth surjection U — Z, whose source is a disjoint union of affine formal
algebraic spaces Spf C°, where C° is a flat I-adically complete Noetherian O-
algebra, for some ideal I which contains w and defines the topology on C°.

The assumption on Z,.q further implies that C°/I is a finite type F-algebra.
Then Spf C° x z Y is a closed sub-formal algebraic space of Spf C°, and (since it
is also O-flat) it follows from Lemmas A.3 and A.4 that it is of the form Spf B°,
where B° is an O-flat quotient of C°, again endowed with the I-adic topology.
Since the property of being an isomorphism can be checked fppf locally on the
target, we may replace the closed embedding ) — Z by Spf B® — Spf C°.
In summary, we have a surjection C° — B° of flat, I-adically complete O-
algebras, with C°/I (and hence also B°/I) being of finite type over F, and with
the further property that any morphism C° — A° of O-algebras in which A° is
finite flat over O factors through B°; we then have to prove that this surjection
is an isomorphism.

Write B = B°[1/p], C = C°[1/p|; since B° and C° are flat over O, it
is enough to check that the surjection C — B is also injective. Now, we
can embed C' into the product of its localizations at all maximal ideals, and
since C' is Noetherian, it in fact embeds into the product of the completions
of these localizations. It therefore embeds into the product of all of its local
Artinian quotients A. We claim that any such quotient is in fact obtained from
a morphism C° — A°, where A° is a finite flat O-algebra; since any such mor-
phism C° — A° factors through B° by assumption, it follows that any such A
is a quotient of B, so that the surjection C' — B is indeed injective.

It remains to prove the claim. Let A° be the image of the composite
C° — C — A; we need to show that A° is a finite O-algebra. This fol-
lows from Lemma 4.8.7 below. O

The following lemma is no doubt standard, but we recall a proof for the sake
of completeness.

4.8.7 Lemma. If R — A is a morphism of O-algebras, with R being p-adically
complete and Noetherian (e.g. a complete local O-algebra with finite residue
field), and A being a finite-dimensional E-algebra, then the image of R in A is
finite over O.

Proof. Since R is Noetherian and p-adically complete, the Artin—Rees lemma
shows that the same is true of its image in A (see e.g. [AM6Y9, Prop. 10.13]).
Thus, by replacing R by its image in A and A itself by the E-span of this image,
we are reduced to checking the following statement: if M is a p-adically complete
and separated torsion free O-module, and if M[1/p] is finite-dimensional, then
M is finite over . There are many ways to see this, of course; here is one.
Since V' := M[1/p] is finite dimensional, we may find a finite spanning set
for this vector space contained in M if L denotes its O-span, then L is a lattice
in V. Since L is compact with respect to its p-adic topology, the p-adic topology
on M induces the p-adic topology on L, and in particular L is closed in the p-
adic topology on M. Thus M/L is a p-adically separated submodule of V/L.
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Note that V/L consists entirely of p-power torsion elements, and thus that the
same is true of M/L.

This implies that (), p" ((M/L)[p"*™]) € N, p"(M/L) = 0. On the other
hand, p" ((M/L)[p"*']) € (M/L)[p] € (V/L)[p] — L/pL,and so {p" ((M/L)[p"*'])
is a decreasing sequence of finite sets, which thus eventually stabilizes. We con-
clude that p™((M/L)[p"*!]) = 0 for some sufficiently large value of n; equiva-
lently, (M/L)[p"] = (M/L)[p"], and thus in fact (M/L)[p"] = (M/L)[p>] =
M/L. Consequently L C M C p~™L, showing that M itself is finite over O, as
claimed. O

4.8.8 Definition. Let 7 be an inertial type, and let A be a Hodge type. To
begin with, assume in addition that A is effective, and choose h > 0 such that A
is bounded by h, as well as a finite Galois extension L/K for which the kernel
of 7 contains I,. We then define Xffﬂs’)‘ﬁ to be the scheme-theoretic image of

the morphism Cjég’sﬂ,’%’T — Xk ,q, and Xy o A "™ to be the scheme-theoretic image
of the morphism CC%BK ,;ﬂ’A’T — Xk 4. (The characterization of these closed

substacks of Xk 4 given in Theorem 4.8.12 will show that they are well-defined
substacks of Xk 4, independently of the auxiliary choices of h and L/K that
were used in their definition.)

In general (i.e. if A is not effective), then we choose an integer A’ so that \, ; :=

Aoi + ' > 0 for all o and all 4, and define XIS(S(? " to be the unique substack
of Xk q with the property that if B is a O/w®-algebra for some a > 1, then

ss)\‘r

a morphism p Spec B — Xk 4 factors through A, if and only if the mor-

phism p ® € : Spec B — Xk q factors through X;;;‘ 7. (Here we are using
the notation of Section 3.8; more precisely, we are tvs;isting by the étale (¢, T')-
module corresponding to e ) We define X Ic(ryds A7 in the same way. The point
of this definition is that if A° is a finite flat O-algebra, then a representation
p: Gk — GL4(A°[1/p]) is potentially semistable (resp. crystalline) of Hodge
type A and inertial type 7 if and only if p ® e is potentially semistable (resp.
crystalline) of Hodge type A" and inertial type 7; again, Theorem 4.8.12 below
shows that these stacks are defined independently of the choices made in this
definition, and in particular independently of the choice of I'.

4.8.9 Remark. Rather than introducing the twist by eh/, it would perhaps be
more natural to work throughout with Breuil-Kisin and Breuil-Kisin—Fargues
modules which are not necessarily @-stable, as in [BMS18]. However, it would
still frequently be useful to make the corresponding Tate twists (see for example
the proof of [BMS18, Lem. 4.26]), and in particular we would need to make such
twists in order to use the results of [PR09, EG21], so we do not see any advantage
in doing so.

The rest of this section is devoted to proving some fundamental properties
of the stacks A %" AT and X IS(S é\ 'T. We begin with an analysis of versal rings. To
this end, fix a point Spec F/ — Xk 4 for some finite extension F/ of F, giving rise
to a continuous representation p : Gx — GL4(F'). Let 0" = W(F') @w®) O,
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the ring of integers in a finite extension £’ of E having residue field F’. Then

the versal morphism Spf RﬁD O L x 'k,q of Proposition 3.6.3 induces morphisms

Spf R%rys’A’T’ol — Xk,q and Spf RSATO Xk a (where these deformation

P
rings are as in Section 1.12).

4.8.10 Proposition. The morphisms Spf R%rys’A’T’O/ — Xk a4 and Spf R%S’A’T’O/ —

. AT,0 A A,T,0
Xk q factor through versal morphisms Spf R%rys’*’T’ — X;(r{is’*ﬁ and Spf R%S’*'T’ —
XSS,A,T .
K respectively.

Proof. By definition, we can and do assume that )\ is effective. We give the

proof for Spf RZYS2™P" the argument in the semistable case being identical.

12
We begin by introducing the fibre product C := C;éf;’sﬁ,’%’T X Xge SprﬁD’O .
Since CiérKy’;l}’%’T — Xk q is proper and representable by algebraic spaces, we see
that C is a formal algebraic space, and that the morphism

C — Spf RS (4.8.11)

is proper and representable by algebraic spaces. The latter condition can be
reexpressed by saying that (4.8.11) is an adic morphism; thus we see that C' is

po.or-adic formal algebraic space over Spf RﬁD o

2
If we let Spf R denote the scheme-theoretic image of the morphism (4.8.11),
then by Propositions 3.4.12, 4.8.2 and Lemma A .30, the versal morphism Spf R%l’o —

Xk ,q induces a versal morphism Spf R — & ?ZS’A’T, and so the assertion of the

a proper m

RETYSATO!
>

proposition may be rephrased as the claim that R and coincide as

quotients of RﬁD’Ol.

Since Ciéfi’f}h is flat over Spf O, it follows from Lemma A.31 that R is an O-
flat quotient of R2"C. Since R%rys’A’T’O is also an O-flat quotient of RE"®’,

we are reduced by Proposition 4.8.6 to showing that if A° is any finite flat O’'-
algebra, then an @’-homomorphism R%l O" 5 A° factors through R if and only

if it factors through R%rys’A’T’O/_

To this end, note that if the morphism factors through RiryS’A’T’OI, then
by Theorem 4.7.13 there is an order (A°)’ D A° in A°[1/p] such that the in-
duced morphism Spf(A°)" — Spf RE 9" ifts to C. Consequently the morphism
Spf(A°)" — Spf R‘ﬁ]’o/ factors through Spf R, and since Spf(A°)" — Spf A° is
scheme-theoretically dominant, the morphism Spf A° — Spf Rlﬁ:’ 0" also factors
through Spf R.

It remains to prove the converse, namely that if Spf A° — Spf R%l O fac-
tors through Spf R, then it factors through R%ryS’A’T’O/. If we write S :=
R ® 0.0 R%ryS’A’T’O/ (a quotient of R), then equivalently, we wish to show

that apny morphism Spf A° — Spf R in fact factors through Spf S.
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To do this, we will apply Lemma A.32, not in the context of (0'-algebras,
but rather in the context of E’-algebras. That is, we will invert p, and work
with the rings R[1/p] and S[1/p] (or rather on certain completions of these
rings). We would also like to invert p on the object 6’, but since the latter is
a formal algebraic space, doing so directly would lead us into considerations of
rigid analytic geometry that we prefer to avoid. Thus, we begin by observing

that by Lemma 4.5.26 (together with [Knu71, Thm. V.6.3], to pass from Ciéfh

to its closed substack ¢2/%8

dcrys 1), C can be promoted to a projective scheme over

Spec R. That is, there is a projective morphism of schemes C — Spec RE’O/,

with scheme-theoretic image equal to Spec R, whose m 0.0 -adic completion is
P

isomorphic to C. Write C[1/p] := C ®: E'. Since scheme-theoretic dominance
is preserved by flat base-change, the morphism C[1/p] — Spec R[1/p] is proper
and scheme-theoretically dominant.

Returning to our argument, we want to show, for any finite flat O’-algebra A°,
that a morphism R — A° necessarily factors through S, or, equivalently, that
the induced morphism R[1/p] — A := A°[1/p] factors through S[1/p]. Since
A is a product of Artinian local E-algebras, we can check this assertion factor-
by-factor; replacing A by one of these factors (and A° by the image of A°

in this factor) we may thus assume that A is local. We then let R/[lﬁ] de-

note the completion of R at the kernel of its map to A, and we let S[1/p] de-
note the corresponding completion of S[1/p]; by Artin—Rees, we also have that

Sm = m] ®gi1/p) S[1/p], and so the map R[1/p] — A factors through

S[1/p] if and only if the induced morphism ﬁ%] — A factors through STI-/\p]
To show the desired factorization, we see from Lemma A.32 that it suffices to

show that if m] — B is a morphism to a finite Artinian E-algebra for which
Cp — Spec B admits a section, then this morphism factors through S[1/p].

Write B° to denote the image of the composite RﬁD’Ol — R/[l-/\p] — B; by
Lemma 4.8.7, we see that B° is an order in B. Let Z — Cpgo denote the
scheme-theoretic closure of the section Spec B — Cp in Cpo. This is proper
over Spec B°, flat over O, and irreducible of dimension one. Thus Z is finite over
Spec B°, and hence Z = Spec(B°)’ for some order (B°)" in B containing B°.
Thinking of Z as a section of C' over (B°)’, we find that the induced morphism

Spf(B°)' — Xi.q lifts to a morphism Spf(B°)' — CyL5*7. Theorem 4.7.13

then implies that the morphism R%l ©" 5 B° factors through R%rys’A’T’o , and

thus the morphism R/[lﬁ] — B does indeed factor through S/[l/\p], as required.
O

4.8.12 Theorem. Let 7 be an inertial type, and let A be a Hodge type. Then
the closed substacks X AT and X;;;‘ " of Xk.a are p-adic formal algebraic
stacks which are of ﬁmte type and ﬁat over Spf O, and are uniquely deter-
mined as O-flat closed substacks of Xk q by the following property: if A° is a
finite flat O-algebra, then XIS;’(;\’T(AO) (resp. X;(r’};ls”\’T(Ao)) is precisely the sub-
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groupoid of X 4(A°) consisting of G -representations which become potentially
semistable (resp. potentially crystalline) of Hodge type A and inertia type T after
mverting p.

Proof. We can and do assume that A is effective. By Propositions 3.4.12, 4.8.2
and A.21, X;yds’A’T and XIS(S’%T of Xk 4 are p-adic formal algebraic stacks which
are of finite t};pe and flat over Spf O.

‘We now verify the claimed description of the A°-valued points of X’ IS;’(?’T(AO)

and .)C'Ic(rzls’A’T(Ao)7 for finite flat O-algebras A°. Since the argument is identical
in either case, we give it in the semistable case. Any such algebra A° is a
product of finitely many finite flat local O-algebras, and so we immediately
reduce to verifying the claim in the case when A° is furthermore local. Since
A° is then a complete local finite flat O-algebra, the claimed description follows
from Proposition 4.8.10. Indeed, the residue field F’ is a finite extension of F,
and if as above we set 0" = W(F’) @y (g) O, then the morphism Spf A° — Xk 4

factors through X;‘;’G%’T if and only if it factors through the versal morphism

Spf RS;’A’T’O/ — XIS(S,’C%’T of Proposition 4.8.10. In turn, this happens if and only
if the corresponding G g-representation is potentially semistable of Hodge type A
and inertial type 7, by the defining property of R%S ATO"

It remains to show the claimed uniqueness statement. We prove in Corol-
lary 5.5.18 below that X'k 4 is a Noetherian formal algebraic stack, and in The-
orem 5.5.12 below that X} eq is of finite presentation over F. The reader can
easily confirm that Chapter 5 contains no citation to the present chapter, and
thus that those results are independent of the present ones; in particular, it is
safe to invoke them here. These results imply that any closed substack ) of
Xk q is Noetherian (so that it makes sense to speak of ) being flat over O), and
that Y.eq is of finite type over F. The claimed uniqueness then follows from

Proposition 4.8.6. O
We will make use of the following corollary in Chapter 6.

4.8.13 Corollary. For any Hodge type A, and for any a > 1, the corresponding
morphism Spf R%rys’A’O Jw® — X 4 18 effective, i.e. is induced by a morphism

crys, A, 0’ a a
Spec R J@* = Xk 4

Proof. By Proposition 4.8.10, the morphism Spf R%rys’é’o/

[w® — Xi 4 fac-
tors through a versal morphism Spf R%rys’i’o//w“ — XI‘?};’A Xgpt 0 Spec O /w".
Since XY is a p-adic formal algebraic stack (by Theorem 4.8.12) the base-
change X ;(T’};”\ Xspf o Spec O/w® is an algebraic stack, and so the result follows
from [Sta, Tag 07X8]. O

Finally, we can compute the dimensions of our potentially crystalline and
semistable stacks. It is presumably possible to develop the dimension theory of
p-adic formal algebraic stacks in some generality, but we do not need to do so,
as we can instead work with the special fibres, which are algebraic stacks.
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crys,\, S
4.8.14 Theorem. The algebraic stacks Xy~ = Xf{?’éﬁ Xgpfo SpecF
=555, . . .
and X'y T= XIS(S(% " xspto SpecF are equidimensional of dimension

S #{1<i<j<dAgi > Aoy}

In particular, if A is reqular, then the algebraic stacks XKy; 27T and Xs; 2 T are

equidimensional of dimension [K : Q,ld(d —1)/2.

Proof. Once again, we give the argument in the crystalline case, the semistable
case being identical. Write dy := > #{1 < i < j < d|A\s;i > Ao j}. The

crys,g,r

algebraic stack &' Xspt 0 Spec F is of finite type over F, and we need to

show that it is equldlmensmnal of dimension dy. Let x : Spec F/ — Xcrys AT hea

finite type point corresponding to a Galois representation p, with corresponding
A
versal morphism Spf RcryS A0 Joo— X ;;y; " We have the fibre product

crys. 0,0 . crys A0~ AT
Spf R /™ x(fﬁyjA”) Spf R Jw — (}Ldi_‘,%ryuyof/m17

where GL QRSO o , denotes the completion of (GLqg) REVA along the
identity element in its spemal fibre. By [EG19, Lem. 2.40], 1t is therefore enough

crys,\,O’ crys,\,O’ /w

to recall that since R~ is equidimensional of dimension dy+1, R;
is equidimensional of dimension dy (see [BM14, Lem. 2.1]). O
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Chapter 5

Families of extensions

In this chapter we extend the theory of the Herr complex to the context of
(¢, T')-modules with coefficients, and use it to develop a theory of families of
extensions of (o, I')-modules. We then inductively construct families which cover
the underlying reduced stack Xk 4 red, and employ obstruction theory to deduce
that Xk q is a Noetherian formal algebraic stack.

5.1 The Herr complex

In this chapter we consider the Herr complex; our approach is informed by
the papers [Her98, Her01, CC98, Liu08a, Pot13, KPX14], and in particular we
follow [Pot13, KPX14] in considering it as an object of the derived category.
Our main technical result is to show that it is a perfect complex, which we will
do by showing that it satisfies the following well-known criterion.

5.1.1 Lemma. Let A be a Noetherian commutative ring, and let C*® be an object
of D(A). Then the following two conditions are equivalent:

1. There is a quasi-isomorphism F* — C*® where F'® is a complex of flat A-
modules, concentrated in a finite number of degrees; and the cohomology
groups of C* are all finite A-modules.

2. C* is perfect.

Proof. This follows from [Sta, Tag 0658], [Sta, Tag 0654] and [Sta, Tag 066E].
O

Let A be a p-adically complete O-algebra, and let M be an A-module with
commuting A-linear endomorphisms ¢, I" (in our main applications, M will be
a projective étale (¢,I')-module with A-coefficients, but it will be convenient
in our arguments to be able to consider more general possibilities, such as sub-
quotients of base changes of such modules). Then the Herr complex of M is by
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definition the complex of A-modules C*(M) in degrees 0, 1,2 given by

M (¢—1,v—1)M@M(7—1)@(1—¢) M.

We have the following useful interpretation of the cohomology groups of the
Herr complex.

5.1.2 Lemma. Let My, My be projective étale (p,I")-modules with A-coefficients.
Then for i = 0,1 there are natural isomorphisms

H'(C* (M) ® My)) = Extly, ., , p(Mi, M,).

Proof. This is straightforward; in particular the case ¢ = 0 is immediate. When
1 = 1, any extension M of M; by Ms; splits on the level of the underlying
projective Ak s-modules, and such a splitting is unique up to an element of
Homa . , (M1, M;) = MY ® M. Given such a splitting of M, we obtain two
elements f, g of My ® My by writing

op = PM, PM, © f Y= YMy VM, ©G )
0 P My ’ 0 YM,

The condition that @as, yar commute shows that (f,g) determines a class in
H'(C*(My ® Ms)) (this class is easily seen to be well-defined, by our above
remark about the ambiguity in the choice of splitting). We leave the verification
that this gives the claimed bijection to the sufficiently enthusiastic reader. [

In order to show that the Herr complex is a perfect complex, we will need to
develop a little of the theory of the ¥-operator on (p,T')-modules. We will only
need this in the case that A is an F-algebra, and we mostly work in this context
from now on. Note that for any K, if A is an F-algebra, then A;Q’A is (¢,T)-

stable, and ( }(7A)+ is (¢, I')-stable; indeed we have ¢(T) = TP and v(T)—T €
TQA}) 4 by Lemma 3.2.18, and the stability under the action of T follows by
an identical argument to the proof of Lemma 3.2.18 (that is, it follows from the
continuity of the action of T').

We claim that for any K, 1,¢,...,eP~1 is a basis for E. as a ¢(E/)-vector
space. To see this, note that since the extension E’/¢(E’ ) is inseparable of
degree p, while E%./ Ebp is a separable extension, it is enough to show the result
for Eq, . In this case we have Ey = Fj((c—1)), so ¢(Eq ) = Fy((e? —1)) and

the claim is clear. Then for any x € E} we can write z = Zf;ol elo(x;), and
we define ¢ : E}. — E by ¢(z) = z. By definition v is continuous, F,-linear,
commutes with f, and satisfies 1 o ¢ = id. Since 1) commutes with A, we have
an induced map 9 : Ex — Eg, which again is continuous, F-linear, commutes
with I', and satisfies ¢ o p = id.

If A is an F,-algebra, then since 9 is continuous we can extend scalars
from F), to A and complete to obtain continuous A-linear maps ¢ : A 4 —
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Al gand ¥ A 4 — A 4. Again, these are continuous and commute with r
and I', and satisfy 1 o ¢ = id. We have

—1 i
Al 4 = D_pe" (A 4),
and if x € A 4 and we write z = SP ) efp(ay), then (z) = .

5.1.3 Proposition. Let A be an F-algebra, and let M be a projective étale
(¢, T')-module with A-coefficients. Then there is a continuous and open A-linear
surjection ¥ : M — M such that 1 commutes with T, and we have

foranya € A o, me M.

Proof. We define ¢ : M — M to be the composite

$-1
M™% Aga@anaoM™S Aga@ae, M=M.

The relations ¢ (p(a)m) = ayp(m), Y(ap(m)) = ¥ (a)m are immediate from the
definitions. That ¥ is continuous follows from the continuity of <I>]TJ1 and the
continuity of 1) on A 4, while the surjectivity of v is immediate from the
relation ¥ (¢(m)) = m. That 1) is open follows from Lemma 5.1.4 below. O

5.1.4 Lemma. Let A be an F-algebra, let M be a projective étale (p,T")-module
with A-coefficients, and let MM be a p-stable lattice in M. Then there is an
integer h > 0 such that for any integer n, we have

Y(THTPOR) C T C (TPM).
Proof. Since 1 o ¢ = id, for any n we have
G () = 9.

This implies that
"M = (T p(M)) S P(T"PM).

For the other direction, choose h such that
TIM C By (™M) C M.

Then we have
P(T"M) C h(Ppr (™M) = M.

It follows that
(TP = T (T"9) € TN,

as required. O
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5.1.5 Lemma. Let A be a Noetherian F-algebra, and let M be a projective étale
(¢, T')-module with A-coefficients. Then M contains a (¢,T')-stable lattice.

Proof. By [EG21, Lem. 5.2.15], M contains a ¢-stable lattice 9. Let 't be the
A}’A—submodule of M generated by the elements ym with v € I', m € 9. We
claim that I'O)t is a lattice; note that since I' and ¢ commute, I')N is y-stable,
and it is I-stable because A};, 4 is I'-stable. To see that it is a lattice, it is
enough (since A} 4 1s Noetherian) to show that it is contained in a lattice (as
it certainly spans M). In particular, it is enough to show that 'Ot C T—"9
for some n > 0. This follows easily from the compactness of I'; for example, if
e1,...,en are generators of the finitely generated A} 4-module 9, then we have
a continuous map j : I' — M™, v — (ve1,...,veq), and T' = U, j~ (T~ "9M™)
is an open cover of I'. Since this has a finite subcover we are done. O

5.1.6 Lemma. Let A be an F-algebra. Then for any i € Z we have v(T") €
Ti(A} ,)"

Proof. This follows from Lemma 3.2.18. Indeed, we can write v(T') = T + A
with A € T2AJ{(’I47 so for any i > 1, we have v(T%) = (T + \)%, and v(T*%) —T" €
T A% 4, whence y(T7) € T* (A% 4)*. Since v(T7)y(T~*) = 1, the result then
also holds for 7 < 0. O

5.1.7 Corollary. Let A be a Noetherian F-algebra, and let M be a projective
étale (p, T')-module with A-coefficients. Then M contains a lattice M such that
for allm >0, T-™M' is (v, T')-stable.

Proof. By Lemma 5.1.5 there is a (g, I')-stable lattice 9, and by Lemma 5.1.4,
the lattice T~"9 is w-stable for all n > 0. It is also -stable for all n > 0
by Lemma 5.1.6, so we may take 9t = T~"9 for any sufficiently large value
of n. O

If M is an étale (¢,I")-module with A-coefficients, then we write
M= ,K,A DA, a M,

an étale (¢, I')-module with A-coefficients.

5.1.8 Lemma. Let A be an F-algebra, and let M be a projective étale (¢,T')-
module with A-coefficients. Then we have a decomposition of go(A’K’A)—modules

M' = ker(¥) @ o(M"), and we may write ker(y) = @' elp(M’).

(2

Proof. Since 1 o ¢ is the identity on M’, the endomorphism ¢ o ¢ of M’ is
idempotent, and so M’ decomposes as the direct sum of its kernel and image.
Since ¢ is injective, while 1 is surjective, we may express this decomposition as
M’ = ker(¢) & ¢(M'), as claimed.

As M' is étale, we have Al 4 @p(as ) P(M) — M’'. Since Al , =

@ngeigp(A'K’A), we find that M’ = @P:_Olsigo(A’K}A)ap(M/) = @pz_olg"w(M’

K2 2 ?

).
Now, for 1 <i < p—1 we have ¢(e'p(M")) = (e* )M’ = 0, so @f;lleigo(M’) -
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ker(t). Since we have @7_'c'o(M') ® p(M’) = ker()) @& (M), it follows that

i
this inclusion is an equality, as required. O

The proof of the following result follows the approach of [CC98], although
one difference in our situation is that because we are working in characteristic p,
we do not need to reduce to the case that K/Q, is unramified.

5.1.9 Proposition. Let A be a Noetherian F-algebra. If M is a projective étale
(¢, T)-module with A-coefficients, then (1 — ) is bijective on ker(1)).

Proof. We begin with some preliminaries on the action of v on ¢ € ( ’K 7T
We have v(g) = X() and we write x(y) = 1+ pVu where N > 1 and u € Z;.

Then for each n > 1 we can write X(fypnfl) =14 p" N1y, with u, € Z,, and
if0<r<n+ N —1and 7€ Z then we have
AP () = glpr (e T T, (5.1.10)
Note that since u, is a p-adic unit, (*» —1)/(c — 1) is a unit in (A% 4)*, and
we can write
n—1 n+N-—1

(" = De-1) =ele" - 1)

It follows that for any r € Z, we have

n+N—1

€(e—1) (A )" (5.111)

n—1

(" =D - D7) € (e - 1T AR L) (5.1.12)
Indeed if r > 0 then we may write
r—1
n—1 n—1 n—1

0" =DE-D)=0" -Dle-1)- 2 0" (- 1)) (e - 1),

Il
o

so (5.1.12) follows from (5.1.10) and the fact that 17" (e—1) € (e— D(A% )T,
which in turn follows from (5.1.11). The case r < 0 then follows from the result
for —r by writing

S e e (P = D(E=17)
(v D(E-V) = oo e —

and noting that (v7" (e —1))/(c — 1) = (2" un —1)/(e — 1) is a unit.

Since both 3 and « commute with the action of A, in order to prove the
proposition it suffices to show that (1 — ) is bijective on the kernel of ¢ : M’ —
M'. By Lemma 5.1.8, this kernel equals ker(y) = &P~ e'p(M’). Tt follows
from (5.1.10) that ~ preserves e'p(M’) for any integer 4, so it is enough to prove
that if (i,p) = 1 that (1 — ) acts invertibly on el (M’).

In fact, we will prove the stronger statement that for each n > 1, each
0 <t < N-1, and each (i,p) = 1, the operator (1 — 'yp%l) acts invertibly

on it (M') (note that (1 —~*" ) acts on this space by (5.1.10)).




126 CHAPTER 5. FAMILIES OF EXTENSIONS

Writing

QTN = g @IS p(M) = @l ge T g (M),

' (5.1.13)
we see that if ¢ > 0 then the statement for some pair (n,t) (and all ¢) implies
the statement for (n,t—1). Writing (1 —~2" ) = (1—~47" (1 4++?""+.- -+
AP"*(#=1) and again using (5.1.13), we see also that the statement for (n, ¢)
implies the statement for (n—1,t). We can therefore assume that n is arbitrarily
large and that t = N — 1.

Let 9 be a (¢, T')-stable lattice in M (which exists by Corollary 5.1.7),
let M = (A% 4)" @A, , M, and choose n large enough that p =1 > 3 and

n—1

(" = 1)(M) C (e - 1)*M". (5.1.14)

It follows that

n—

(" = 1)((e = )W) C (e — 1)" 200 (5.1.15)
for all r € Z, because if m € MM’ then
n—1 n—

(=D (e=1)m) = (7 =)= 1)) M)+ (=) (T = 1)(m),

so that (5.1.15) follows from (5.1.12) and (5.1.14), together with our assumption
that pntN—1 >3,
By (5.1.10), we have

n—1

(7" = D(EGT T @) = N " (@) - ),

s0 it is enough to check that the map f: M’ — M’ given by
) n—1
fla)=e"my? () —x
is invertible.
Let v = " —1, so that /(e — 1) is a unit in (A, ,)T. Then for any r € Z
and z € (e — 1)V, it follows from (5.1.15) that

(37-1) @ =07 = D) € (- 1o,

«

In particular the sum

o= (1- 1) @

=0

converges. Since f, g are additive by definition, we have
1-=f) og(a) 1-17) @) = gla)
_— o] = (o] _—— = —_
- g(x) =g ~f) @) =g() -,

so that the function g : M — M is a left and right inverse to éf Thus f is
invertible, as required. O
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Suppose that A is an F-algebra. Using the 1 operator, we can give an alter-
native description of the Herr complex, which will be important in establishing
that it is a perfect complex. Let Cj, (M) be the complex in degrees 0,1, 2 given
by

—1,9-1 —1®(1—
M (¥—1,y )MEBM(W )e(1—v) M.

We have a morphism of complexes C*(M) — C3, (M) given by

MY g DO gy (5.1.16)

ll J{(w) J{w
M (h—1,y-1) M@M(v—l)@(l—w) M

(That this is a morphism of complexes follows from the facts that 1 o p = id,
and that ¢ commutes with ~.)

5.1.17 Proposition. Let A be a Noetherian F-algebra, and let M be a projec-
tive étale (¢, T')-module with A-coefficients. Then the morphism of complexes
C*(M) — C},(M) defined by (5.1.16) is a quasi-isomorphism.

Proof. The cokernel of (5.1.16) is the zero complex, while its kernel is the com-
plex
(v—1)
0 — ker(1}) 2 ker(y),
which is acyclic by Proposition 5.1.9. O

In fact, we require a slightly stronger statement than the quasi-isomorphism
of the preceding lemma. Namely, we need a statement that takes into account
topologies, which will make use of the following lemma.

5.1.18 Lemma. If f : X = Y is a continuous open map of topological spaces,
and if Y CY is the inclusion of a subspace into Y (i.e. Y’ is a subset of Y en-
dowed with the induced topology), then the base-changed map X' = f~1(Y') —
Y’ is again open, when X' is endowed with the topology induced by that of X.

Proof. Let U’ be an open subset of X’; then we may write U’ = U N X', for
some open subset U of X. Thus

fUN=fUNX)=fUNFHY)) =FU)NY".
Since f is open, we conclude that f(U’) is an open subset of Y”| as required. [

We now have the following strengthening of Proposition 5.1.17, which takes
into account the topologies on the complexes.

5.1.19 Proposition. Let A be a countable Noetherian F-algebra and let M
be a projective étale (p,I')-module with A-coefficients. Then the morphism of
complezes C*(M) — C3,(M) defined by (5.1.16) induces topological isomorphisms
on each of the associated cohomology modules.
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Proof. Proposition 5.1.17 shows that (5.1.16) is a quasi-isomorphism. By defini-
tion, the induced map on HY is the identity map, and is therefore a homeomor-
phism. Since 9 is continuous and open, we see that the maps C*(M) — Cfp(M)
are continuous and open for each i; in particular, the isomorphism on H? is
induced from the continuous open map —1 : C*(M) — CJ (M), and is therefore
a homeomorphism. (Here and below we use the standard fact that a quotient
morphism of topological groups is necessarily open.)

The case of H! requires a little more work. Since the maps C°(M) — Cg} (M)
and H'(C*(M)) — H* (C;J (M)) are isomorphisms, we see that the continuous
morphism C'(M) — Cj,(M) induces a continuous isomorphism of the modules
of cocycles Z*(M) — Zi(M), and it suffices to show that this map is open
(since this will imply that the induced bijection on H' is both continuous and
open, and thus is an isomorphism of topological groups).

If we let Z'(M) denote the preimage of Zi(M) in C1(M), and if we let
K CCYM)= M & M denote ker(¢)) & 0, then we have inclusions Z*(M), K C
ZY(M), and hence a continuous morphism

ZY M) & K — ZY(M), (5.1.20)

which is in fact a bijection. Each of Z!(M), K, and Zl(M) is closed subgroup
of Ct(M) = M @& M. Lemma D.3 shows that this latter topological group is
Polish, and thus so is any of its closed subgroups. Corollary C.3 then shows
that (5.1.20) is in fact a homeomorphism, while Lemma 5.1.18 shows that the
morphism Z' (M) — Z,,(M) is open. Consequently, we find that the morphism
ZY (M) — Z},(M) is open, as required. O

5.1.21 Lemma. Let A be a Noetherian F-algebra, and let X be an A-module
subquotient of a finitely generated projective A[[T]]-module, endowed with its
natural subquotient topology. If the topology on X is discrete, then X is finitely
generated as an A-module.

Proof. Write X = Y/Z, where Y is an A-submodule of a finitely generated
projective A[[T]]-module 9. Since the topology on X is discrete, Z is open
in Y, and thus Z O UNY, for some open neighbourhood U of zero in 9. Such
a neighbourhood U contains 79 for some n > 0, and so we find that X is a
subquotient of the finitely generated A-module 9/T™9M, as required. O

5.1.22 Theorem. Let A be a Noetherian O /w®-algebra such that A/w is count-
able, and let M be a projective étale (v, T')-module with A-coefficients.

1. The Herr complex C*(M) is a perfect complex of A-modules, concentrated
in degrees [0, 2].

2. If either (i) B is a finite A-algebra; or (ii) B is a finite type A-algebra and
A itself is of finite type over O/w®; then there is a natural isomorphism
i the derived category

C*(M)®% B =5 C*(M ®a, , Ax.B).



5.1. THE HERR COMPLEX 129

In particular, there is a natural isomorphism

H?(C*(M)) ®4 B =5 H*(C*(M ®a, , Ak,B)).

Proof. Since A is Noetherian, Ak 4 is a flat A-algebra (being a localisation
of the power series ring AL ,), so C*(M) is a complex of flat A-modules. By
[Sta, Tag 07LU] (for part (1), taking R = O/w@®), and [Pil20, Prop. 2.2.2] (for
part (2), again taking R = O/w?), it suffices to prove the result in the case
that A is an F-algebra, which we assume from now on. We begin with (1). By
Lemma 5.1.1, we need only check that the cohomology groups of C*(M) are
finitely generated A-modules. In order to do this, we will make two truncation
arguments.

Firstly, by Lemma 5.1.5, we can choose a (p,I')-stable lattice 9t C M.
We claim that for every n > 1 the Herr complex C*(T™9M) is acyclic; conse-
quently, the natural morphism of complexes C*(M) — C*(M/T™N) is a quasi-
isomorphism.

To see the claim, it suffices to show that (1 — ¢) : T — T7IM is an
isomorphism; indeed, the exactness of C*(T™9N) is a formal consequence of this.
We begin by checking injectivity. If m € T"9t and (1—¢)(m) = 0, then we have
m = @(m) € TP"M so that in particular we have m € T"19. By induction,
we see that m € T for all n, so that m = 0, as required.

We now prove surjectivity. If m € T"9, then we have seen in the previous
paragraph that ¢(m) € TN, ©?(m) € T 29, and so on. Since M is T-
adically complete, we can set z = Y.~ ¢'(m) € T"9N; then (1 — p)(x) = m, as
required.

We now turn to our other truncation argument. Let 9 be as in Lemma 5.1.7,
so that for each n' < 0, T 9’ is a (¢, T)-stable lattice in M. In particu-
lar, for each n’ < 0, Cy, (T™'9M) is a subcomplex of Cy(M). We claim that if

n' < —2 then Cy, (M/T™ ) is acyclic, so that the natural morphism of com-
plexes C;(T"li)ﬁ’) — Cy,(M) is a quasi-isomorphism.
As above, it is enough to show that (1 — 1) is bijective on M/T™ 9. Note

firstly that if » < n’ then ¢(T"9') C T"T9V. Indeed, for each integer r < 0
we have

Y(TTM') C (TP /Plon’y = Tlr/ply (o) € Tl /Pl

and the claim follows since if » < —2 then |r/p] > r + 1.

We now show that (1 — ) is injective on M /T "9V . Suppose that m € M
with (1—¢)(m) € T" 9. Then m € T for some r < 0. If r > n/ then we are
done, and if not then since ¢(m) € T"19% and (1 —¢)(m) € T 9 C TN,
we have m € T" 190, Tt follows by induction that m € ' , as required.

For surjectivity, take m € M, and choose r < 0 such that m € TT9. If
r < n' then ¢(m) € T"FO, so by induction we see that there is some s > 0
such that ¢®(m) € T M. If we set = = Zf;é Yi(m), then (1 — ¥)(z) =
m—3(m) € m+ T"' 9, as required.


https://stacks.math.columbia.edu/tag/07LU
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We now consider the quasi-isomorphisms
Co(T™ M) = C3(M) + C*(M) — C*(M/T"N).

Proposition 5.1.19 shows that the middle quasi-isomorphism induces a topo-
logical isomorphism on cohomology modules, and thus altogether we obtain
morphisms

H(Cy(T™ M) — H(C*(M/T"9m))

which are isomorphisms of A-modules, and continuous with respect to the nat-
ural topologies on the source and target. Since the target is endowed with the
discrete topology, we find that the source is also endowed with the discrete
topology. By Lemma 5.1.21, it follows that these cohomology modules are in-
deed finitely generated over A, and hence so are the cohomology modules of
C* (M), as required.

We now turn to (2), where we follow the proof of [KPX14, Thm. 4.4.3]. Since
both (i) and (ii) in particular require B to be a finite type A-algebra, we see
that B is Noetherian, and B is countable, so that in particular C*(M ®a, ,
Ak, p) is a perfect complex of B-modules by part (1) (replacing A by B, and M
by M®a 4 Ak,B). Since C*(M) is a perfect complex of A-modules, C*(M)@% B
is also a perfect complex of B-modules, and the natural map Ax 4®4B — Ak p
induces a morphism

C*(M) &% B —C*(M ®ay, , Ak.B)- (5.1.23)

In case (i), when B is in fact finite as an A-module, the natural map Ax 4®4
B — Ak p is an isomorphism (indeed, we have A[[T]] ® 4 B = BJ[[T]], because
A[[T]] ®4 B is finitely generated over A[[T]] and thus T-adically complete and
separated by the Artin—Rees lemma), so (5.1.23) is certainly an isomorphism in
this case.

We now turn to case (ii), when B is only assumed to be a finite type A-
algebra, but A, and hence also B, is furthermore of finite type over O/w®. This
implies in particular that A is Jacobson, so that if m is any maximal ideal of B,
then B/m is finite as an A-module. From this, and the already-proved case (i),
we conclude that (5.1.23) is an isomorphism if we replace B by B/m.

It follows that we have a chain of quasi-isomorphisms

(c*(M) @Y% B) % B/m =5 ¢*(M) @4 B/m = C*(M ©4 B/m)

=5 C*(M ®ay 4 Ak,B) ®F B/m,

where the final quasi-isomorphism comes from replacing A by B, B by B/m,
and M by M ®a, . Ak,p in (5.1.23). (That this is indeed a quasi-isomorphism
follows by case (i), since B/m is a finite B-module, while we have (M ®a ,
AkB) ®ax s AxB/m = M ®aw s Axp/m = M @ay, (Axka @4 B/m) =
M ®4 B/m).

Thus (5.1.23) becomes a quasi-isomorphism after applying @& B/m, for any
maximal ideal m of B. It follows from [KPX14, Lem. 4.1.5] that (5.1.23) is
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a quasi-isomorphism, as required. Finally, the compatibility of the formation
of H? with base change is an immediate consequence of this isomorphism in
the derived category, together with the vanishing of all of the higher degree
cohomology groups. O

5.1.24 Corollary. Let A be a p-adically complete Noetherian O-algebra such
that A/w is countable, and let M be a projective étale (p,T')-module. Then the
Herr complex C*(M) is a perfect complex concentrated in degrees [0, 2].

Proof. This follows from [Sta, Tag 0CQG] and Theorem 5.1.22. (We apply the
base-change statement of part (2) of the theorem to the surjective (and hence
finite) morphisms A/ww%" — A/w?.) O

We also note the following rather technical corollary Theorem 5.1.22, which
we will use in our discussion of families of extensions below.

5.1.25 Corollary. If A is of finite type over O/w® for some a > 1, and M is a
projective étale (p,T')-module, then the Herr complex C*(M) can be represented
by a complex C° — C* — C? of finite projective A-modules in degrees [0,2].

Proof. Theorem 5.1.22 shows that C*(M) is perfect, and so by [Sta, Tag 0658],
the present corollary will follow provided that we show that C*(M) has tor-
amplitude in [0,2]. Since any A-module is a filtered direct limit of finite A-
modules, it suffices to show that C*(M)®% 4M has cohomological amplitude
lying in [0,2] for any finite A-module M. If we let B = A @ M, thought of
as an A-algebra by declaring M to be a square-zero ideal, then it is equivalent
to show that C*(M)®Y 4B has cohomological amplitude lying in [0,2]. But
Theorem 5.1.22 shows that this latter complex is isomorphic (in the derived
category of B-modules) to C*(M ®a . , Ak, B), whose cohomological amplitude
lies in [0,2] by construction. O

We now explain the comparison between the Herr complex and Galois coho-
mology, and the relationship to Tate local duality. These results are essentially
due to Herr and are proved in [Her98, Her0O1] but we follow [KPX14] and for-
mulate them as statements in the derived category.

Exactly as in [KPX14, Defn. 2.3.10], if M;, My are projective étale (p,T)-
modules with A-coefficients, then there is a cup product

C.(Ml) XA C.(Mg) — C.(Ml ®AK,A MQ).

More precisely, the cup product arises from the following generalities. If we
have two complexes of A-modules C*® and D*®, then the tensor product C*® ® D*®
has differential given by

dz@y)=de@y+(-1)zay

if z € C', ye DI. If f*: C* — C°, then we write Fib(f|C*®) := Cone(f)[—1],
which by definition has Fib(f)! = C*®C*~! and d*((z,y)) = (d*(x), —d* 1 (y) —
fi(@).
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As a special case of [KPX14, Lem. 2.3.9], if f; : Ct — C?, fo : C§ — C3,
then we have a natural morphism

Fib(1 — f1|C?) @ Fib(1 — fo|C3) — Fib(1 — f1 @ fo|CT @ C3) (5.1.26)

Then by definition we have C*(M) = Fib(1 — ~|Fib(1 — ¢|M)), so that by
multiple applications of (5.1.26) we have morphisms

C*(My) ®a C*(Ms) = Fib(1 — | Fib(1 — ¢|M1)) ®4 Fib(1 — y|Fib(1 — ¢[M>))
— Fib(l — |(Fib(1 — | My) @4 Fib(1 — <p|M2))>
- Fib(l — | Fib(1 — ¢|(M; ®4 Mg)))
- Fib(l — 4| Fib(1 — o|(M; ®a, , Mz)))
=C*(M; ® Ma)
whose composite defines the cup product.

5.1.27 Lemma. If A is a finite type O/w®-algebra, then there is an isomor-
phism

H?(C*(Ak,a(1)) = A,
compatible with base change.

Proof. Since by Theorem 5.1.22 (2) the formation of H?(C*(M)) is compati-
ble with base change, the result follows from the case A = O/w®, which is
immediate from Theorem 5.1.29 below (that is, from the natural isomorphism

H?(G, (0/m)(1)) = O)w®). O

If M is a projective étale (p,T")-module over a finite type O/w®-algebra,
then we define the Tate duality pairing between the Herr complexes of M and
of its Cartier dual M* as the following composite of the cup product, truncation,
and the isomorphism of Lemma 5.1.27:

C* (M) x C*(M*) — C*(Ag,a(1))) — H*(C*(Ak.a(1)))[-2] = A[-2].

5.1.28 Proposition. Let A be a finite type O/w*-algebra, and let M be a
projective étale (¢, T')-module.

1. The Tate duality pairing induces a quasi-isomorphism

C* (M) % RHom(C*(M*), A))[-2].

2. If A is a finite extension of F, then the Euler characteristic x(C*(M))
is equal to —[K : Qpld.

Proof. For part (1), by [KPX14, Lem. 4.1.5], it is enough to treat the case that A
is a field, in which case A is a finite extension of F. Then both parts follow from
Theorem 5.1.29 below (that is, from the corresponding statements for Galois
representations). O
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Finally we recall the relationship between the Herr complex and Galois co-
homology. As in [Pot13, §2] it is possible to upgrade the following theorem
to an isomorphism in the derived category, but as we do not need this we do
not give the details here. If A is a complete local Noetherian O-algebra with
finite residue field, and M is a formal projective étale (¢, T')-module with A-
coefficients, then we can define the Herr complex C*(M) exactly as for étale
(¢, T')-modules, so that by definition we have C*(M) = lim C*(Majmn). By
[Sta, Tag 0CQG], C*(M) is a perfect complex, concentrated in degrees [0, 2].

5.1.29 Theorem. If A is a complete local Noetherian O-algebra with finite
residue field, and T is a finitely generated projective A-module with a continuous
action of G, then there are isomorphisms of A-modules

H'(Gg,T) = H'(C*(Da(T)))
which are functorial in T and compatible with cup products and duality.

Proof. This is [Dee01, Prop. 3.1.1], which is deduced from the results of [Her(1,
Her98] by passage to the limit. O

5.1.30 Remark. In accordance with our general convention of writing pp for
a family T — Xy, if T is an affine scheme of finite type over O/w®, then we
write H2(Gk, pr) for the pull-back to T of the cohomology group H?(C*(M))
on X, where M is the étale (p,I')-module corresponding to the morphism
T — X;. By Theorem 5.1.22, H?(G, pr) is a coherent sheaf, whose formation
is compatible with arbitrary finite type base-change, and so in particular by
Theorem 5.1.29 its specialisations at F,-points coincide with the usual Galois
cohomology groups. This compatibility with base-change also allows us to ex-
tend the definition of H2(G g, pr) to arbitrary (not necessarily affine) schemes T
of finite type over O/w®.

5.1.31 Lemma. Let T be a scheme of finite type over O/w®, and let pr, pp
be families of Galois representations over T. Then sections of H*(Gg,pr ®
(p'r)V (1)) are in natural bijection with homomorphisms pr — pp.

5.1.32 Remark. Here by a homomorphism pr — p/» we mean a homomorphism
of the corresponding (¢, I')-modules.

Proof of Lemma 5.1.51. This follows from Proposition 5.1.28 and Lemma 5.1.2.
O

5.1.33 Obstruction theory

We now show that the Herr complex provides X; with a nice obstruction theory
in the sense of Definition A.34.

Let A be a p-adically complete O-algebra, and let z : Spec A — Xy be a
morphism, corresponding to a projective (¢, I')-module M. We wish to consider
the problem of deforming M to a square zero thickening of A. Specifically, if

0=-I—-A—=-A—-0
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is a square zero extension, then we let Lift(x, A’) be the set of isomorphism
classes of projective (¢, I')-modules M’ with A’-coefficients which have the prop-
erty that M’ @4 A= M.

For any such thickening A’, we define a corresponding obstruction class as
follows. The underlying A g _4-module of M has a unique (up to isomorphism)
lifting to a projective A g 4--module M7 and we may lift ¢,y to semi-linear
endomorphisms @, ¥ of M. (Indeed, Ak, 4+ is a square zero thickening of Ak 4,
and a finite projective module P over any ring R deforms uniquely through any
square zero extension R’ — R, as its deformations are controlled by

H'(Spec R, ker(R' — R) ® Endg(P)),

which vanishes (as Spec R is affine). To see that ¢, lift, think of them as
A a-linear maps ¢*M — M, v*M — M.)

However, there is no guarantee that we can find lifts ¢, 5 which commute. To
measure the obstruction to the existence of such lifts, let ad M = Homa . , (M, M)
be the adjoint of M. This naturally has the structure of a (¢, T')-module; in-
deed, we have a natural identification ¢*ad M = Homa , , (¢* M, ¢* M), and we
define ®,4 7 : p*ad M — ad M by

(Paa s (£))(x) = Par(f(@3 (2))).

We define the action of I' in the analogous way. Then we let 0, (A’) be the image
in H2(C*(ad M)) ®a I = H?(C*(ad M ®4 I)) of

Fie T —leadM®al =C2(ad M @4 1),

5.1.34 Lemma. The cohomology class o,(A’) is well-defined independently of
the choice of ¢,7, and vanishes if and only if Lift(x, A") # 0.

Proof. Any other liftings ¢’,5’ are obtained from our given liftings @,5 by
setting @' = (1+ X)p, ¥ = (1 = Y)7, for some X, Y € ad M ®4 I. A simple
computation shows that

YA @) TAN) T -EeT AT = (- )X + (L)Y,

which shows that the cohomology class o, (A’) is well-defined, and that it van-
ishes if and only if we can choose @',7" so that @5/ (¢')~1(3')~! = 1, which is
in turn equivalent to Lift(xz, A") # 0, as required. O

If F is an A-module, we let A[F]:= A& F be the A-algebra with multipli-
cation given by
(a,m)(a’,m") := (ad',am’ + a'm).
This is a square zero thickening of A, and Lift(x, A[F]) # 0, because we have
the trivial lifting given by M ® 4 A[F].

5.1.35 Lemma. Suppose that F is a finitely generated A-module. Then there
is a natural isomorphism of A-modules Lift(z, A[F]) — H'(C®*(ad M) ®Y F).
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Proof. We begin by constructing the isomorphism on the level of sets. Note
that C*(ad M) @™ F is computed by C*(ad M ® 4 F). Liftings of M to A[F] are
determined by the corresponding liftings ¢, 7 of ¢,~, and we obtain a class in
HY(C*(ad M ®4 F)) by taking the image of of

(et =137 ' —1)cadM®@s F@adM @4 F =C'(ad M ®4 F).

An elementary calculation shows that (pe~! — 1,7y~! — 1) is in the kernel of

CladM ®4 F) — C*(ad M @4 F) if and only if 7 = 59, so it only remains
to check that the lifting given by ,7 is trivial if and only if the corresponding
cohomology class vanishes.

To see this, note that the endomorphisms of the trivial lifting are of the
form 1 + X, for some X € ad M ® F. The corresponding ¢,~ are given by
?=04+X)pl+X)" 5= (14 X)y(1+ X)~!, which is equivalent to
(Pt =1, =1) = ((1 — )X, (1 — ) X), which by definition is equivalent
to (gt —1,7y~1 — 1) being a coboundary, as required.

To compare the A-module structures, recall that by definition the A-module
structure on Lift(z, A[F]) is defined as follows (see [Sta, Tag 07Y9]). If r € A,
then we have a homomorphism f, : A[F] — A[F] given by f.(a, f) = (a,rf),
and given a lifting M of M , we let M be the base change of M via fr. Explicitly,
this means that we replace (¢ — ¢) and (¥ — ) by (¢ — ¢) and (7 — 7).

Similarly, the addition map Lift(x, A[F]) x Lift(x, A[F]) — Lift(z, A[F])
comes from the obvious identification Lift(z, A[F]) xLift(z, A[F]) = Lift(z, A[F x
F]) together with base change via the homomorphism A[F' x F] — A[F] given
by (a, f1, f2) — (a, f1 + f2). With obvious notation, this amounts to setting
P1Bo=p1+@2—p, B =7 +% -7

On the other hand, by definition the A-module structure on H(C*(ad M)®¥
F) is given by the obvious A-module structure on the pairs (gp~! — 1,7y~ 1 —
1). This is obviously the same as the A-module structure that we have just
explicated on Lift(z, A[F]). O

5.1.36 Proposition. X; admits a nice obstruction theory in the sense of Def-
inition A.34.

Proof. Since X, is limit preserving by Lemma 3.2.19, it follows from Theo-
rem 5.1.22 and Lemmas 5.1.34 and 5.1.35 that the Herr complex C*(ad M)
provides the required obstruction theory. O

5.2 Residual gerbes and isotrivial families

In this section we briefly discuss the notion of isotrivial families of (¢, I')-modules
over reduced F-schemes; i.e. of families which are pointwise constant. The
language of residual gerbes (see Appendix E) provides a convenient framework
for doing this. In the following discussion we allow F’ to denote any algebraic
extension of F.

We have seen that X; is a quasi-separated Ind-algebraic stack, which by
Proposition 3.4.12 may be written as the inductive limit of algebraic stacks
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with closed immersions (and so, in particular, monomorphisms) as transition
morphisms. Thus the discussion at the end of Appendix E applies, and in
particular, for each point x € |X,|, the residual gerbe Z, at z in X, exists.
Furthermore, if z is a finite type point, then the canonical monomorphism Z, —
Xy is an immersion.

If we consider an F’-valued point x : SpecF' — X, (by abuse of notation
we use = to denote both this point, and its image = € |Xy|, which is a finite
type point of X;), then we may base-change the residual gerbe to Xy at
(which is a gerbe over F) over F’ via the composite Spec F/ - X; — SpecF;
equivalently, we may regard x as a point of the base-change (Xy)g/, and then
consider the residual gerbe of (X;)g at this point. This residual gerbe is then of
the form [Spec F'/G], for a finite type affine group scheme G over F'. (By [Sta,
Tag 06QG] the group G may be described as the fibre product = x x, , and
hence its claimed properties follow from the fact that by Proposition 3.4.12, the
diagonal of X, is affine and of finite type.) In fact, we have the following more
precise result regarding G.

5.2.1 Lemma. If z is an ¥ -valued point of (X4)g:, then Aut(x) is an irre-
ducible smooth closed algebraic subgroup of GLg/p:.

Proof. As already noted, it follows from Proposition 3.4.12 that Aut(z) is a
finite type affine group scheme over F/. Let D denote the étale (¢,T')-module
over F/ corresponding to z, and let R := EndAKYF,,%F(D). Then, if p: Gx —
GL4(F’) denotes the Galois representation corresponding to x, we see that also
R = Endg, (p), and hence that R is an F’-subalgebra of My(F’). Furthermore,
if A is any finite type F/-algebra, and if D 4 denotes the base-change of D over A,
then the natural morphism R Qg A — EndAKYF,%p(DA) is an isomorphism by
Theorem 5.1.22 (2) and Lemma 5.1.2 (note that A is automatically flat over F').
Thus

Aut(z)(A) := Auta, , or(Da) = (R@r A)* = (R@p A)(|GLa(A),

so that Aut(z), as a scheme over F’, is precisely the open subscheme RN GLy,
where we think of R as an affine subspace of the affine space My. In particular,
we see that Aut(x) is an open subscheme of an affine space, and thus smooth
and irreducible. O

Suppose that S is a reduced F’-scheme of finite type, and that S — Xy is
a morphism such that every closed point of S maps to some fixed F’-valued
point € |Xy|. We can think of this morphism as classifying a family of Galois
representations pg over S whose fibre at each closed point is isomorphic to the
fixed representation 5 : Gx — GL4(F’) classified by z. If G := Autg,. (p), then
Lemma E.5 shows that the morphism S — X factors through the residual gerbe
[Spec F//G], and thus corresponds to an étale locally trivial G-bundle F over
S. (A priori, the G-bundle E over S is fppf locally trivial. However, since G
is smooth, by Lemma 5.2.1, we see that E is in fact smooth locally trivial. By
taking an étale slice of a smooth cover over which E trivializes, we see that F
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is in fact étale locally trivial.) We can then describe the family pg concretely
as a twist by E of the constant family S x p, i.e. pg = E Xg p.

5.3 Twisting families

We now begin our study of the dimensions of certain families of (¢, I')-representations,
and the behaviours of these dimensions under the operations of twisting by fam-
ilies of 1-dimensional representations, and forming extensions of families.

We will need in particular to be able to twist families of representations
by unramified characters. Given an Fp-algebra A and an element a € A*,
we have a (¢,I')-module M, whose underlying A x s-module is free of rank 1,
generated by some v € M, for which ¢(v) = av and y(v) = v. If A =F then
the corresponding representation of G is the unramified character ur, taking
a geometric Frobenius to a. The universal instance of this construction comes
by taking a = x € A = F[z,271]; the corresponding (¢, I')-module M, is then
classified by a morphism which we denote ur, : G,, := SpecF[z,z*!] — X,
which evidently factors through & yeq.

Given any morphism T — Xj .4, With T" a reduced finite type F-scheme,
corresponding to a family pp of Gx-representations over 7T', we may consider
the family pp W ur, over T' x G,,, as in Section 3.8. We refer to this operation
on (¢, T')-modules as unramified twisting.

5.3.1 Definition. We say that pp is twistable if whenever p, = p,, ® ur, where
t,t' € T(Fp) and a € F;, then a = 1. We say that it is essentially twistable if

for each t € T(F,), the set of a € F; for which there exists ¢’ € T(F,) with
Py = Py @ ur, is finite.

5.3.2 Lemma. If the dimension of the scheme-theoretic image of T in Xy red
is e, then the dimension of the scheme-theoretic image of T' X Gy, in X vea @5 at
most e+ 1. If T contains a dense open subscheme U such that py; is essentially
twistable, then equality holds.

5.83.3 Remark. Since a twistable representation is essentially twistable, we see
that if 7' contains a dense open subscheme U such that p;; is twistable, then
equality holds in Lemma 5.3.2.

Proof of Lemma 5.5.2. We may assume that T is irreducible. Write f for the
morphism T — Xy req and ¢ for the morphism T x G,, — Xyrea- By [Sta,
Tag 0DS4], we may, after possibly replacing T by a nonempty open subscheme,
assume that for each Fp—point t of T' we have dim Tt ;) = dim T — e.

Let v = (¢, ) be an Fy-point of T'X Gy,. Then (T'X Gy, ) () contains Ty () X
{A}, so that dim(T' X G )g(p) > dim Ty = dim T —e = dim(T' x G,) — (e +1),
so the first claim follows from another application of [Sta, Tag 0DS4].

For the last part, we may replace T by U, and then the hypothesis that p;
is essentially twistable means that we can identify (7" X Gy,)4(,) With a finite
union of fibres Ty (indexed by the finitely many a for which there is a ¢" and
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an isomorphism p, & p,, ® ur,), so that equality holds in the above inequality,
and the result again follows from [Sta, Tag 0DS4]. O

Recall that for each embedding & : kK < F, we have a corresponding funda-
mental character wz : Ix — F*, which corresponds via local class field theory
(normalised to take uniformizers to geometric Frobeneii) to the composite of &
and the natural map Ox — k*. It is well-known, and easy to check, that

Hﬁw;(K/Qp) = €|1,.. If F/ is an algebraic extension of F, then we can and do
identify the embeddings k < F and k < F".
Let n = (nz)z.k—F be a tuple of integers 0 < nz < p— 1. The characters wz

can all be extended to Gk, and the restriction to Ix of any character G — F;

is equal to [[;w"" for some n (which is unique unless the character is unram-
ified). We write 1, : Gxg — F* for a fixed choice of an extension of [[_w=""
to Gk. If nz =0 for all 7, or nz = p — 1 for all 7 (these are exactly the cases
corresponding to unramified characters), then we fix the choice ¢, = 1. We can
and do make our choice so that if n, n’ are such that (¥,¥.,")|1, = €|1,, then

in fact z/JﬂdJ;,l =t

Somewhat abusively, we will also write 1,, for the constant family of (p,I')-
modules D(v,,) over any F,-scheme T

5.83.4 Remark. The irreducible representations @ : Gx — GLd(fp) are easily
classified; indeed, since the wild inertia subgroup must act trivially, they are
tamely ramified, so that the restriction of @ to Ik is diagonalizable. Considering
the action of Frobenius on tame inertia, it is then easy to see that @ is induced
from a character of the unramified extension of K of degree d. It follows that
each irreducible @ is absolutely irreducible.

As we have just seen, there are only finitely many such characters up to
unramified twist, so that in particular there are only finitely many such @ up to
unramified twist. It follows that there are up to unramified twist only finitely
many irreducible (o, ')-modules over F,, of any fixed rank.

It is convenient to extend the notation pr to algebraic stacks. To this end,
if T is a reduced algebraic stack of finite type over F,, we will denote a morphism
T— (Xd,rcd)Fp by pr, and will sometimes abusively refer to pr as a family of
G g-representations parameterized by T .

5.3.5 Definition. We say that a representation p : Gx — GL4(F,) is mawi-
mally nonsplit of niveau 1 if it has a unique filtration by G i-stable Fp—subspaces
such that all of the graded pieces are one-dimensional representations of G .
We say that the family p is mazimally nonsplit of niveau 1 if p, is maximally
nonsplit of niveau 1 for all ¢ € T(F,), and that py is generically mazimally
nonsplit of niveau 1 if there is a dense open substack U of T such that p;, is
maximally nonsplit of niveau 1.

In particular, we say that an algebraic substack 7T of (Xdyrcd)Fp is mazimally
nonsplit of niveau 1 if p, is maximally nonsplit of niveau 1 for all ¢t € T(F,),

and that T is generically maximally nonsplit of niveau 1 if there is a dense open
substack U of T such that U is maximally nonsplit of niveau 1.
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5.3.6 Remark. We will eventually see in Theorem 6.5.1 below that (Xd,red)fp

itself is an algebraic stack of finite type over F,, and is generically maximally
nonsplit of niveau 1.

Our next goal is to prove a structure theorem (Proposition 5.3.8) for fam-
ilies which are generically maximally nonsplit of niveau 1. We begin with the
following technical lemma.

5.3.7 Lemma. Let T be a reduced scheme of finite type over an algebraically
closed field k, let M be a coherent sheaf on T Xy, G,,, and for each t € T(k), let
M, denote the restriction of M to G, — t Xp Gy = T X3, Gyn. Suppose that
for each pointt € T(k), My is a length one skyscraper sheaf supported at a single
point of G,,. Then there is a dense open subscheme U of T such that, over U,
the composite Supp(M) — T X G, — T pulls back to an isomorphism, while
the pullback of M over U Xy, G, is locally free of rank one over its support.

Proof. Let Fitt (M) C Orxg,, denote the Fitting ideal sheaf of M, and write
Z = Spec Orxa,, /Fitt (M); recall that Supp(M) is a closed subscheme of Z,
supported on the same underlying closed subset of T' X G,,,. For each ¢t € T'(k),
we find that the fibre Z; of Z over ¢ is equal to Spec Og,, /Fitt (M;) (recall
that the formation of Fitting ideals is compatible with base-change), which,
by assumption, is a single reduced point of G,,. Thus the composite Z —
T X, Gy, — T is a morphism with reduced singleton fibres, and hence we may
find a dense open subscheme U of T such that this morphism restricts to an
isomorphism over U. In particular, the pull-back of Z over U is reduced (since
U is), and thus coincides with the pull-back of Supp(M) over U. This shows
that the morphism Supp(M) — T pulls back to an isomorphism over U.

If we use the inverse of the isomorphism just constructed to identify U with
an open subscheme of Supp(M), then our assumption on the nature of M, for
t € T(k) implies that the fibre of M over each k-point of U is one-dimensional.
Since U is reduced, we find that the restriction of M to U is furthermore locally
free of rank one, as claimed. O

5.3.8 Proposition. If T is a reduced finite type algebraic stack over F,, and pr
1s generically mazimally nonsplit of niveau 1, then there exist:

e a dense open substack U of T ;
o tuplesn,;, 1 <i<d;
e morphisms \; : U — G, 1 <1i < d;

e morphisms x; : U — (Xi’red)fp, 0 <i < d, corresponding to families of
i-dimensional representations p; over U;

such that x4 is the restriction of p+ to U, and for each 0 < i < d—1, we have
short exact sequences of families over U

0= pi = piy1 —ury,,, ® wﬂiﬂ — 0.
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In particular, for each t € U, we have

ury, ) @ wﬂ1 * R *
0 ury, 4y @ Yo, ... *
5, = : e | . (5.3.9)
0 0 Ury,(t) ®’(/)ﬂd

5.3.10 Remark. We cannot necessarily attain (5.3.9) over all of 7. For example,
there are families of two-dimensional representations of G which are generi-
cally maximally nonsplit of niveau one, but which also specialise to irreducible
representations. (The existence of such families follows from Theorem 6.5.1
below.)

Proof of Proposition 5.5.8. We begin by assuming that 7 is a scheme, say 7 =
T. Without loss of generality, we can replace by T by a dense open subscheme,
and thus assume that pp is maximally nonsplit of niveau 1, i.e. that p, is max-
imally nonsplit of niveau 1 for each t € T(F,), and also assume that T is a
disjoint union of finitely many integral open and closed subschemes. Replacing
T by each of these subschemes in turn, we may assume that T itself is integral.

For each n, we may form the family

pr X (ur; ' ® 1/)2_1)(1)

over T' XF, G, (where as above = denotes the variable on G,,, so that G, :=

Spec Fy[z, 271]), and then consider (in the notation of Remark 5.1.30)
H, = H?* (G, pr R (ur, ' @4, ')(1)),

a coherent sheaf on T’ X7, Gm. Since the formation of H?(Gg,-) is compatible

with arbitrary finite type base-change, we see that for any point ¢t € T'(F),), the
pull-back of H,, over ¢ XF, G,, & G,, admits the description

(Hy)e = H* (G, pr @ (wy' @ ¢, 1)(1)),

and that the fibre (Hy )1z, of this pull-back at a point zg € Gy, (F)p), admits
the description

(Hy) (t,00) = H?*(Gi, pr ® (ury) ®@1p,)(1)) = Home, (pe, ura, ® ¥y)

(the second isomorphism following from Tate local duality). The assumption
that p; is maximally non-split shows that this fibre is non-zero for exactly one
choice of n and one choice of zq, and is then precisely one-dimensional. In par-
ticular, we see, for this distinguished choice of n, that (H,): is set-theoretically
supported at zg. Now let & : SpecF,[e]/(€?) — G, be the (unique up to
scalar) non-trivial tangent vector to o, and let (Hy)(,e,) denote the pull-back
of (Hy): over &. A similar computation using Tate local duality and the maxi-
mal non-splitness of p; shows that (Hy),¢,) is also one-dimensional; thus (Hy )¢
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is in fact a skyscraper sheaf of length one supported at zy. For all other choices
of n, we see that (H,,),; vanishes (since all its fibres do).

Applying Lemma 5.3.7 to M := @,, H,,, and replacing T by an appropriately
chosen dense open subscheme, we find that Supp(M) maps isomorphically to T,
and that M is locally free of rank one over its support. Taking into account the
definition of M as a direct sum, and the irreducibility of 7', we find that in fact
M = H,, for exactly one choice n, of n, and that H,, = 0 for all other possible
choices. Let A : T — G,, denote the composite of the inverse isomorphism
T = Supp(M) with the projection Supp(M) — G,,. Again using the fact
that the formation of H? commutes with base-change, we find that the pull-
back My of M to T = Supp(M) may be identified with

H?(pr B (ury' ® 1/{5)(1))

We have already remarked that My is locally free of rank one; replacing T" by a
non-empty open subscheme once more, we may in fact assume that My is free of
rank one, and so choose a nowhere zero section of Mp, which by Lemma 5.1.31
we may and do regard as a surjection

pr —» Ury ®wﬂd.

The kernel of this surjection is a rank (d — 1) family of projective étale (o, T')-
modules, so the result for T follows by induction on d.
We now return to the general case that 7 is a reduced finite type algebraic

stack over F,. Since X} is Ind-algebraic by Proposition 3.4.12, we can form
the scheme-theoretic image 7’ of the morphism 7 — (Xd,red)fp, which is again

a reduced finite type algebraic stack over Fp. The family p; is again generi-
cally maximally nonsplit of niveau 1 (since by the stacky version of Chevalley’s
theorem (see [Rydll, App. D]), the image of 7 in 7" is constructible, and so
contains a dense open subset of 7”), and since the morphism 7 — 7 is scheme-
theoretically dominant, any dense open substack of 7’ pulls back to a dense
open substack of T. It therefore suffices to prove the result for 7'. Replacing T
by 77, then, we can and do assume that 7 is a closed substack of (Xd’red)fp.

Let T — T be a smooth cover by a (necessarily) reduced and finite type F,-
scheme (we can ensure that T is finite type over Fp, since T is s0), and let pp
be the induced family. We wish to deduce the result for 7 from the result for T
which we have already proved. We thus replace T by a dense open subscheme
(and correspondingly replace 7 by a dense open substack, namely the image of
this open subscheme of T'), so that the family p, is maximally non-split, and so
that the morphisms \; : T'— G,, and z; : T — (Xi,red)fp exist. We will then
show that these morphisms factor through the smooth surjection 7" — 7. This
amounts to showing that we can factor the morphism of groupoids

TxrT—-TxT (5.3.11)

through a morphism of groupoids T'x 71" = T'x g, T or T'X 7T = T'x (x; .0} T
respectively.
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Since T is a substack of X, the natural morphism induces an isomorphism
T x7T =5 T x5 T. Thus for any test scheme T", a T’-valued point of T x+ T
consists of a pair of morphisms fo, f1 : 7 = T, and an isomorphism of families

fopr — fipr (5.3.12)

(where f}pr denotes the pull-back of pr to T” via f;).

In the first case, in which we consider one of the morphisms \;, we need
to show (employing the notation just introduced) that the morphism fy x fi :
T’ xT" — T x T necessarily factors through 7' x g, , T (this latter fibre product
formed using the morphisms )\;). More concretely, this amounts to checking that
Ai o fo = \; o f1. Since the source of (5.3.11) is reduced and of finite type over
F,, it suffices to check this for reduced test schemes 7" of finite type over F,,
and thus to check that these morphisms coincide at the F,-valued points ¢’ of
T’. This follows from the assumed isomorphism (5.3.12), and the uniqueness of
the filtration at each Fp-valued point of the family.

In the second case, in which we consider one of the morphisms x;, the mor-
phism 7' X (x T — T x T is no longer a monomorphism, and so we have to

i,red)fp
T (rather

than simply verify a factorization). So, given fo, f1 : 7/ — T, and an isomor-
phism (5.3.12), we have to construct a corresponding isomorphism

fo(pr)i = fi(pr)is (5.3.13)

where (pr); denotes the family of i-dimensional subrepresentations of pr corre-
sponding to the morphism z;. We will define the desired isomorphism (5.3.13)
simply to be the restriction of the isomorphism (5.3.12). For this definition to
make sense, we have to show that (5.3.12) does in fact restrict to an isomor-
phism (5.3.13). In fact, it suffices to check that (5.3.12) induces an embedding
5 (pr)i — f1(pr)s; reversing the roles of fo and fi then allows us to promote
this to an isomorphism.

Again, it suffices to check this on reduced test schemes T" of finite type
over Fp, and then it suffices to show that the composite

actually construct a morphism of groupoids 7' X7 T — T X (x, ,.4)x
’ p

* * (5.3.12) * * *
folor)i = fopr  —" fipr — fipr/fi(pT)i

vanishes. This can be checked on Fp—valued points, where it again follows from
the uniqueness of the filtrations that define the (pr);. O

5.4 Dimensions of families of extensions

Suppose that we have a morphism T" — (Xd,red)fp, with T a reduced finite type
F,-scheme, corresponding to a  family pp of G -representations over T'. Fix a
representation @ : Gx — GL(F,).

5.4.1 Lemma. If Extg, (@,p,) is of constant rank r for all t € T(F,), then
H?(Gr,pr @a) is locally free of rank r as an Or-module.
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Proof. Since the formation of H? is compatible with arbitrary finite type base-
change (by Theorem 5.1.22 (2)), we see that H?(Gx,py ® @) is a coherent
sheaf on T of constant fibre rank r. Since T is reduced, the lemma follows. [

By Corollary 5.1.25, if T is affine, then we can and do choose a good complex
(that is, a bounded complex of finite rank locally free Op-modules)

CY — CL— C%

computing H*(Gk,pr ® @”). Suppose that we are in the context of the pre-
ceding lemma, i.e. that ExtéK (@, pr) is locally free of some rank r. It follows
that the truncated complex

CY — Z3

is again good (here Zk := ker(C} — C%)). As in Remark 5.1.30, we write
H' (Gk,pr @)

for the cohomology group of this complex in degree 1; its formation is compat-
ible with arbitrary finite type base-change, and its specialisations to finite type
points of T" agree with the usual Galois cohomology.

In particular, if we choose another integer n, we may use the surjection
ZYt — HY (Gg,pr @ @) (together with Lemma 5.1.2) to construct a universal
family of extensions

0—=ppr —=&—=a®™ =0 (5.4.2)

parameterized by the vector bundle V' corresponding to the finite rank locally
free sheaf (Z1.)®", giving rise to a morphism

V- (XdJran,rcd)fp' (543)

(See [CEGS19, §4.2] for a similar construction.) -
Write Gz := Autg, (@), thought of as an affine algebraic group over F,.

5.4.4 Proposition. Maintain the notation and assumptions above; so we as-
sume in particular that ExtQGK (@, p,) is of constant rank r for all t € T(F,).

1. Ife denotes the dimension of the scheme-theoretic image of T in (X red)w
then the dimension of the scheme-theoretic image, with respect to the mor-
phism (5.4.3), of V in (XdJran,red)fp is bounded above by

e+n([K : Qplad + 1) — n* dim Gg.

2. Suppose that:
(a) n=1;
(b) @ is one-dimensional;

(¢) pr is generically mazimally nonsplit of niveau 1;
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(d) if K = Qp, then after replacing T by a dense open subscheme, so
that the tuples n; exist, and so that the morphisms \; and x; as in
the statement of Proposition 5.3.8 are defined on T, at least one of

the following conditions holds at eacht € T(F,):

1. ury, (¢ ®’¢ﬂd71 75@(1)
1. ury, ) ® ’L/Jﬂd = Q.
212, ury, ) ® I/JQd = a(l).

Then equality holds in the inequality of (1). Furthermore the family of
extensions Ey corresponding to V is generically mazximally nonsplit of
niveau 1.

3. Suppose that we are in the setting of (2), and that after replacing T by a
dense open subscheme, the following conditions hold:

(a) For eacht € T(F,) the representation p, is mazimally nonsplit, and
furthermore the unique quotient character of p, (which exists by the
assumption that pr is generically mazimally nonsplit of niveau 1) is
equal to @(1).

(b) Furthermore, if we write
0—-7 —p,—a(l)—0

for the corresponding filtration of p,, and write v for the unique

quotient character of 7, then for each t € T(F),) either

i. we have v #@(1), or
ii. the cyclotomic character € is trivial, we have v = a(1) = @, and
the extension of @ by v = @(1) induced by p, is trés ramifiée.
Then, after replacing V by a dense open subscheme, we have that for all
t € V(F,) the extension of @ by a(1) induced by the extension of @ by p,
18 tres ramifiée.

5.4.5 Remark. See Remark 5.4.10 below for a further discussion of condition (2d).

Proof of Proposition 5./.4. Writing T as the union of its irreducible compo-
nents, we obtain a corresponding decomposition of V' into the union of its irre-
ducible components, and we can prove the theorem one component at a time.
Thus we may assume that 7' (and hence V') is irreducible. Replacing T' by a
non-empty affine open subscheme, we may furthermore assume that it is affine,
so that we may find a good complex C¥ supported in degrees [0,2] that is
isomorphic in the derived category to the Herr complex, as above.

Let f: T — (Xd7red)fp be the given morphism, and let g : V — (Xd+an,red)fp
denote the morphism (5.4.3). In order to relate the scheme-theoretic image
of g to the scheme-theoretic image of f, we will also consider (in a slightly
indirect manner) the scheme-theoretic image of the morphism V" — (deed)fp X

(Xd+,m,red)fp (the first factor being the composite of f and the projection from
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V to T, and the second factor being g). If (dered)fp were a scheme or an
algebraic space, then the dimension of this latter scheme-theoretic image would
be greater than or equal to the dimension of the former; but since (deed)fp is
a stack, we have to be slightly careful in comparing the dimensions of these two
images.

Let v : Spec Fp — V be an Fp—point, and let ¢ denote the composite
SpecF, — V — T, so that t is an F,-point of 7. We also write f(t) for
the composite fot, and g(v) for the composite gov. We write Ty for the fibre
product T X (Xarea)s, Spec F,, (with respect to the morphisms f : T — (Xd7red)fp

and f(t) : SpecF, — (Xd7red)fp), and write V() and V(f() g(v)) for the evident
analogous fibre products.

We begin with (1). In order to prove the required bound on the dimension
of the scheme-theoretic image of g, it suffices (e.g. by [Sta, Tag 0DS4]) to show
that )

dim Vi (y) >dimV — e —n([K : Qylad + r) + n? dim G
for v lying in some non-empty open subscheme of V. As already alluded to
above, what we will actually be able to do is to estimate the dimension of the
fibre V{t(1),g(v)), and so our first job is to compare the dimension of this fibre
with that of V).

Let py(y) denote the Galois representation corresponding to f(t), and let
Gt := Aut(psq). Then, by the discussion of Section 5.2, the morphism ¢ :

SpecF, — (Xd,red)fp induces an immersion
[SpecF, /G| — (Xd.red)F, »
which in turn induces a monomorphism

[SpecFp /Gl X (x4 o), Vato) = Vi) (5.4.6)

Since Spec F, is a Gy-torsor over [SpecF, /G|, we see that Vi#(t),9v)) 18 a G-
torsor over [Spec F,/Gy] X (Xyrea)y. Vo(v)» and hence that

dim Vv(f(t)hq(v)) < dim Gy + dim Vg(v)~ (547)

Thus it suffices to prove the inequality

?
dim Vif(4),40)) = dimV — e — n([K : Qplad + r) + n* dim Gz + dim G,.

For t lying in some non-empty open subscheme of T, we have that e = dim 7" —
dim 7Y ;), and so, replacing 7' by this non-empty open subscheme and V' by its
preimage, we have to show that

?
dim V(1) 4(v)) = dim V—dim T+dim Ty ) —n([K : Qplad+r)+n® dim Gz+dim G,

,9(v)

for v lying in some non-empty open subscheme of V. In fact we will show that
this inequality holds for every Fp-point v of V.
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The right hand side of our putative inequality can be rewritten as
nrk Zp + dim Tj) — n([K : Qplad + r) + n® dim Gz + dim Gy,
while the local Euler characteristic formula shows that
H(Gr,ppiy®@a”) — H' (Gk, sy @) +7 = —[K : Qplad.

Thus we may rewrite our desired inequality as

?
dim Viy),g(0)) 2 n(tk 27 — dim B (G, pypy @ @)
+ndim H(Gk,ppy ® @) + dim Ty + n® dim Gg + dim Gy.

There is a canonical isomorphism V1), ¢(v)) = Ttt) X1 Vy(v), and so, writing
S := (T§(t))red, we find that dim V(1) g(v)) = dim S x7 V(). If we let pg denote
the pull-back of the family p, over S, then the Galois representations attached
to all the closed points of S are isomorphic to py ;. The discussion of Section 5.2
shows we may find an étale cover S’ — S such that the pulled-back family pg,
is constant. We may replace S by S’ without changing the dimension we are
trying to estimate, and thus we may furthermore assume that pg is the trivial
family with fibres .

If we let C% — Z% denote the pull-back of the good complex C% — Z1. to
S, then this complex is also the pull-back to S of the good complex C? — Z}
corresponding to the representation p,. If we let W denote the vector space
HY(Gg,p, ® @)®", thought of as an affine space over F,, then there is a
projection S xp V — § XF, W, whose kernel is a (trivial) vector bundle which
we denote by V.

The affine space W parameterizes a universal family of extensions 0 —
Prty = Pw — a®™ — 0, giving rise to a morphism A : W — (/'VdJﬂm,red)fp7 and
the composite morphism S x7 V — V —L» (Xd+an7red)fp admits an alternative
factorization as

SxrV =8 Xfp W —-w i> (Xd—i-an,red)fp'

Thus
S X Vg(v) =S X7 Vv XWw Wh(w)

(where w denotes the image of v in W under the projection), and hence

dim S X Vg(v) =rkV’' +dim S + dim Wh(w)
=n(tkZp — dim H Gk, by @ @’)) + dim S + dim W),

so that our desired inequality becomes equivalent to the inequality

?
dim Wy > ndim H*(Gr, 5y @ @”) + n® dim Gz + dim G;. (5.4.8)
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There is an action of Gy x Autg, (@®™) on
W =H" Gk, psuy ®a’)®" = Extg, (@, 5,),

which lifts to an action on the family py,. There is furthermore a (unipotent)
action of HY(Gk,p, @ @")®" on py;, (lying over the trivial action on W). Alto-
gether, we find that the morphism h factors through [W/(H?(G g, p, @a”)®" x
(Gy x Autg, (@®™)))], implying that

dim Wy,() > ndim H(Gk,p, ® @) + n® dim G + dim G,

as required.

We now turn to (2), so that we assume that n = 1, that @ is one-dimensional,
and that pp is generically maximally nonsplit of niveau 1. By Proposition 5.3.8,
after possibly replacing T' with a non-empty open subscheme, we can and do
assume that pp is maximally nonsplit of niveau one, that we can write p as an
extension of families

0—7r —pp— Br—0 (5.4.9)

where the family B, arises from twisting a character 3 : Gx — F; via a
morphism T — G,,,, and that if K = Q,, then (2d) holds for all finite type
points ¢ of T. (Indeed, B is the family corresponding to the character ury 1®Un,
in the notation of Proposition 5.3.8.)

We want to show that &, is generically maximally nonsplit of niveau 1.
Assume that this is the case; we now show that we then have equality in the
bound of part (1). After replacing V with a non-empty open subscheme, we can
and do suppose that £y is maximally nonsplit of niveau 1, so that in particular,
for every finite type point v of V, the extension

0 = Py — Egv)y 7@ —0

is maximally nonsplit. From the proof of part (1), we see that it is enough
to show that (after shrinking V' as we have) equality holds in both (5.4.7)
and (5.4.8).

We begin by considering (5.4.7). For equality to hold here, it is enough to
check that the immersion (5.4.6) induces an isomorphism on underlying reduced
substacks

([SpecF, /Gy X (X o), Vw))red — (Vy(v))red-

We can check this on the level of Fj,-valued points, for which it suffices to
show that the representation £,(,) has a unique d-dimensional subrepresentation,
namely py,); but this is immediate from &;(,) being maximally non-split of
niveau 1.

Similarly, to show that equality holds in (5.4.8), it is enough to show that

the morphism

[W/ (HO(GK,ﬁf(t) ®a\/) X (Gt X AutGK (a)))] — (Xd-i-a,red)fp
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is a monomorphism. To see this, note that it follows from the definition of
“maximally nonsplit” that any automorphism of &£, induces automorphisms
of py(+) and @, so that we have

W W =W xg (HO(GK,ﬁt ®aY) x (G x AutGK(a))).

Xd+a,red )fp

Hence it is enough to show that the morphism [W/W x(x, tared)r, W] —
(Xd+a7red)fp is a monomorphism; this follows from Lemma A.33.

In order to prove (2), it remains to prove that £y is generically maximally
nonsplit of niveau 1. We need to show that after possibly shrinking V', for each
v € V the image in Extg, (@, 8f) of the element of Exté, (a,py () corre-
sponding to £y, is nonzero. To this end, note that, after possibly shrinking T’
(and remembering that T is reduced), we may assume that H?(Gg, By @ @)
is locally free of some constant rank. We can therefore repeat the construction

that we carried out after Lemma 5.4.1, and find a good complex
C7(B) = Z1(B)
whose cohomology in degree 1, which we denote by H%(E), is compatible with

base change and computes H!(Gk,B3, ® @) = Exté;K (@, ;) at finite type
points ¢ of T. By [Sta, Tag 064E] we have a morphism of complexes

(Cp — Z1) = (C1(B) = Z1(B)),

compatible with the natural maps on the cohomology groups induced by the
corresponding morphism of Herr complexes.

The kernel of Z} — HX(j) is a coherent sheaf, so after possibly shrinking
the reduced scheme T, we can suppose that it is a vector subbundle of Z%. By
definition, we see that if we delete from V the corresponding subbundle then
the required condition holds. It therefore suffices to show that we are deleting a
proper subbundle of V. If this were not the case, then (considering the fibre of
V and the subbundle under consideration over some closed point ), we would
have an exact sequence

0 — Extg, (@, B,) — Extg, (@,7:) — Extg, (@,p,) — Extg, (@, B,) — 0;
equivalently, by Tate local duality we would have an exact sequence
0 — Homg (B,,@(1)) — Homg, (p,, @(1)) — Homg, (7¢, @(1)) —

Extl, (B, a(1)) = 0.

Assume for the sake of contradiction that this is the case. Since p, is maximally
nonsplit, the map Homg . (5;,a@(1)) — Homg,. (p;,a@(1)) is an isomorphism; so
it suffices to show that we cannot have an isomorphism Homg, (7, @(1)) —
Bxtl, (B, a(1)).

Since 7; is maximally nonsplit, Homg, (7, @(1)) is at most 1-dimensional
with equality if and only if ury, ) ® ¥, , = @(1); while by the local Euler
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characteristic formula, ExtéK (B,,@(1)) has dimension at least [K : Q,], with
equality if and only if B, # @ and 3, # @(1). It follows that we must have K =
Qp, ury,_, 1y @Yy, | =a(l), B, # @ and B, # @(1); but this case was excluded
by assumption (2d), and we have our a contradiction.

Finally, suppose that we are in the situation of (3). We wish to argue in the
same way as part (2), but rather than deleting the split locus, we need to delete
the peu ramifiée locus. To be more precise, note that the surjection pp — @(1)r
(where @(1)r denotes the constant rank one family given by spreading out @(1)
over T') induces a composite morphism Z+ — H'(Gg,pr®@a¥) - H (Gk,er)
(where €7 denotes the spreading out of the mod p cyclotomic character € over T'),
which in turn induces a morphism V — Y of total spaces of vector bundles
over T', with Y denoting the total space of the trivial bundle over T having
fibre H'(Gx,€). Now Y contains a trivial subbundle Y}, of codimension 1,
parameterizing the peu ramifiée classes. The preimage of Y} .. is a closed sub-
scheme V. of V, and we wish to show that V;,, is a proper closed subscheme
of V.

For this, it is enough to show that for each ¢ (perhaps after replacing T by a
non-empty open subset), there is some extension of @ by Py with the property

that the induced extension of @ by 8, = @(1) is trés ramifiée. We have an exact
sequence B
EthGK (a’ pt) — EthG'K (a7 /gt) — EthGK (67 Ft)7

so we are done if Ext2GK (@, 7) = 0. Since 7, is maximally nonsplit, this means
that we are done unless 7; admits @(1) as its unique quotient character.

By hypothesis, this implies that € is trivial, and we can assume that the
extension of 8, = a(1) = @ by @(1) = @ induced by p, is trés ramifiée. Write c;
for the corresponding class in H'(Gk,€). As in Remark 5.4.10 below, it is
enough to show that there is a trés ramifiée extension of @ by @(1), corresponding
to a class d € H'(G,¥€) such that the cup product of ¢; and d vanishes. If this
is not the case, then ¢; must be an unramified class in H'(Gx,1) = HY (G, ¢);
but the extension of K cut out by ¢; considered as a class in H*(Gk, 1) is an
extension given by adjoining a pth root of a uniformizer, so is in particular a
ramified extension, and we are done. O

5.4.10 Remark. The curious looking condition Proposition 5.4.4 (2d) is not
merely an artefact of our arguments. Indeed, if we fix characters @, 8 : Gq, —

=X =, =,
F,, with 8 # @, 8 # (1), and let

(3

be a non-split extension, then any extension of @ by 7 induces the trivial exten-
sion of @ by . To see this, note that if we fix an extension of @ by 3, then the
condition that we can form an extension of @ by T realising this extension of @

by B is that the cup product of the corresponding classes in HI(GQP,EBA(I))
and H 1(GQP,Ba—1) vanishes. But by Tate local duality, this cup product is a
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perfect pairing of 1-dimensional vector spaces, so one of the two classes must
vanish, as required.

5.5 A} is a formal algebraic stack

We now use the theory of families of extensions to show that Xy is a formal alge-
braic stack. The key ingredient is Theorem 5.5.12, which we prove by induction
on d. We begin by setting up some useful terminology, which is motivated by the
generalisations of the weight part of Serre’s conjecture formulated in [GHS18].
Recall that the notion of a Serre weight was defined in Section 1.12. Since F is
assumed to contain k, we can and do identify embeddings k < F,, and k — F.

5.5.1 Definition. If k is a Serre weight, and 5 : G — GL4(F,) is maximally
nonsplit of niveau 1, then we say that p is of weight k if we can write

X1 * e *
_ 0 X2 .- *
p = . . .
0 cen 0 Xd
where
—1—1 —kz —i
® Xl = e HE:I«—>F Wz 4 and

o if (Xi+1X;1)|1K = ¢!, then kzd—i — kz,a+1—i = p— 1 for all 7 if and
only if x;4+1x; ' = € ! and the element of Extg,_(xi, xi+1) = H'(Gk,©)
determined by p is trés ramifiée (and otherwise kz ¢—; — kz,q+1—; = 0 for
all 7).

Note that each maximally nonsplit representation of niveau one is of weight k&
for a unique k. For each k, there exists a p which is maximally nonsplit of
niveau 1 and weight k; the existence of such a p follows by an easy induction,
and is in any case an immediate consequence of Theorem 5.5.12 below.

5.5.2 Definition. We say that a weight & is a shift of a weight k if k"gd =koa
for all 7, and if for each 1 <7 < d—1, we either have k. ;, — ki ;| = k5 —kz i1
for all 7@, or we have k. ; — k% ; , =p—1 and ks ; — k5 ;41 = 0 for all 7. (Note

in particular that any weight is a shift of itself.)

5.5.3 Definition. We say that a representation p : Gx — GLg(O) or p : G —
GL4(Z,) is crystalline, or crystalline of weight A, if p[1/p] is crystalline, resp.
crystalline of weight \. We say that p is a crystalline lift of p: Gx — GL4(F)
(resp. of p: Gx — GL4(F,)).

The motivation for Definitions 5.5.1 and 5.5.2 is the following lemma.

5.5.4 Lemma. If p is mazimally nonsplit of niveau 1 and weight k, if k' is a
shift of k, and X is a lift of k', then p has a crystalline lift (defined over Z,)
of weight A. Furthermore, this lift can be chosen to be ordinary in the sense of
Definition 6.4.1 below.
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Proof. Write p as in Definition 5.5.1, and assume (by replacing E by a finite un-
ramified extension if necessary) that both p and the filtration in Definition 5.5.1
are defined over F. Note firstly that by [GHS18, Lem. 5.1.6] (which uses the
opposite conventions for the sign of the Hodge-Tate weights to those of this
book), together with the observation made above that HEWQ(K/ Q) = €1y, we
can find crystalline characters 1; : G — O such that 1, = x; and v; has
Hodge-Tate weights given by Ay d41—i-

It is enough to prove that p has a crystalline lift which is a successive exten-
sion of characters 1; of the form

vioox o L0 %
0 ... 0 ¥

where each 1} is an unramified twist of v;; note that any such representation
is by definition ordinary in the sense of Definition 6.4.1. We prove this by
induction on d, the case d = 1 being trivial. In the general case, write p as an
extension

0=7—=p—=>%X4—0,

and suppose inductively that 7 has a lift of the required form. Write r : Gg —
GLg_1(0) for this lift; then we inductively seek a lift of p the form

0—=7—p—),—0, (5.5.5)

where ¢/, is an unramified twist of 1)4. We insist also that

a1 (Wy) T # 6 (5.5.6)

note that this could only fail if k. ; = ki ; , for all 7, and in this case we are
only ruling out a single unramified twist. Then since p is maximally nonsplit,
we have Homg (7, 14€) = 0, and it follows as in the proof of Lemma 6.3.1 that
such a p, if it exists, is automatically crystalline.

It is therefore enough to show that there is a lift of the form (5.5.5) sat-
isfying (5.5.6). As in the proof of [GHLS17, Thm. 2.1.8], we have an exact
sequence

H' (Gg,W)) ' ®@r) - H(Gg,x;' ®T) KA H*(Gg, (W)t ®r) (55.7)

Thus, if ¢ € HY(Gg,x,;" ®7) is the class determined by 7, it is enough to
show that we can choose the unramified twist ¢, so that é(c) = 0. Now,
H?(Gg, (W)t ®@r) is dual to H° (G, 7" ® (Y,e) @ E/O), and since T is maxi-
mally nonsplit, we see that this latter group is equal to H° (G, (¢¥/)_1) '¢4e®
E/O). In other words, to show that §(c) = 0 in (5.5.7), it is enough to show
the corresponding statement where r is replaced by ¢;,_,; so we need only show
that we can choose 9/, so that the extension of xq by x4—1 lifts to a crystalline
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extension of ¢/, by ¢/,_,. This is an immediate consequence of the weight part
of Serre’s conjecture for GLa, as proved in [GLS15]; see in particular [GLS15,
Thm. 6.1.18] and the references therein (and note that these results also hold
for p = 2, by [Wanl17]). O

5.5.8 Remark. We emphasize that the preceding lemma applies only to p that
are maximally split of niveau 1. In Theorem 6.4.4 below we prove an analogous
result for arbitrary p.

Suppose that ps is generically maximally nonsplit of niveau 1, where 7T is
some integral finite type F,-stack. We say that p, is generically of weight k
if there is a dense open substack U of T such that every Fp—point of Py is
maximally nonsplit of niveau 1, and is of weight k.

5.5.9 Lemma. If pr is generically mazimally nonsplit of niveau 1, then ps is
generically of weight k for a unique Serre weight k.

Proof. Consider a dense open substack & C 7T, tuples n; and morphisms J; :

U — G, as in Proposition 5.3.8. We inductively determine the kz; as follows.
We let kz 4 be the unique choice with p —1 > ks 4 > 0 not all equal to p — 1

and satisfying
—kz,d
TR )
E:k‘—>fp

Inductively, if kz ;41 has been determined, then we demand that k5 ; satisfies p—
1> kE,i - kE,iJrl >0 and

— - kz,i—kz,i
Uny Wnt Die=2 ] w7

Ngt1—i
o:k—F,

= €. In this

This determines kz;, except in the case that (@/}Ed_i 1.

P
case, we consider the character Ad+1_iA;Ei : U — G,,. Since U is integral, this
character is either constant or has open image. After possibly shrinking U, we
may therefore assume that either A\gy1-_;(t) # Ag—;(t) for all ¢ € U, in which
case we set kz g4+1-; — kz,q—; = 0 for all 7, or that the character is trivial.

If the character is trivial, we may consider the locus in U over which the
extension between y;41 and x; is peu ramifiée. The argument used in in the
proof of part (3) of Proposition 5.4.4 shows that this is a constructible subset
of U; since U is integral, after shrinking I/ we can thus suppose that it is either
equal to U, or that it is empty. In the former case we set kz g+1-; — kz,d—i =0
for all 7, and in the latter we take kz gi1-; — ksa—i = p— 1 for all . It
follows from the construction that every F,-point of p,, is maximally nonsplit
of niveau 1 and weight k, as required. O

It will be convenient to use the following variant of the notation established
in Proposition 5.3.8. If p+ is generically maximally nonsplit of niveau one and
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weight k, then we set v; := A\gy1_;, and write wy, ; for the character Ediizbﬂdﬂﬂ_,
so that

—kz,i
Wyl 1 = wWF
o:k—F,
and (5.3.9) can be rewritten as
ur,, (1) ® We,d * . *
. 0 ury, ) @ 671w&d_1 e *
Py =
0 . 0 ur,,;)® el_dw&l
(5.5.10)
We have the eigenvalue morphism v : U — (G,,)¢ given by (vy,...,vq).

5.5.11 Definition. If k is a Serre weight, we let (Gm)g denote the closed

subgroup scheme of (G,,)? parameterizing tuples (r1,...,24) for which z; =
Zi+1 whenever kz; — k11 =p—1 for all 7.

Note that (Gm)g is closed under the simultaneous multiplication action of

G,, on (Gm)g (i.e. the action a - (z1,...,24) = (ax1,...,axq)).
It follows from the definitions that the eigenvalue morphism v is valued
in (Gy,)4.

We have seen in Proposition 3.4.12 that X} is an Ind-algebraic stack, which
is in fact the 2-colimit of algebraic stacks with respect to transition morphisms
that are closed immersions. We let X ..q be the underlying reduced substack
of Xy; it is then a closed substack of X; with the same structure: namely, it
is the 2-colimit of closed algebraic stacks (which can even be assumed to be
reduced) with respect to transition morphisms that are closed immersions.

5.5.12 Theorem.

1. The Ind-algebraic stack Xy req s an algebraic stack, of finite presentation
over F.

2. We can write (Xd,red)fp as a union of closed algebraic substacks of finite

presentation over F,,
_ __ vysmall k
(quer)Fp - Xd,red,fp U U Xd,red,f;,’
k

where:

;r::(ilf is empty if d = 1, and otherwise is non-empty of dimension
s o

strictly less than [K : Qpld(d —1)/2.

e each Xdﬁredf is a closed irreducible substack of dimension [K :
’ il 4

Q,ld(d —1)/2, and is generically mazimally nonsplit of niveau one
and weight k. The corresponding eigenvalue morphism is dominant
(i.e. has dense image in (G,)f).
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3. If we fizx an idrreducible representation @ : Ggx — GL4(Fp) (for some

a > 1), then the locus of p in Xgrea(Fp) for which dimHomg, (p,@) > r
(for any r > 1) is (either empty, or) of dimension at most

(K : Qpld(d—1)/2 — [r((a® + 1)r — a) /2].
Furthermore, the locus of p in X3™_ (F,) for which dim Homg, (p, @) >

d,red,F,
7 is of dimension strictly less than this.

4. If we fiz an irreducible representation @ : Gx — GL4(Fy) (for some
a > 1), then the locus of p in Xgrea(Fp) for which dim Ext2GK (a,p) >r
is of dimension at most

[K:Qpld(d—1)/2 —r.

5.5.13 Remark. Note that in parts (3) and (4), the locus of points in question
corresponds to a closed substack of (Xd,red)fp, by upper-semicontinuity of fibre
dimension.

. k
5.5.14 Remark. Since the Xd,redfp

that of (Xd7red)fp, and have pairwise disjoint open substacks (corresponding to

are irreducible, have dimension equal to

maximally nonsplit representations of niveau 1 and weight k), they are in fact
distinct irreducible components of (Xd,red)fp-

5.5.15 Remark. We can, and will, be much more precise about the structure of
Xired. Namely, in Chapter 6 we combine Theorem 5.5.12 with additional argu-
ments to show that X eq is equidimensional of dimension [K : Q,ld(d — 1)/2;
accordingly, the irreducible components of (XdJed)fp are precisely the X d%re AF,’
and in particular are in bijection with the Serre weights k. We also show that
these irreducible components are all defined over F.

5.5.16 Remark. Note that since the eigenvalue morphism has dense image, it
follows that X fred contains a dense open substack with the property that v;(t) #
viy1(t) unless kz; — kz,;41 =p — 1 for all 7.

5.5.17 Remark. As will be evident from the proof, the upper bound of Theo-
rem 5.5.12 (3) is quite crude when [K : Q,] > 1, although it is reasonably sharp
in the case K = Q,,. However, it suffices for our purposes, and indeed we will
only use the (even cruder) consequence Theorem 5.5.12 (4) in the rest of the
book.

Proof of Theorem 5.5.12. Recall that a closed immersion of reduced algebraic
stacks that are locally of finite type over F,, which is surjective on finite-type
points is necessarily an isomorphism. As recalled above, X cq is an inductive
limit of such stacks (indeed, by Lemma A.9, we have Xy ea = li%)(;h,“ed,

where the X, o are as in Section 3.4), and so if we produce closed algebraic
substacks X;Teacilf and Xfrc AT of X4, the union of whose Fp—points exhausts
tl P kl =P

those of Xy eq, then Xd,redfp will in fact be an algebraic stack which is the
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. . , k . . .
union of its closed substacks As™2!_ and X7 _ . Thus (1) is an immediate
d,red,F, d,red,F,

consequence of (2) (where the “union” statement in (2) is now to be understood
on the level of F,-points).

Claim (4) follows from (3) (with @ replaced by @ ® €) by Tate local duality
and the easily verified inequality

(T((aQ +1)r— a)/ﬂ > 7.

Thus it is enough to prove (2) and (3), which we do simultaneously by induction
on d.

As recalled in Remark 5.3.4, there are up to twist by unramified characters
only finitely many irreducible F,-representations of G of any fixed dimension.
Accordingly, we let {@;} be a finite set of irreducible continuous representations
@; : Gg — GLg, (Fp), such that any irreducible continuous representation of G i
over F,, of dimension at most d arises as an unramified twist of exactly one of
the @;. We let the 1-dimensional representations in this set be the characters v,
defined in Section 5.3.

Each @; corresponds to a finite type point of Xy, r.q, Whose associated resid-
ual gerbe is a substack of Xy, yeq 0Of dimension —1: the morphism Spec Fp —
X, rea corresponding to @; factors through a monomorphism [Spec Fp /Gm] =
X4, rea. It follows from Lemma 5.3.2 that for each @; there is an irreducible
closed zero-dimensional algebraic substack of Xy, .4 of finite presentation over Fp
whose Fp—points are exactly the unramified twists of @;.

In particular, if d = 1, then we let Xﬁed be the zero-dimensional stack con-

structed in the previous paragraph, whose Fp—points are the unramified twists
of ¢y; this satisfies the required properties by definition, so (2) holds when d = 1.
For (3), note that if » > 0 then we must have a = 1, and then the locus where
Homg, (p, @) is non-zero (equivalently, 1-dimensional) is exactly the closed sub-
stack of dimension —1 corresponding to @, so the required bound holds.

We now begin the inductive proof of (2) and (3) for d > 1. In fact, it will
be helpful to simultaneously prove another statement (2’), which is as follows:

k,fixed

for each k, there is a closed irreducible algebraic substack X’ dre AF, of (Xd’rcd)fp

of finite presentation over F, and dimension [K : Q,ld(d — 1)/2 — 1, which is
generically maximally nonsplit of niveau 1 and weight k, and furthermore has
the property that the corresponding character v is trivial. The discussion of the
previous paragraph also proves (2’) when d = 1. The point of hypothesis (2’) is

that we can use Proposition 5.4.4 (2) to construct yhfxed o sing (2) and (27)

d,red,F,
o . k S .
in dimension (d — 1), and then construct X - from it using Lemma 5.3.2.
) P

We now prove the inductive step, so we assume that (2), (2°) and (3) hold in

dimension less than d. We begin by constructing the closed substacks X dﬁ’rﬁe’fd

and Xfrcdf . Let k;_, be the Serre weight in dimension (d — 1) obtained by

deleting the first entry in k. We set a := El_dw&l. If k1 —ks2 =p—1 for
all & then we say that we are in the trés ramifiée case, and we let T denote
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k4, fixed . kg_y
I Lred T, otherwise, we let 7 denote Xd—l,red,ip

from our inductive hypothesis (more precisely, from the assumption that (2)
and (3) hold in dimension (d — 1)), together with Tate local duality, that after
replacing 7 with an open substack we can and do assume that for each Fp—
point ¢ of 7, we have Extf;, (@,7:) = 0, where 7; is the (d — 1)-dimensional
representation corresponding to ¢. If we are in the tres ramifiée case then it
follows similarly that after replacing 7 with an open substack we can and do
assume that for each F,-point ¢ of T, ExtQG . (@,7¢) is 1-dimensional. In either
case we can in addition assume that 7; is maximally nonsplit of niveau one and
weight k.

. In the latter case, it follows

k fixed
Xd,red,fp
be the irreducible closed substack of (XdJed)fp constructed as the scheme-

We let T' be an irreducible scheme which smoothly covers T, and we let

theoretic image of V in the notation of Proposition 5.4.4. Part (2) of that

proposition, together with the inductive hypothesis, implies that X’ f’rize% has
) Ep

the claimed dimension. (Note in particular that if K = Q,,, then condition (2d)
of Proposition 5.4.4 holds. Indeed, if we are in the tres ramifiée case then
condition (2d)(iii) holds, and otherwise the inductive hypothesis that the im-

age of the eigenvalue morphism is dense in (Gm)g:1 implies that condition
(2d)(i) holds after shrinking T'.) We then let Xfred 7 Dbe the substack obtained

from Xf’rﬁe’fd by twisting by unramified characters, which has the claimed di-
mension by Lemma 5.3.2 (and the fact that by Proposition 5.4.4 (2), there is a
dense open substack of X’ f’rized whose Fp—points correspond to representations
which are of niveau 1 and are maximally nonsplit, so that in particular the

corresponding family is twistable).

. k,fixed k :
By construction, we see that the stacks Xd,mdjp and deedfp satisfy the

properties required of them, except possibly that in the tres ramifiée case, we

k,fixed k . .
need to check that X’ Lred F, (and consequently X dre d,F,,) is generically max-

imally nonsplit of niveau 1 and weight k. More precisely, in this case we
need to check the condition that the final extension is not just nonsplit, but
is (generically) tres ramifiée. This follows from Proposition 5.4.4 (3). Indeed

: ) ) ks
by our inductive assumption that X i1 red F,
of niveau 1 and weight k;_,, and the image of the eigenvalue morphism is
dense, we see that we are in case (3)(b)(i) unless € is trivial and furthermore we

have kz, — kz, = p — 1 for all 7, in which case we satisfy (3)(b)(ii).

is generically maximally nonsplit

To complete the proof of (2), we need only construct X;";‘:ﬁljp. By Propo-
sition 5.4.4, Tate local duality, upper semi-continuity of the fibre dimension,
and the inductive hypothesis, we see that for each 1 < i < d, each @; (of di-
mension a;, say), and each s > 0 there is a finitely presented closed algebraic

substack Xs@, F, of (Xd7red)fp, whose fp-points contain all the representations

of the form 0 — py_,, = p — @ — 0 for which dimg_ ExtéK (@i, Pd—a,) = 5
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and whose dimension is at most

K :Qpl(d—a;)(d—a;i—1)/2—T[s((a;? +1)s—a;) /2] +[K : Qplai(d—a;)+s—1;
furthermore, the locus where p;_,. is an F,-point of X;ma“ a5 1s of dimension

—ag,red,ktp

strictly less than this. These stacks are only nonzero for finitely many values
of s. For fixed a;, we see that as a function of s, this quantity is maximised
by s = 0, as well as by s = 1 when a; = 1. (To see this, we have to maximise the
quantity s — [s((a;? + 1)s — a;)/2]. Suppose firstly that a; > 1. Then if s = 0
we have 0, while if s > 0 we have s — [s((a;2 + 1)s — a;)/2] < s — s((a;® +
s —a;)/2 <s—s(a?+1—a;)/2<s—3s/2<0. Meanwhile if a; = 1, then
for s = 0 we have 0, for s = 1 we have 1 — [1/2] = 1, while for s > 1 we have
s—[s(2s—1)/2] < s—s(2s—1)/2 < s—3s/2 < 0.) It follows that as a function
of a; the bound is maximised at a; = 1 and s = 0 or 1, when it is equal to
[K : Qpld(d—1)/2 —1, and it is otherwise strictly smaller.

By Lemma 5.3.2, it follows that the locus in (Xd,md)fp of representations of
the form 0 — p;_,, = p — @ — 0, with @ an unramified twist of @; for which
dimg_ Extg, (@,P4_q,) = S, is of dimension at most [K : Q,d(d — 1)/2, with
equality holding only if a; = 1 and s = 0 or 1. Furthermore, the locus of those
representations for which p,;_,. is an Fy-point of X;mjure 45 Is of dimension

— i, P p
strictly less than [K : Qpld(d—1)/2. Putting this together, we see that (2) holds
in dimension d if we take X;T:;lf to be the union of the twists by unramified
vy P
characters of the substacks &z, for which dima@; > 1 or s > 1, together with
the union of the twists by unramified characters of the substacks of the X, . F,
Xsmall - ’
d—1,red,Fp’

Finally we prove (3) in dimension d. In the case r = 0, there is nothing

to prove. If dimHomg, (p,@) > r > 1, then we may place p in a short exact

sequence

for which dime; =1, s=0or 1, and p;_; is an Fp—point of

0-60—=p—a® =0,
where 0 is of dimension d — ra < d. We may apply part (2) so as to find that
Xy_arredF, has dimension at most [K : Qp)(d—ar)(d—ar—1)/2. Let U be the
locally closed substack of X, . .4, over which dim H?(Gk,0 ®@a") = s; by
the inductive hypothesis, this locus has dimension at most [K : Q,](d —ar)(d—
ar—1)/2—s((a*+1)s—a)/2, and over this locus we may construct a universal
family of extensions B
0—0—py, —a® —0.

The locus of p we are interested in is contained in the scheme-theoretic image of
this family in (Xd7red)fp, and Proposition 5.4.4 shows that this scheme-theoretic
image has dimension bounded above by

[K : Qp}(d—ar)(d—ar—1)/2—5((a2+1)s—a)/2+r([K : Qp]a(d—ar)—i—s)—r2

(K :Qpld(d—1)/2 - (r(a2 +r—a)/2—(r— 5)2/2 — (ar(ar —1))/2
<[K:Qpld(d—1)/2 — (r(a® 4+ 1)r —a)/2.
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Since this conclusion holds for each of the finitely many values of s (and
since the dimension is an integer, allowing us to take the floor of this upper
bound), we are done. O

5.5.18 Corollary. X; is a Noetherian formal algebraic stack.

Proof. Theorem 5.5.12 shows that Xj..q is an algebraic stack that is of fi-
nite presentation over F (and hence quasi-compact and quasi-separated). To-
gether with Proposition 3.4.12, which shows that &); is isomorphic to the in-
ductive limit of a sequence of finitely presented algebraic stacks with respect
to transition morphisms that are closed immersions, this implies that X} is in-
deed a (locally countably indexed) formal algebraic stack, by Proposition A.12.
By Remark A.20, X, is Ind-locally of finite type over O, and it then follows
from Proposition 5.1.36 and Theorem A.35 that X is locally Noetherian, and
hence Noetherian (as we have already seen that it is quasi-compact and quasi-
separated). O



Chapter 6

Crystalline lifts and the
finer structure of X g

Up to this point, we have shown that X is a Noetherian formal algebraic stack.
In this chapter, we will additionally show that (Xj)req is equidimensional of
dimension [K : Q,]d(d—1)/2, and enumerate its irreducible components. In the
course of doing this, we will also prove a result on the existence of crystalline lifts
which is of independent interest. We furthermore determine the closed points
of (X4)red, and describe the maximal substack of X, over which the universal
(¢, T')-module gives rise to a continuous G g-representation.

6.1 The fibre dimension of H? on crystalline de-
formation rings

Let p: Gk — GLq(F’) be a continuous representation, for some finite extension
F’' of F, and let O’ be the ring of integers in a finite extension E’/E, with residue
field F’. Let A be a Hodge type, and consider the lifting ring R := R%rys’é’o,. Let
M denote the universal étale (¢, I')-module over R (note that there is a universal
étale (p,T')-module over R, and not merely a universal formal étale (¢,T')-
module, as a consequence of Corollary 4.8.13). Let a° : Gxg — GL,(O’) be a
representation with @ : Gx — GL,(F’) being absolutely irreducible, and let N
be the base change to R of the étale (¢, T')-module over O’ which corresponds
to a°.

Let C*(NV ® M) denote the Herr complex associated to NV ® M, as in Sec-
tion 5.1; this is a perfect complex of R-modules, with cohomology concentrated
in degrees [0, 2], as a consequence of [Sta, Tag 0CQG] and Theorem 5.1.22 (ap-
plied to the quotients R/m%). Write Ext® := H?(C*(NY®M)). For each r > 1,
write

X, := {x € Spec R| dim x(z) @5 Ext® > r}.

159
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The theorem on upper semi-continuity of fibre dimension for coherent sheaves
shows that X, is a closed subset of Spec R.

6.1.1 Theorem. If Ext? is w-power torsion, then for each r > 1, X, is of
codimension > r + 1 in Spec R.

Proof. The assumption that Ext? is c-power torsion implies that Ext? is (set-
theoretically) supported on the closed subscheme Spec(R/w@),eq of Spec R. Write
M and N to denote the pull-backs of M and N respectively, over (R/w)yed, Write

Ext := Ext? (C'(Wv ® M)), and define
X, :={x € Spec(R/@)red | dim £(2) (R/w),e Ext > r}.

Since Ext? is compatible with base change, and is supported on Spec(R/w)ed,
while R is O-flat, it suffices to show that the codimension of X, in Spec(R/w@)yed
is at least r. Since Spec(R/w)red is equidimensional of dimension [K : Q,]d(d —
1)/2 + d?, it suffices in turn to show that X, is of dimension at most ([K :
Qpld(d—1)/2) +d* —r.

By Proposition 3.6.3, we have a versal morphism Spf R%’ SN Xy. Consider
the fibre product Spf RﬁD 0" x, Xd red. This is a closed formal algebraic subspace
of Spf R‘ﬁ]’o/, and so by Lemma A.3 is of the form Spf.S for some quotient .S

of R%] O Tts description as a fibre product shows that the morphism Spf S —
X rea is versal. Since Xy yeq is an algebraic stack, this morphism is effective, i.e.
arises from a morphism

Spec S — Xy red (6.1.2)

([Sta, Tag 0DRI1]), which is furthermore flat, by [Sta, Tag 0DR2]. Let zy =
Spec F/, thought of as the closed point of Spec S, and endowed with a morphism
2o — Xgred corresponding to the representation p. Since SpfS — Ay req is
versal, it follows from the Artin Approximation Theorem that we may find a
finite type F-scheme U, equipped with a point uy with residue field F’, such
that the complete local ring of U at ug is isomorphic to S, and such that (6.1.2)
may be promoted to a smooth morphism

U — Xgreds (6.1.3)

in the sense that on ug(= SpecF’), the morphism (6.1.3) induces the given
morphism zo(= SpecF’) — Xjredq, and on Spec @U,uo =~ Spec S, the mor-
phism (6.1.3) induces the morphism (6.1.2). (See [Sta, Tag 0DRO].)

It follows from Proposition 3.6.3, by pulling back over &y ycq, that Spf Sx x, ..,
Spf S is isomorphic to éidﬁ, a certain completion of (GLg)g, and thus that
Spf S X x, ... %o is isomorphic to éidﬁw, a certain completion of (GLg)g/. This
latter fibre product may be identified with the completion of Spec S x X red
zo along its closed subspace zg X, .., 20, and so we deduce that the mor-
phism (6.1.2) has relative dimension d? at the point x in its domain. Thus the
morphism (6.1.3) has relative dimension d? at the point ug in its domain. Since
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this latter morphism is also smooth, its relative dimension is locally constant
on its domain [Sta, Tag 0DRQ)], and thus (since S is a local ring, so that Spec S
is connected), we see that (6.1.2) in fact has relative dimension d?.

Let M denote the universal étale (o, T)-module over S, and N denote the
—2 ~
base change of N to S. Write Ext := H?(C*(NY ® M)), and write

—2
Y, ;= {z € Spec S| dimk(z) ®s Ext > r}.

We claim that Y, has dimension at most ([K : Qpld(d — 1)/2) + d*> — r. In
order to see this, we note that (YT)E is the pull-back to Spec S via the flat
morphism (6.1.2) of the locus considered in Theorem 5.5.12 (4) which has di-
mension at most [K : Q,ld(d — 1)/2 — r. The required bound on the dimension
of Y,. follows, for example, from [Sta, Tag 02RE].

The composite Spf R/w — Spf RﬁD’O/ — X is effective by Corollary 4.8.13,
i.e. arises from a morphism Spec R/w — Xy. Thus the composite Spf(R/w)red —
Spf R/w — X, arises from a morphism Spec(R/w)yea — X4, and hence factors

through Xy,eq. Consequently, we find that the surjection Rlﬁ:’ o, (R/@)1ed
factors through S. The closed immersion Spec(R/w@)req < Spec S then induces
a closed immersion X, < Y, for each r > 0. The upper bound on the dimen-
sion of Y, computed in the preceding paragraph then provides the desired upper
bound on the dimension of X, completing the proof of the theorem. O

6.2 Two geometric lemmas

In this section we establish two lemmas which will be used in the proof of
Theorem 6.3.2 below. We begin with the following simple lemma.

6.2.1 Lemma. Suppose that 0 — F — G — H — 0 is a short exact se-
quence of coherent sheaves on a reduced Noetherian scheme X, with F and G
being locally free, and H being torsion, in the sense that its support does not
contain any irreducible component of X. Then there is an effective Cartier
divisor D which contains the scheme-theoretic support of H, and whose set-
theoretic support coincides with the set-theoretic support of H, with the property
that if f : T — X is any morphism which meets D properly, in the sense that
the pull-back f*Ox — f*Ox(D) of the canonical morphism Ox — Ox (D) is
injective, then L; f*H =0 if ¢ > 0.

Proof. Replacing X by each of its finitely many connected components in turn,
we see that it is no loss of generality to assume that X is connected, and we
do so; this ensures that each locally free sheaf on X is of constant rank. If n
is any generic point of X, then H, = 0 by assumption, and so F,, — G, is
an isomorphism. In particular, 7 and G are of the same rank, say r, and the
induced morphism

AN'F = A'G (6.2.2)
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is an injection of invertible sheaves. (Indeed, it follows from [Bou98, III, §7,
Prop. 3] that a map of locally free sheaves of rank r is injective if and only if the
map on A" is injective.) If we let D denote the support of the cokernel of (6.2.2),
then D is an effective Cartier divisor, and twisting by A" FY identifies (6.2.2)
with the canonical section Ox — Ox (D). The scheme-theoretic support of H
is contained in D, and the set-theoretic supports of H and of D coincide (this
is a special case of the general fact that the Fitting ideal is contained in the
annihilator, and has the same radical as it).

Now suppose that f : T — X meets D properly in the sense described in
the statement of the theorem. Then we see that

N f*F = AT f*G
is injective, and thus that f*F — f*G is also injective. Consequently
0= f*F=>ffG—fH—0
is short exact, and so L; f*H = 0 for ¢ > 0, as claimed. O

We now introduce some notation related to the second of the lemmas (Lemma 6.2.7
below).

6.2.3 Hypothesis. Let X be a Noetherian scheme, and suppose that we have a
short exact sequence of coherent sheaves

0=+F—=G—=H—=0, (6.2.4)
such that
e G is locally free;
e 7 has the property that, for each r > 1, the locus
X, :={z € X|dimk(r) ®o, H >}
is of codimension > r + 1 in X.

In the setting of Hypothesis 6.2.3, if 7 : X > Xisa morphism of Noetherian
schemes, then we write G := 7*G and H := 7*H, and we let F denote the image
of the pulled-back morphism 7*F — 7*G = G, so that we again have a short
exact sequence _ _ _

0—+F—=G—H—D0. (6.2.5)

6.2.6 Remark. If £ is a locally free coherent sheaf on a Noetherian scheme X,
and s : Ox — & is a morphism, then we can think of £ as being the sheaf of
sections of a vector bundle over X, and think of s as being a section of this vector
bundle. We can then speak of the zero locus of s; it is the closed subscheme of X
which locally, if we choose an isomorphism £ = O% and write s = (a1,...,a,),
is cut out by the ideal sheaf (aq, ..., a,); more globally, it is cut out by the ideal
sheaf which is the image of the composite

gV =0Ox Rox Ev @)ig(}@ox gy — Ox,
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where the second arrow is the canonical pairing.

We note that s is nowhere-vanishing, i.e. the zero locus of s is empty, if and
only if s is a split injection (so that s gives rise to a morphism of vector bundles,
rather than merely of sheaves). We also note that if £ has rank r, then the
Hauptidealsatz shows that the zero locus of a section of £ has codimension at
most r around each of its points.

6.2.7 Lemma. Suppose that we are in the setting of Hypothesis 6.2.3, that the
m: X — X is a surjective morphism whose domain is a Noetherian scheme,
and that F is locally free. Suppose further that Ox — F is a morphism with
the property that the pulled-back morphism Og — F is a nowhere-vanishing
section. Then the composite Ox — F — G is nowhere-vanishing.

Proof. The statement may be checked by working locally at each of the points
of X'; more precisely, we may replace X by Spec Ox , and X by its pull-back over
Spec Ox . We have the stratification of X by the closed subsets X, (where in
the case r = 0, we declare Xy := X), and if z € X, then we set r(z) :=
dimk(z) ®p, H, or equivalently, the maximal value of r for which z € X,;
we then prove the theorem by induction on r(z). In fact, we assume that the
statement is true after localizing at points x for which r(z) < r for all exact
sequences (6.2.4) which satisfy the hypotheses of the lemma, and prove it for
our given exact sequence after localizing at an « for which r(z) = r.

In the case r = 0, the sheaf H is zero, so that F 5 G. Thus the induced
morphism Og — G gives a nowhere-vanishing section. Since 7 is surjective,
this ensures that the induced morphism Ox — G is also nowhere-vanishing, as
required.

We now consider the case » > 1. Since we have replaced X by Spec Ox .,
we may assume that G is free. By Nakayama’s lemma and our assumption
that r(x) = r, we may choose a surjection

Oy — M, (6.2.8)

which we may then lift to a morphism O% — G. If we let K denote the kernel
of (6.2.8), then we obtain a morphism of short exact sequences

0 K O H 0 (6.2.9)
0 F g H 0

Pulling back this diagram back via m, and letting K denote the image of 7K
in (9}(, we obtain a corresponding morphism of short exact sequences

0 /I o H 0 (6.2.10)
0 F G H 0
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The morphism of short exact sequences (6.2.9) induces a short exact sequence
0K—=-Fap0Oy -G—=0, (6.2.11)

which is furthermore split (since G is free and we are over an affine scheme), so
that we may write
FoOy=Kag. (6.2.12)

Correspondingly, the short exact sequence (6.2.10) induces a short exact se-
quence N N B
O%K%fGBO%%g%O,

which can be thought of as being obtained from (6.2.11) by pulling back via
7 and then taking the quotient by the (naturally identified) copies of Li7m*H
sitting inside 7*IC and #*F. Since (6.2.11) is split, so is this latter short exact
sequence, and so we also obtain an isomorphism

FaoL=Kag (6.2.13)

which can be thought of as being obtained via by pulling back the isomor-
phism (6.2.12) along 7, and then taking the quotient of each side by the appro-
priate copy of Lim*H. Since all the other summands appearing in the isomor-
phism (6.2.13) are locally free, we see that the same is true of K.

Suppose, by way of obtaining a contradiction, that the composite Ox —
F — G is not nowhere-vanishing; then we see that its image lies in m,G. Thus
the pulled back morphism Og — G vanishes at each point  lying over x (and
there is at least one such point, since m is surjective by assumption). Since
the pulled-back morphism O — F is nowhere-vanishing, so is the induced

morphism Og — F & O%. A consideration of (6.2.13) then shows that the

induced morphism Og — I%, which is pulled-back from the induced morphism
Ox — K, must be nowhere-vanishing.
Thus, if we consider the exact sequence

0=-K—=0%x -H—0,

it satisfies Hypothesis 6.2.3, and we are given a morphism Ox — K whose
pull-back to X is a nowhere-vanishing section of K. Applying the inductive
hypothesis to this situation, we find that the composite Ox — O’ is a section
of a rank r locally free sheaf whose zero locus is contained in X, (because
if we localise at a point not in X,., then the section is nowhere vanishing by
the inductive hypothesis), and is therefore of codimension at least r + 1 by
hypothesis. This zero locus contains x (since this section factors through K,
and H =2 O% /K has fibre dimension exactly r at x, so the map O% ®o, k(z) —
H Qo k(x) is an isomorphism), and hence is non-empty. On the other hand,
as we noted above, the zero locus of a section of a rank r locally free sheaf, if
it is non-empty, has codimension at most r. This contradiction completes the
proof of the lemma. O
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6.3 Crystalline lifts

Given a d-tuple of labeled Hodge—Tate weights )\, and a d’-tuple of labeled
Hodge Tate weights )\, we say that A is slightly greater than A (and that ) is
slightly less than )') if for each o : K < Qp we have A, ; > A;1 + 1, and the
inequality is strict for at least one o.

This is not standard terminology, but it will be convenient for us; it is
motivated by the following well-known result. Here, as throughout the book,
we slightly abuse terminology and refer to lattices in crystalline representations
as themselves being crystalline.

6.3.1 Lemma. Let 0 — p§ — p° — p5 — 0 be an extension of Z,-valued rep-
resentations of G, with p; and p5 being crystalline of Hodge—Tate weights Ay,
Ay respectively. If Ay is slightly less than Ay, then p° is crystalline.

Proof. This follows easily from the formulae in [Nek93, Prop. 1.24]. Indeed,
if we let p1, p2 be the Qp—representations corresponding to p3, pg, and we set
V = p1 ®py, then we need to show that h}(V) = hY(V). Since the Hodge-Tate
weights of V' are all negative, and for at least one embedding ¢ : K — Qp the
o-labeled Hodge-Tate weights are all less than —1, we have h'(V) — h}(V) =
h2(V) = h®(VV(1)) = 0, as required. O

Arguing inductively, the following theorem will allow us to construct crys-
talline lifts of any given p. In particular it implies Theorem 1.2.2 from the
introduction, in the more refined form of Theorem 6.4.4 below.

6.3.2 Theorem. Suppose given a representation p; : Gx — GLd(Fp) that
admits a lift pS : G — GLq(Z,) which is crystalline with labeled Hodge-Tate
weights A. Let 0 = py — Py o — @ — 0 be any extension of Gk -representations
over F,, with @ : Gx — GL,(F,) irreducible, and let a° : Gx — GL4(Z,) be
any crystalline lifting of @ with labeled Hodge—Tate weights X', which we assume
to be slightly greater than A.

Then we may find a lifting of the given extension to an extension

0—=03—05.,—a°—=0

of G -representations over Zp, where 03 : Gg — GLd(zp) again has the prop-
erty that the associated p-adic representation 04 : Gx — GLd(Qp) is crystalline
with labeled Hodge—Tate weights A. Furthermore, 03, , is crystalline, and we

may choose 85 to lie on the same irreducible component of Spec R%flys’A that pg
does.

Proof of Theorem 6.3.2. We may and do choose our field of coefficients E to be
large enough that the various Galois representations are defined over O or F as
the case may be. We write R := R%rys’é, and we let X denote the component
of the crystalline lifting scheme Spec R%rys’A on which p§ lies. As recalled in
Section 1.12, X is reduced. Over X we have a good complex C*® supported
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in degrees [0, 2] computing Extg,,_(a°, p°) for the universal deformation p°; in-
deed, by a straightforward variant of Corollary 5.1.25, we can choose a good
complex supported in degrees [0,2] and quasi-isomorphic to the Herr complex
for p°® (a°)Y. Our assumption on the Hodge Tate weights implies that Ext? is
supported (set-theoretically) on the special fibre X of X. Indeed, the formation
of Ext? is compatible with base change, and at any closed point z of the generic
fibre of R, we have Extg, (a°,pS) = Homg, (p3,a°(1)) by Tate local duality,
and this space vanishes by the assumption that )" is slightly greater than \.
As usual, we let B2 denote the image of C' in C?; it is a subsheaf of the
locally free sheaf C2, and so is torsion free.! By [Sta, Tag 0815], we may find a
blow up 7 : XX , whose centre lies (set-theoretically) in the special fibre of X,
such that the torsion-free quotient of 7* B2 becomes locally free (recall that Ext?
is supported on the special fibre of X); in other words, if we let C* denote the
pull-back by 7 of C*®, the corresponding O g-module of 2-coboundaries B2 (that
is, the image of C! in 62) is locally free. Thus, if we let Z1 denote the Og-

module of 1-cocycles for 5', then Z! is also locally free; so in particular, the
complex CY — Z! is a good complex.

The given extension p,,, is classified by a class in Extg, (@, pg), which is
to say, a class in H! of the complex x ® C*. (Here we write x to denote F
thought of as the residue field of R.) Lifting this class to an element of x ® C!,
and then to an element of C!, we find ourselves in the following situation: we
have a morphism ¢ : R — C', whose image under the coboundary lies in mzC?
(reflecting the fact that we have a cochain which becomes a cocycle at the closed
point).
_ Consider the composite b : R —5 C' — B2, which pulls back to a section
b: Oz — B2 It follows from Lemma 6.2.7 above (applied with 7 = B2,
G=C? and H = Ext2), together with Theorem 6.1.1, that the lifted section b
must have non-empty zero locus, which (being closed) must contain a point &
lying over the closed point z € X. The section c itself pulls back to a section
¢: Og — C*, whose value at the point Z lies in the fibre of Z!. In other words,
the fibre of ¢ at T is a one-cocycle in the complex x(Z) ® [50 — 21], giving rise
to a class e € H'(k(Z) ® [CO — 21]) lifting the original class in Extg, (@, 7,)
that classifies pg,.

Since X is flat over Z,, (because X is), we may find a morphism fv: SpecZ, —
X passing through the point 7 € X (F,) (in the sense that the closed point of
Spec Z,, maps to Z). The morphism fdetermines (and, by the valuative criterion
of properness, is determined by) a morphism f : SpecZ, — X, lifting the closed
point z € X, which in turn corresponds to a representation 65 : Gx — GL4(Z,),
as in the statement of the theorem. Now H 2(5') is the cokernel of an inclusion
of locally free sheaves (the inclusion B? — 52), and it is torsion (because it
is pulled back from H?(C®), which is set-theoretically supported in the special

1Since X is reduced, torsion free is a reasonable notion for a finitely generated module,
equivalent to the associated primes lying among the minimal primes.
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fibre) and so Lemma 6.2.1 above shows that there is an effective Cartier divisor
D contained (set- theoretically) in the special fibre of X with the property that
for any morphism to X that meets D properly, the higher derived pull-backs of
H 2(C") under this morphlsm vanish. Since the domain of f is p-torsion free, it
meets the special fibre of X properly, and in particular meets D properly; thus
we infer that

L, f*H*(C*) =0

for ¢ > 0. From this vanishing we deduce that

Extg, (0%, 03) = H'(f*C*) = H'(f*C*) = f*H'(C*)
= [FHY([C® — ZY)) = H' (f*[C° — ZY]).

(The first of these identifications is the general base-change property of the
perfect complex C*®, the second follows from the fact that f = 7o f , the third
follows from the vamshmg of L; f *H? (C") for ¢ > 0 and the base-change spectral
sequence

EP9 .= [_,f*HI(C®) — HPI(f*C*)

(see e.g. [Sta, Tag 0662]), the fourth holds by definition of H!, and the fifth
follows from right-exactness of f*)

Since fidentiﬁeb the closed point of Spec Z,, with the point Z, we may find
aclasse € H! (f [C’O — Zl]) lifting the class €, which is then identified with an
element of ExtGK (a°,07). This element classifies an extension 0 — 05 — 65, , —

a® — 0 which by construction lifts the given extension 0 — pg — pg,, — @° —
0, and so by Lemma 6.3.1 satisfies the conclusions of the theorem. O

6.4 Potentially diagonalizable crystalline lifts

We now use Theorem 6.3.2 to prove Theorem 1.2.2. There are at least two dif-
ferences between the proof of Theorem 1.2.2 and previous work on the problem
(in particular the results of [Mull3, GHLS17].) One is that, rather than working
only with lifts which are extensions of inductions of characters, we utilise ex-
tensions of more general potentially diagonalizable representations. The other
difference is that our argument exploits our control of the support of H2. In
previous work, the only tool used to deal with classes in H? was twisting the
various irreducible representations by unramified characters; at points where H?
has dimension greater than 1, this seems to be insufficient.

In fact, we prove various refinements of this result, allowing us to produce
potentially diagonalizable lifts; such lifts are important for automorphy lifting
theorems. We can also control the Hodge—Tate weights of these potentially diag-
onalizable lifts; for example, we can insist that the gaps between the weights are
arbitrarily large, which is useful in applications to automorphy lifting. Alterna-
tively, we can produce lifts whose Hodge—Tate weights lift some Serre weight,
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proving a conjecture which is important for the formulation of general Serre
weight conjectures (see the discussion after [GHS18, Rem. 5.1.8]).

We begin by recalling some definitions and some basic lemmas about exten-
sions of crystalline representations. Let A be a regular d-tuple of Hodge—Tate
weights.

6.4.1 Definition. A crystalline representation of weight \ is ordinary if it has
a Gi-invariant decreasing filtration whose associated graded pieces are all one-
dimensional, such that the o-labeled Hodge—Tate weight of the ith graded piece
is Ay ;. In other words, we can write the representation in the form

X1 * *
0 X2 *
0 0 Xd

where Y; is a crystalline character whose o-labeled Hodge-Tate weight is Ay g41—-

If p9,p5 : Gk — GL4(Z,) are two crystalline representations, then we write
p] ~ ps5, and say that p] connects to p3, if and only if the following conditions
hold: p$ and p§ have the same labeled Hodge-Tate weights, have isomorphic
reductions modulo mz , and determine points on the same irreducible compo-
v
nent of the corresponding crystalline lifting rings. The following definition was
originally made in [BLGGT14, §1.4].

6.4.2 Definition. A representation p° : Gx — GL4(Z,) is potentially diagonal-
izable if there is a finite extension K'/K and crystalline characters x1,...,xd :

—X
G — Z, such that Pl ~ X1 @D Xa-

6.4.3 Lemma. Let 0 — p; — p° — p3 — 0 be an extension of Z,-valued
representations of G . If p° is crystalline, and pS and p3 are potentially diag-
onalizable, then p° is also potentially diagonalizable.

Proof. We may choose K'/K such that pf|q,., and p5|g,., both connect to direct
sums of crystalline characters, and such that p|q,, is trivial. It then follows from
points (5) and (7) of the list before [BLGGT14, Lem. 1.4.1] that p°|g,., connects
to the direct sum of the union of the sets of crystalline characters for pf|q,.,
and p3|g,.,, as required. O

Note that it follows in particular from Lemma 6.4.3 that ordinary represen-
tations are potentially diagonalizable.

6.4.4 Theorem. Let K/Q, be a finite extension, and let p : Gx — GL4(F))
be a continuous representation. Then p admits a lift to a crystalline repre-
sentation p° : G — GLd(zp) of some reqular labeled Hodge—Tate weights A.
Furthermore:

1. p° can be taken to be potentially diagonalizable.
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2. If every Jordan—Hdlder factor of p is one-dimensional, then p° can be
taken to be ordinary.

8. p° can be taken to be potentially diagonalizable, and A can be taken to be
a lift of a Serre weight.

4. p° can be taken to be potentially diagonalizable, and A can be taken to have
arbitrarily spread-out Hodge—Tate weights: that is, for any C' > 0, we can
choose p° such that for each o : K — Qp, we have A\yj — Ay it1 > C for
each1<i<n-—1.

Proof. We prove all of these results by induction on d, using Theorem 6.3.2. We
begin by proving (1), and then explain how to refine the proof to give each of
(2)-(4).

Suppose firstly that p is irreducible (this is the base case of the induction).
Then p is of the form Indg; 1) for some character ¥ : Ggr — f;, where K'/K
is unramified of degree d. We can choose (for example by [GHS18, Lem. 7.1.1])
a crystalline lift ¢ : Ggr — Z: of 1 such that p° := Indg; 1 has regular
Hodge—Tate weights. Then p° is crystalline (because K'/K is unramified), and
it is potentially diagonalizable, because p°|gfk is a direct sum of crystalline
characters.

For the inductive step, we may therefore suppose that we can write p as
an extension 0 — p; — p — Py — 0, with p, irreducible, and we may assume
that we have regular potentially diagonalizable lifts pJ, p5 of p;, py respectively.
Twisting p{ by a crystalline character with sufficiently large Hodge-Tate weights
and trivial reduction modulo p (which exists by [GHS18, Lem. 7.1.1]), we may
suppose that the Hodge-Tate weights of pJ are slightly less than those of p5.
By Theorem 6.3.2, there is a lift 7 of p; with 67 ~ pJ, and a lift p° of p which
is an extension

0— 67 — p° — p5 — 0.

Since p] is potentially diagonalizable, so is 67, and it follows from Lemmas 6.3.1
and 6.4.3 that p° is crystalline and potentially diagonalizable. This completes
the proof of (1).

We claim that if every Jordan—Holder factor of p is one-dimensional, then
the lift that we produced in proving (1) is actually automatically ordinary.
Examining the proof, we see that it is enough to show that if pj is ordinary
and 69 ~ p§ then 05 is also ordinary; this is immediate from [Gerl9, Lem.
3.3.3(2)].

To show (3) and (4) we have to check that we can choose the Hodge—-Tate
weights of the lifts of the irreducible pieces of p appropriately. This requires
substantially more effort in the case of (3), but that effort has already been made
in the proof of [GHS18, Thm. B.1.1] (which proves the case that 7 is semisimple).
Indeed, examining that proof, we see that it produces lifts satisfying all of
the conditions we need; we need only note that the “slightly less” condition is
automatic, except in the case that for each o we have (in the notation of the
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proof of [GHS18, Thm. B.1.1]) h, + 2, = H, + 1, in which case we can take
hs + x5, = H, + p for each o instead.

Finally, to prove (4) it is enough to check the case that p is irreducible (be-
cause we can choose the Hodge-Tate weights of the character that we twisted p
by to be arbitrarily large). For this, note that in our application of [GHS18,
Lem. 7.1.1], we can change any labeled HodgeTate by any multiple of (p? — 1),
so we can certainly arrange that the gaps between labeled Hodge—Tate weights
are as large as we please. O

6.4.5 Remark. To complete the proof of Theorem 1.2.2, it is enough to note that
by definition the lifts produced in Theorem 6.4.4 (3) have all their Hodge-Tate
weights in the interval [0, dp — 1].

6.4.6 Remark. The proof of Theorem 6.4.4 (3) actually proves the slightly
stronger statement that there is a Serre weight such that if A is any lift of
that Serre weight, then p admits a potentially diagonalizable crystalline lift of
weight A. (Note that in the case that K/Q, is ramified, there may be many such
choices of a lift of a given Serre weight, because by definition, the choice of a lift
of A depends on a choice of a lift of each embedding k < F,, to an embedding
K — Qp. However, it is noted in the first paragraph of the proof of [GHSIS,
Thm. B.1.1] that in the case that p is semisimple, there is a crystalline lift of
weight A for any choice of lift A, so the same is true in our construction.)

As a consequence of Theorem 6.4.4, we can remove a hypothesis made
in [EG14, App. A], proving in particular the following result on the existence of
globalizations of local Galois representations.

6.4.7 Corollary. Suppose that p {2d. Let K/Q, be a finite extension, and let
p: Gk — GL,(F,) be a continuous representation. Then there is an imaginary
CM field F' and a continuous irreducible representation 7 : Gp — GL,(F)) such

that

e cach place vlp of F satisfies F, 2 K,

o~

o for each place v|p of F', either ¥|g, =p or7lg,  =p, and

e T is automorphic, in the sense that it may be lifted to a representation

r: Gp — GL,(Q,) coming from a regular algebraic conjugate self dual
cuspidal automorphic representation of GL,, /F.

Proof. This is immediate from [EG14, Cor. A.7] (since [EG14, Conj. A.3] is a
special case of Theorem 6.4.4). O

6.5 The irreducible components of X;,.q
We now complete the analysis of the irreducible components of Xy ,cq that we

began in Section 5.5. Recall that Theorem 5.5.12 shows that X} .q is an alge-
braic stack of finite presentation over F, and has dimension [K : Q,)d(d—1)/2.
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Furthermore, for each Serre weight k, there is a corresponding irreducible com-

ponent XdErC uF of (dered)fp, and the components for different weights k are
5 »E'p

distinct (see Remark 5.5.14).

We are now finally in a position to prove the following result.

6.5.1 Theorem. Xy ,eq is equidimensional of dimension [K : Qpld(d — 1)/2,
and the irreducible components of (Xd,red)fp are precisely the various closed

k ) ) ) ,
substacks X(;redf of Theorem 5.5.12; in particular, (Xqred)F @5 mazimally
) Ep ’ P
k

nonsplit of niveau 1. Furthermore each X -
d,red,F,

the base change of an irreducible component Xd%ed of Xg red-

can be defined over F, i.e. is

Proof. By Theorem 5.5.12, it is enough to prove that each irreducible component
of (Xd7red)fp is of dimension of at least [K : Qpld(d — 1)/2. Indeed, this shows

that the irreducible components of (dered)fp are precisely the X;m AF,

see that these may all be defined over F, we need to show that the action
of Gal(F,/F) on the irreducible components of (Xd7red)fp is trivial. This follows
immediately by considering its action on the maximally nonsplit representations
of niveau 1 (since the action of Gal(F,/F) preserves the property of being
maximally nonsplit of niveau 1 and weight k).

In order to see that each irreducible component of (Xd)red)fp is of dimension
of at least [K : Qpd(d —1)/2, it suffices to show that every finite type point z
of (Xd,red)fp is contained in an irreducible substack of (Xd7red)fp of dimension
at least [K : Qpld(d — 1)/2; so it suffices in turn to show that each x is con-
tained in an equidimensional substack of dimension [K : Q,ld(d — 1)/2. But

by Theorem 6.4.4, there is a regular Hodge type A such that x is contained in

to

X ;rys’A Xspf 0 Spec F (for O sufficiently large), and this stack is equidimensional
of dimension [K : Q,]d(d — 1)/2 by Theorem 4.8.14, as required. O

We end this section with the following result, showing that in contrast to
its substacks X;ryS’A’T and X;S’A’T7 the formal algebraic stack X} is not a p-adic

formal algebraic stack.
6.5.2 Proposition. X; is not a p-adic formal algebraic stack.

Proof. Assume that X, is a p-adic formal algebraic stack, so that its special
fibre X4 := X3 xo F is an algebraic stack, which is furthermore of finite type
over F (since X; is a Noetherian formal algebraic stack, by Corollary 5.5.18,
and X yeq is of finite type over F, by Theorem 5.5.12). Since the underlying
reduced substack of X, is X red, which is equidimensional of dimension [K :
Q,ld(d —1)/2, we see that X4 also has dimension [K : Qpld(d — 1)/2.
Consider a finite type point = : SpecF' — Xy req, corresponding to a rep-
resentation p : Gxg — GL4(F’). By Proposition 3.6.3 there is a correspond-
ing versal morphism Spf R%] Jw — X4, and applying [EG19, Lem. 2.40] as
in the proof of Theorem 4.8.14, we conclude that R%’/w must have dimen-
sion d? + [K : Qpld(d — 1)/2. However, it is known that there are representa-
tions p for which R%‘ Jw is formally smooth of dimension d? + [K : Q,]d? (see
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for example [All19, Lem. 3.3.1]; indeed, a Galois cohomology calculation shows
that the dimension is always at least d* + [K : Q,]d?, which is all that we need).
Thus we must have d? = d(d — 1)/2, a contradiction. O

6.5.3 Remark. A similar argument shows that the versal morphisms Spf RE O
Xy and Spf RﬁD’O//w — X3 ®0 F of Proposition 3.6.3 are not effective.

6.6 Closed points

Recall that if Y is an algebraic stack, then |)| denotes its underlying topological
space. The points of |Y|, which we also refer to as the points of ), are the
equivalence classes of morphisms Speck — ), with k a field; two morphisms
Speck — Y and Specl — Y are deemed to be equivalent if we may find a field
Q) and embeddings k, ! < € such that the pull-backs to Spec (2 of the two given
morphisms coincide. A point of ) is called finite type if it is representable by
a morphism Speck — Y which is locally of finite type. If ) is locally of finite
type over a base-scheme S, then a point of ) is of finite type if and only if its
image in S is a finite type point of S in the usual sense [Sta, Tag 01T9].

We say that a point of Y is closed if the corresponding point of |)| is closed
in the topology on |Y|. Closed points are necessarily of finite type. However, if
X is not quasi-DM, then finite type points of X need not be closed, even if X
is Jacobson (in contrast to the situation for schemes [Sta, Tag 01TB]).

If Y is locally of finite type over an algebraically closed field k, then the map
Y(k) — |Y| (taking a k-valued point of ) to the point it represents) identifies
Y(k) with the set of finite type points of ). (This is a standard consequence of
the Nullstellensatz, applied to a scheme chart of ).)

Throughout this section, we fix a value of d > 1, and write X rather than Xj;.
In order to describe the finite type and closed points of (Xred)fp, we introduce
the following terminology.

6.6.1 Definition. Let p,0 : Gx — GL4(F,) be continuous representations.
Then we say that 6 is a partial semi-simplification of p if there are short exact
sequences

0—=7 —p; =7 —0

for i = 1,... such that p; = p, p;;; =T ® T}, and p,, = 0 for n sufficiently
large.

Note in particular that the semi-simplification of p is a partial semi-simplification
of p. We also consider the following related notion.

6.6.2 Definition. Let 7,0 : Gk — GL4(F,) be continuous representations.
Then we say that 0 is a virtual partial semi-simplification of p if there is a short
exact sequence of the form

0—=7T—=7®p—0—0.


https://stacks.math.columbia.edu/tag/01T9
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It follows from an evident induction on the integer n in Definition 6.6.1 that
if 6 is a partial semi-simplification of p, then it is in particular a virtual partial
semisimplification; however, the converse does not hold in general. (See the
introduction to [Zwa00].)

Our promised description of the finite type and closed points of ( red)F is
given by the following theorem.

6.6.3 Theorem.

1. The morphism X (Fp) = Xed(Fp) = [(Xrea) 7, | that sends each morphism

SpecF — X to the point of (Xred)w F, that it represents is injective, and
its image consists precisely of the finite type points. Thus the finite type
points of ( rCd)F are in natural bijection with the isomorphism classes of

continuous representations p : G — GL4(Fp).

2. A finite type point of |( red)F | is closed if and only if the associated Galois
representation p S semi- szmple

3. If v € |(Xreq) F, | is a finite type point, corresponding to the Galois repre-

sentation p, then the closure {x} contains a unique closed point, whose
corresponding Galois representation is the semi-simplification ﬁs of p.
More generally, if x and y are two finite type points of |(Xred) F, |, cor-

responding to Galois representations p and 0 respectively, then y lies in
{z} if and only if 0 is a virtual partial semi-simplification of p.

Proof. Since F -valued points of X' coincide with F -valued points of X,eq, and

so also with F, —Valued points of (Xied)f , the clalm of (1) is a particular case

of the more general consequence of the Nullstellensatz that we recalled above.
Suppose now that we have a short exact sequence

0T —=T®p—0—0. (6.6.4)

We now follow the proof of [Rie86, Prop. 3.4] to show that the point y cor-
responding to 6 lies in the closure of the point  corresponding to 7. Denote
the morphism 7 — 7 @ p in (6.6.4) by (f,g). Then for ¢ in a sufficiently small
open neighbourhood U of 0 € A', the morphism (f + t15,g) : 7 — 7@ p is an
injection with projective cokernel (to see this one can for example consider a
splitting of (6.6.4) on the level of vector spaces); so we have a morphism (where
we as usual abuse notation by writing families of (¢, I')-modules as families of
Galois representations) U — X given by ¢t — p, := (T®p)/im(f + {17, g). After
possibly shrinking U further we may assume that f + ¢15 is an automorphism
of 7 for all Fp-points ¢ # 0 of U, so that p, = p; while for ¢t = 0 we have p, = 0.
Thus 6 is mdeed in the closure of p, as claimed. This proves the “if” direction
of (3), and the “only if” direction of (2).

The “if” direction of (2) follows from the “only if” direction of (3), and so it
remains to prove this latter statement. To this end, we fix 5,6 : Gx — GL4(F,),
and assume that the point y corresponding to 6 lies in the closure of the point
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x corresponding to p. In order to avoid discussing deformation theory over
F,, we extend our coefficients O if necessary so that p and @ are both defined
over F. We may and do also assume that x and y are distinct; i.e. that p and
# are not isomorphic (as representations defined over Fp, or equivalently, as
representations defined over F). Let xo and yo denote the images of x and y
respectively in Xeq; then xy and yg are again distinct. Let Z denote the closure
of {z¢}, thought of as a reduced closed substack of X,cq; then yq is a point of Z.

Let R be the framed deformation ring of f over O; then R is a versal ring to
X at y. Let Spf S = Spf R xx Z; then S is a versal ring to Z at yy. Since Z is
algebraic, the versal ring S is effective [Sta, Tag 07X8], and the corresponding
morphism SpecS — Z is furthermore flat [Sta, Tag 0DR2]. The morphism
SpecF — Z corresponding to xzy is quasi-compact and scheme-theoretically
dominant; thus the base-changed morphism

SpecS X z 4, Spec F — Spec S (6.6.5)

is again scheme-theoretically dominant.

Let n be a point in the image of (6.6.5), and let SpecT be the Zariski
closure of 17 in Spec S. Then T is a quotient of R which is an integral domain.
If K denotes the fraction field of T, then the morphism Spec K — X,oq factors
through the morphism SpecF — AXj.q corresponding to xp, and so the Galois
representation G — GL4(K) classified by the point 1 of SpecT is isomorphic
to p (see Section 3.6.5 for the definition of this Galois representation). Thus, if L
denotes the splitting field of 5, then we see that the deformations of @ classified
by T all factor through the finite group Gal(L/K). It follows immediately
from [Zwa00, Thm. 1] that 6 is a virtual partial semi-simplification of p, as
required. O

6.7 The substack of Gx-representations

We now briefly explain the relationship between our stacks and the stacks of
G ic-representations constructed by Wang-Erickson in [WE18]. Write X! for
the formal algebraic stack characterised by the following property: if A is an
Q-algebra in which p is nilpotent, then XdGal(A) is the groupoid of continuous
morphisms

p: GK — GLd(A)

(where A has the discrete topology, and Gk its natural profinite topology).
That this is a formal algebraic stack follows from [WE18, Thm. 3.8, Rem. 3.9].
Equivalently, we can think of Xfal(A) as the groupoid of rank d projective A-
modules T4 with a continuous action of Gx (where each T4 has the discrete
topology).

For any finite type O/w®-algebra A, and any T4 € XS (A), we set

D 4(Ta) = W(C’)a ®4 Ta,


https://stacks.math.columbia.edu/tag/07X8
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which naturally has the structure of a rank d projective (¢, G )-module with
A-coefficients (with ¢ acting on the first factor in the tensor product, and G g
acting diagonally). (In the case that A is actually a finite O/w®-algebra, this
agrees with the construction given in Section 3.6.4.)

By Proposition 2.7.8, for each finite type O/w®-algebra A the assignment
T — Da(T4) gives a functor XF2(A) — Xy(A). Since both X2l and X, are
limit preserving (for Xf‘al this follows easily from the definition, since any p as
above factors through a finite quotient of G ), this defines a morphism of stacks

xS . (6.7.1)
We now show that this morphism is in fact a monomorphism.

6.7.2 Theorem. The morphism (6.7.1) is a monomorphism, and is furthermore
versal at finite type points in the sense of Definition 7.1.1 below.

Proof. The versality statement follows from the fact that for any finite Artinian
Z,-algebra A, the A-valued points of X, dGal and Xy coincide. (Over such aring A,
étale (o, I')-modules do arise from Galois representations.)

To prove the monomorphism claim, we need to show that for any finite
type O/w-algebra A, the functor XS (A) — X4(A) is fully faithful; that is,
we need to show that given T1, Ty € X$3(A), we have

?
HOHlGK’A(Tl,TQ) = HOIH%GK (DA(Tl),DA(TQ)).

Writing T := Ty ®4 T, it suffices to show that

TGK ; DA(T)ap:l,GK,

or even that
T L DA(T)9=".

Since T' is a finite projective A-module, we have
DA(T)#=" 1= (W(C*)4 @4 T)*~" = (W(C") )¢ @4 T,
and the result follows from Lemma 2.2.19. O

6.7.3 Remark. In [WE18, §4], Wang-Erickson explains how to associate étale
p-modules to G -representations with open kernel. A similar argument would
allow us to associate projective étale (p,I')-modules to objects of X$al(A).
However, if we directly followed the strategy of [WEL1S], the resulting étale
(¢, T')-modules would have as coefficients the rings Ax ®z, A, rather than the
rings Ax 4 that we use throughout this book. Thus this approach would not
obviously yield Theorem 6.7.2, which is why we’ve preferred to make a more
direct argument in terms of étale (¢, Gk )-modules.
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6.7.4 Remark. It follows immediately from Theorem 6.7.2 that X fal is largest
substack of X; over which the universal (¢, T')-module can be realised as a G k-
representation.

In fact, it should be possible to strengthen Theorem 6.7.2. For example,
[WE18, Thm. 3.8] shows that we can write

xgt =Tl xds, (6.7.5)
D

where D runs over the isomorphism classes of d-dimensional semisimple Fp—
representations of G, and Xcﬁgl(A) is the groupoid of those p the semisimplifi-
cation of whose reductions modulo w is D. In view of Theorem 6.6.3, we expect
that the monomorphism (X$2),eq — Xired (induced by the monomorphism of
Theorem 6.7.2) will actually be a closed immersion, and hence (given the ver-
sality statement of Theorem 6.7.2) that Xff} will be identified with the formal
completion of X, along the image of this closed immersion. In fact, this im-
age will contain a unique closed point (corresponding to the semisimple Galois
representation D), and we imagine that X, faDl could also be identified with the
coherent completion (in the sense [AHR20, Defn. 2.1]) of X a this closed point.
However, we don’t pursue these ideas further here.

6.7.6 Remark. As well as considering G i-representations, it is also possible to
consider a larger substack of X; over which our (¢, I')-modules can be realised as
“Weil-Deligne”-representations. (Here the notion of Weil-Deligne representa-
tions is not quite the usual one, but rather is given by representations of certain
discretizations of G, as described in [EG20, §1.2] and the references therein.)

In the case K = Q, and d = 2, this locus is discussed in [EG20, §1]; roughly
speaking, the difference between it and Xfal is that it contains families of
semisimple representations given by direct sums of unramified twists of fixed
irreducible representations (the key point being that the universal unramified
character does not correspond to a G-representation, but does correspond to
a representation of the Weil group Wy, see Remark 7.2.19 below).



Chapter 7

The rank one case

In this chapter we describe some of our key constructions explicitly in the case
where d = 1. More precisely, following the notation of Chapter 3, we give
explicit descriptions of the stacks R4, Rgd‘“, and A&}, all in the case when d = 1
(and K is arbitrary).

7.1 Preliminaries

While it may be possible to find an explicit description of the stacks we are
interested in directly from their definitions, this is not how we proceed. Rather,
we use the relationship between étale p-modules (resp. étale (¢,I')-modules)
and Galois representations to construct certain affine formal algebraic spaces
U, V, and W, along with morphisms U — R, V — Ri%= and W — X}, each
satisfying the conditions of Lemma 7.1.8 below. An application of this lemma
then yields a description of each of Ry, R{‘“SC, and AXj.

7.1.1 Definition. Let S be a locally Noetherian scheme, let X and ) be stacks
over S and let f: X — ) be a morphism. We say that f is versal at finite type
points if for each morphism z : Speck — X, with k a finite type Og-field, the
morphism f is versal at x, in the sense of Definition A.26.

7.1.2 Remark. As the discussion of versality in Appendix A should make clear,
this definition is related to the various properties considered in [EG21, Def. 2.4.4]
and the surrounding discussion. As noted in [EG21, Rem. 2.4.6], it is somewhat
complicated to define the notion of versality at literal points of a stack, since
the points of a stack are (by definition) equivalence classes of morphisms from
the spectrum of a field to the stack, and it is not immediately clear in general
whether or not the versality condition would be independent of the choice of
equivalence class representative. In the preceding definition we obviate this
point, by directly requiring versality at all (finite type) representatives of all
(finite type) points.

177
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7.1.3 Lemma. If X — Y is a morphism of stacks over a locally Noetherian
base S which is versal at finite type points, and if Z — Y is a morphism of
stacks, then the induced morphism X xy Z — Z is again versal at finite type
points.

Proof. Let Z : Speck — X=X Xy Z with Speck of finite type over S; from the
definition of the 2-fibre product X', we see that giving the morphism z amounts
to giving the pair of morphisms x : Speck — X and z : Speck — Z (the
result of composing T with each of the projections), as well as an isomorphism
y — 9/, where y and %’ are the k-valued points of X’ obtained respectively by
composing x with the morphism X — ) and by composing z with the morphism
Z — Y. It is then a straightforward diagram chase, Working\from the various

definitions, to deduce the versal property of the morphism (/'F )z — 2/,"; (where
we use the notation of Definition A.25) from the versal property of the morphism

X, — )A}y O

The following result is standard, but we indicate the proof for the sake of
completeness.

7.1.4 Lemma. If f: X — Y is a morphism of algebraic stacks, each of finite
type over a locally Noetherian scheme S, then f is versal at finite type points if
and only if f is smooth.

Proof. The “if” direction follows from an application of the infinitesimal lifting
property of smooth morphisms; see e.g. the implication “(4) = (1)” of [EG21,
Lem. 2.4.7 (4)]. For the converse, choose a smooth surjective morphism U — X
with U a scheme (necessarily locally of finite type over S); then by the direction
already proved, this morphism is also versal at finite type points, and hence so
is the composite morphism U — X — ). To show that f is smooth, it suffices
to show the same for this composite. It follows from the implication “(1) =
(4)” of [EG21, Lem. 2.4.7 (4)] that f is smooth in a neighbourhood of each
finite type point of U; but since these points are dense in U, the desired result
follows. (We have cited [EG21] in this argument purely for our own convenience;
of course the present lemma is just a version of Grothendieck’s result relating
smoothness and formal smoothness.) 0

We now strengthen the previous result to cover the case where X and ) are
not necessarily assumed to be algebraic, but merely the map between them is
assumed to be representable by algebraic stacks.

7.1.5 Lemma. If f : X — Y is a morphism of limit preserving stacks over a
locally Noetherian base S, and [ is representable by algebraic stacks, then f is
versal at finite type points if and only if f is smooth.

Proof. If f is smooth, then by Lemma A.2 (2) it satisfies the infinitesimal lift-
ing property, which immediately implies that it is versal at finite type points.
Conversely, suppose now that f is versal at finite type points.
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It follows from [EG21, Cor. 2.1.8] that f is limit preserving on objects, and
since it is also representable by algebraic stacks, it is locally of finite presentation,
by Lemma A.2 (1). We now have to verify that for any test morphism Z — Y
whose source is a scheme, the induced morphism

X xyZ—Z, (7.1.6)

which is again locally of finite presentation, is in fact smooth. Of course it
suffices to do this for affine schemes, and then, since ) is limit preserving, for
affine schemes that are of finite type over S. Since f is representable by algebraic
stacks, we find that the source of (7.1.6) is an algebraic stack. Furthermore,
since this morphism is locally of finite presentation, its source is again locally
of finite type over S. Finally, Lemma 7.1.3 shows that (7.1.6) is versal at finite
type points. The claimed result then follows from Lemma 7.1.4. O

We may apply the previous lemma to obtain a criterion for representing a
stack as the quotient of a sheaf by a smooth groupoid. We first make another
definition.

7.1.7 Definition. We say that a morphism X — ) of stacks over a locally
Noetherian scheme S is surjective on finite type points if for each morphism
x : Speck — Y, with k a finite type Og-field, we may find a field extension ! of
k and a morphism Specl — X which makes the diagram

Specl ——= X

|

Speck ——= )Y
commutative.

7.1.8 Lemma. Suppose that Z is a stack over a locally Noetherian scheme S,
and that f : U — Z is a morphism from a sheaf to Z which is representable
by algebraic spaces' and surjective on finite type points (in the sense of Defini-
tion 7.1.7). Suppose furthermore that both U and Z are limit preserving, and
that f is versal at finite type points. Then the morphism f is in fact smooth and
surjective, and, if we let R:=U xz U, then the induced morphism [U/R] — Z
s an isomorphism.

Proof. Tt follows from Lemma 7.1.5 that the morphism f is smooth. We claim
that it is furthermore surjective; by definition, this means that if T — Z is
any test morphism from an affine scheme, we must show that the morphism of
algebraic spaces g : T Xz U — T induced by f is surjective. Since Z is limit
preserving, we may assume that T is of finite type over S; also, since g is a base-
change of the smooth morphism f, it is itself smooth, and so in particular has

ISince the source of the morphism is a sheaf, this is equivalent to being representable by
algebraic stacks.
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open image. Our assumption that f is surjective on finite type points implies
furthermore that the image of g contains all the finite type points of T'; thus g
is indeed surjective.

Since smooth morphisms are in particular flat, the second assertion of the
lemma follows from Lemma A.33. O

7.1.9 Remark. If we omit the assumption in Lemma 7.1.8 that the morphism
U — Z be representable by algebraic spaces, then the morphism [U/R] — Z
need not be an isomorphism.

An example illustrating this is given by taking Z to be a scheme Z, locally of
finite type over a locally Noetherian base scheme S, choosing a closed subscheme
Y of Z which is not also open, and defining U to be the formal scheme obtained
as the disjoint union U := (Z \ Y) ][] Z, where Z denotes the completion of Z
along Y. We let U — Z be the obvious morphism; this is then a surjective
monomorphism, which is not an isomorphism, although it is versal at every
finite type point, and (since it is a monomorphism) we have that R :=U xz U
coincides with the diagonal copy of U inside U xg U (so that [U/R] = U).

We will find the following lemmas useful in verifying the hypotheses of
Lemma 7.1.8 in our application.

7.1.10 Lemma. Let f: X — )Y and g: Y — Z be morphisms of stacks over a
locally Noetherian scheme S. Assume that f is representable by algebraic stacks
and locally of finite type, and that both g and the morphism Z — S are limit
preserving on objects. Then f is an isomorphism if and only if the induced
morphism

Spec A xz X — SpecA xz Y (7.1.11)

s an isomorphism for every morphism Spec A — Z with A a locally of finite
type Artinian local Og-algebra.

Proof. The “only if” direction is evident, and so we focus on the “if” direction.
We begin by reducing to the case Z = S. We first recall a basic fact about
fibre products: if T — ) is any morphism from a scheme to the stack ),
then the base-change T xy X may be described as an iterated fibre product
T X(rx,y) (T xz X) (where we regard T' as lying over Z via the composite
T — Y — Z, and as lying over T Xz Y via the graph of the given morphism
T—Y).

In order to show that f is an isomorphism, we have to show that for any
morphism 7" — Y, the base-changed morphism 7" xy & — T' is an isomorphism.
By the fact about fibre products just recalled (and remembering that the base-
change of an isomorphism is an isomorphism), it suffices to show that for any
morphism 7" — Z whose source is a scheme, the base-changed morphism

TxXzX—>TxzY (7112)

is an isomorphism. Since Z — S is limit preserving on objects, we may and do
assume that T is locally of finite type over S. We will then replace both Z and
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S by T (mapping identically to itself), and the morphism f by (7.1.12). Note
that the projection T' xz J — T is again limit preserving on objects (being
a base-change of g, which has this property). We now have to reinterpret our
original hypothesis on A-valued points of Z (for locally of finite type Artinian
local Og-algebras A) in this new context. To this end, note that if Spec A — T
is locally of finite type with A being Artinian local, then Spec A is also locally
of finite type over S. The fibre product of (7.1.12) with Spec A over T" may
then be identified with the morphism (7.1.11), and is thus an isomorphism (by
assumption). Putting all this together, we see that we have reduced to the case
when Z = S; so we return to our original notation, but assume in addition
that Z = S (mapping to itself via the identity).
What we have to show is that if T — ) is any morphism, then

TxyX—T (7.1.13)

is an isomorphism. Since ) — S is limit preserving, we may assume that 7' is
locally of finite type over S. Any finite type Artinian local T-algebra is then
also finite type over S, and so, replacing both Y and S by T' (and again applying
the fibre product fact recalled above, with T replaced by Spec A) we find that
we may make another reduction, to the case when ) = S. The representability
assumption on f then implies that X is an algebraic stack. In this case the
lemma is standard, but we recall a proof for completeness.

Our hypothesis that f induces an isomorphism on A-valued points implies
that the morphism f is versal at finite type points, and so by Lemma 7.1.4, it is
smooth. It also implies that f contains all finite type points in its image; since
the image of f is constructible, we see that f is in fact surjective. This same
argument implies that the diagonal morphism X — & x g X is surjective, and
thus that f is universally injective. Since f is smooth, it is flat and locally of
finite type. Since it is also universally injective, it is an open immersion. Since
it is surjective, it is an isomorphism, as claimed. O]

7.1.14 Lemma. Let ) be a stack over a locally Noetherian scheme S, let Z be
a closed substack of Y, and let f : X — Y be a morphism of stacks. Suppose that
both f and the morphism Y — S are limit preserving on objects; then f factors
through Z if and only if and only if for any finite local Artinian Og-algebra A,
and any morphism Spec A — Y over S, the morphism Spec Axy X — Y factors
through Z.

Proof. The “only if” direction is trivial. For the converse, consider the base-
change via f of the closed immersion Z < )); this is a closed immersion g :
X xy Z — X of stacks over ), which we must show is an isomorphism. The
hypothesis implies that for any morphism Spec A — )Y whose source is a finite
type local Artinian Og-algebra, the pull-back of g

Spec A xy (X xy Z) — Spec A xy X

is an isomorphism; it then follows from Lemma 7.1.10 that g is an isomorphism.
O
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The next lemma lets us compute fibre products over stacks in certain situa-
tions. We recall that if ) is a stack (over some base scheme S), then the inertia
stack Zy is the stack over S whose T-valued points (for any S-scheme T') consist
of pairs (y, «), where y is a T-valued point of ), and « is an automorphism of y.
It is a group object in the category of stacks lying over ) via morphisms that are
representable by sheaves. We also remind the reader that there is a canonical
isomorphism

Ty ==YV Xapyxsy.ay Vs

where the subscripts Ay indicate that both copies of ) are regarded as lying over
the product Y xg Y via the diagonal morphism Ay : Y — Y xg YV, and where,
under this identification, the forgetful morphism 7y — )Y may be identified with
projection onto the first copy of ).

7.1.15 Lemma. Let X — Y be a morphism from a sheaf to a stack (both over
some base-scheme S), and suppose that the natural morphism X xyX — X xgX
factors through the diagonal copy of X lying in the target (so that the groupoid
X xy X isin fact a group object in the category of sheaves over X). Then there
is a canonical isomorphism X xy X — X xy Ty of group objects over X .

Proof. By assumption, we have a commutative diagram

Xxy X —=X 2% X xg X

RN

y YV xgY

in which the outer rectangle is 2-Cartesian. Since X is a sheaf, the diagonal Ax :
X — X Xg X is a monomorphism, and so one immediately checks that the left-
hand trapezoid is also 2-Cartesian. Thus we obtain the required isomorphism

XXyX%XXyXSyy;)XXy(ynysyy);XXny. ]

7.2 Moduli stacks in the rank one case

We now give concrete descriptions of our various stacks in the rank one case.
Before doing this, we prove a result that describes the stack structure on families
of rank one objects. (It encodes the fact that the automorphisms of a rank one
object are simply the scalars.)

7.2.1 Lemma. If Z denotes either of the stacks Ry or Xy, then there is a
canonical isomorphism

Zx0Gm — Iz (7.2.2)

of group objects over Z (where ém is the w-adic completion of G, over O).
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Proof. For definiteness we give the proof in the case of R1; the proof in the X}
case is identical. We begin by defining the morphism (7.2.2): if A is any w-
adically complete O-algebra, and M is an étale p-module over A i 4, then (7.2.2)
is defined on A-valued points of the source lying over M by mapping an element
a € A* to the automorphism of M given by multiplication by a.

Since R; has affine diagonal which is of finite presentation, the morphism (7.2.2)
is a morphism between finite type group objects over Rq, each of whose struc-
ture morphisms is representable by algebraic spaces, indeed affine, and of finite
presentation. Furthermore, R; itself is limit preserving over O. Thus to show
that (7.2.2) is an isomorphism, it suffices (by Lemma 7.1.10) to show that it
induces an isomorphism on A-valued points for A an Artinian local O-algebra
of finite type. Returning to the notation of the preceding paragraph (but now
assuming that A is Artinian local), we have to show that any automorphism of
M is given by multiplication by an element of A*. Since M is of rank 1, we
find that

Homa . . o(M, M) = (MY ®@a, , M)¥=" = (Ag )P~ = A

(the final isomorphism following from Lemma 2.2.19, since AgaC W(Cb)A by
Proposition 2.2.12). The lemma follows. O

7.2.3 Local Galois theory

We briefly recall the local Galois theory that is relevant to our computation.
If L/K is an algebraic extension, we write 12 for the image of I, in G2° (note
that this is not the abelianization of I1,). We have short exact sequences

1 Ix — Gx — FrobZ — 1 (7.2.4)

and

1= Ir,. — Gk, — F]robj;(Z — 1, (7.2.5)

cyc

where f = [koo : k].
These induce corresponding short exact sequences

1 I 5 G2 s FrobZ — 1 (7.2.6)
and ~
1 I =GR, — Frobl? — 1. (7.2.7)

If G is any of the various profinite Galois groups appearing in the preceding
discussion, we let O[[G]] denote the corresponding completed group ring over O.
This is a pro-Artinian ring, which gives rise to the affine formal algebraic space
Spf O[[G]]. We endow this space with the trivial action of G, (the w-adic
completion of G, over O).
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7.2.8 Galois lifting rings for characters

If F//F is a finite extension, and p : Gk, — (F')* is a continuous character,
then we can write 0" = O @y gy W(F’), and consider the universal lifting O-
algebra RFD’OI. If z : Spf F — R; is the corresponding finite type point, then

we have a versal morphism Spf R%’ 0, R1; indeed it follows exactly as in the
proof of Proposition 3.6.3 that we have an isomorphism

Spf RS xz, Spf RS 5 (Gn) po.or (7.2.9)

i

where (ém)lg,o/ denotes the completion of (G,) z0.0r along (G )r.

P &

7.2.10 Descriptions of the rank one stacks
We can now establish our explicit description of R;.

7.2.11 Proposition. There is an isomorphism
[(Spt Ol ] % G ) /G| 5 Ry

(where, in the formation of the quotient stack, the ém-action s taken to be
trivial).

Proof. We begin by constructing a morphism

Spt O[30 1] % Gy — Ry (7.2.12)

For this, we choose a lift of oy € Gk, of Frob];(7 splitting the short ex-
act sequences (7.2.5) and (7.2.7). If A is any discrete Artinian quotient of
O[[I}Eyc]], then we extend the continuous morphism O[[I}}Eyc]] — A to a contin-
uous morphism (’)[[G?}’Cyc]} — A by mapping ogyc to 1 € A. We may view this
latter morphism as a rank 1 representation of Gk, with coefficients in A; it
thus gives rise to a rank one projective étale ¢-module My over Ak 4, and
therefore to a morphism Spf@[[[}*(bcyc]] — Ri. We extend this to the mor-
phism (7.2.12) by unramified twisting; more precisely, we have an induced mor-
phism Spf@[[[?(kiyc]] x G — R1 x Gy, and we compose with the morphism

Rix ém — R given by taking the tensor product with the universal unramified
rank one étale p-module.

By construction (and the usual explicit description of the universal Galois
deformation ring of a character), (7.2.12) is versal at finite type points, as well
as surjective on finite type points. We claim that the canonical morphism

(Spf O[30 )] x ) xR, (SpEO[I32, 1] % Gin)
— (SpfO[[I32 1] % ) X0 (SPEO[IZE 1) % Gyn)  (7.2.13)

cyc



7.2. MODULI STACKS IN THE RANK ONE CASE 185

factors through the diagonal copy of Spf(’)[[[?('iyc]] x G, in the target; given
this, it follows from Lemmas 7.1.15 and 7.2.1 that there is an isomorphism of
groupoids

(SPEOIII32, 1% Gon) % Gon 5 (SO O[3, )% Gon) v, (S0 OIIRY, ) % o)

with G, acting trivially on Spf O[[I?(tzyc]] % G- The proposition will then follow
from Lemma 7.1.8 provided we show that (7.2.12) is representable by algebraic
spaces (or, equivalently, by algebraic stacks).

It remains to verify the claimed factorization of (7.2.13), as well as the
claimed representability by algebraic stacks of (7.2.12). We establish each of
these claims in turn.

To show that (7.2.13) factors through the diagonal diagonal copy of Spf O[[T ?(Eyc]] X
ém in the target, it suffices, by Lemma 7.1.14, to show that if

Spec A — (Spf O[[I32 1] x Gyn) x (SpEO[[IE2 1] X Gin)

is a morphism whose source is a finite type Artinian local O-algebra, then the
pull back of (7.2.13) to Spec A factors through the pull-back to Spec A of the
diagonal morphism

Spf O[3, 1] x G — (SPEO[IIR2, 1] X Gi) X0 (SPEO[[IE2 ] % Gon).

cyc

Since morphisms Spec A — Spf O[[I }*(bcyc]] x G correspond to characters y :
G%})Cyc — A, this amounts to the evident fact that if x, ¥’ are two such charac-
ters, then the locus in Spec A over which x and x’ become isomorphic coincides
with the locus over which they coincide.

We now turn to proving that (7.2.12) is representable by algebraic stacks.
To see this, it suffices to study the corresponding question modulo some power
@® of the uniformizer in O, so we work with the stack R ; from now on.

We next recall some of the constructions we made in Section 3.2. We have
the subfield K¢ C K of Definition 3.2.3, and the natural morphism R ; —
R‘}(basi%[ KK basic] given by the forgetful map which regards a rank one A}g A-

module as an A gvasic 4-module of rank [K : KP3s€]. By Lemma 3.2.11, we can
write R ; = @h RCIL()LKbasicJL? where the algebraic stack R?{,I,K‘msic,h is the
scheme-theoretic image of the base-changed morphism

a
C[K:KbaSiC],h XRKbasic’[K:Kbasic] R — Rk,

wherg C[“K: Kbasic] is the algebraic stack of p-modules over AJ{@RS;C, 4 of rank K :
KP3si] and T-height at most k. Accordingly, it suffices to show that each base-

change
Vi = (SprOIIE, 11 % G ) XRocs Rt scoosien

is an algebraic stack.
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By construction, Yy is a closed subsheaf of Spf((?/w“)[[]?('ivc]] X (Gm)o /e
We claim that it is in fact a closed subsheaf of Spec(O/w®) [I?(‘iy;/U] X(Gm)o/wa
for some open subgroup U of I;‘(‘ZVC.

Since V;' and Spec(O/w“)[I}*{B /U] % (Gm)o/wa are both closed subsheaves

eye
of Spf(O/w“)[[I}*{iyc]] X (Gm)o/wa, it follows from Lemma 7.1.14 that it is
enough to show that if A is a finite local Artinian O /wo%-algebra, then given any
morphism Spec A — Yj, the composite Spec A — Vi — Spf((’)/w“)[[l?}zyc]] X
(Gm)o/we factors through Spec(O/wa)[I?ayc/U] X (Gm)o/wa for the open sub-
group U := I®" of Proposition 7.3.17 below. If A is in fact a field, then
by [EG21, Lem. 3.2.14], the étale ¢-module My corresponding to the mor-
phism Spec A — Ry 1 attains (KP25¢ T)-height at most h in the sense of Def-
inition 7.2.14 below after passing to a finite extension of A, and the required
factorisation is immediate from Proposition 7.3.17.

Having established the result in the case that A is a finite type field, in order
to prove the general local Artinian case, it suffices to prove a factorisation on
the level of versal rings. More precisely, let F//F be a finite extension, and let
x : Spec F' — Y§ be a finite type point of Vi, corresponding to a representation

p: Gk, — (F')*. As above, we write Rlﬁ:’ 9" for the corresponding universal
lifting O’-algebra. Write Spf R} for the scheme-theoretic image of the morphism
0,0’ 0,0’
C[aK:Kbas;cLh XRKbaSiC’[K:Kme] 'R,KJ XRk1 Spf Rﬁ — Spf Rp .
By Lemma A.30, the induced morphism Spf Rj — ,R’lll(,l,KbaSic,h is a versal
morphism at z. Write RE O for the quotient of R%’ © corresponding to
liftings which are trivial on U; then it suffices to show that Spf R} is a closed
formal subscheme of Spf ROV,
We now employ Lemma A.32. Exactly as in the proof of Lemma 3.4.8, it
is enough (after possibly increasing F') to show that if A is a finite type local

Artinian RﬁD ’O/—algebra with residue field F’ for which the induced morphism
Clic.revasic] , X R pevasic e, xcvasiey 1K1 XRyc, Spec A — Spec A admits a section,

then the morphism Spec A — Spf RED’O/ factors through Spf RﬁD’O/’U. Since the
existence of the section implies (by definition) that the étale p-module M4 has
(T, KP2%1¢)-height at most h (in the sense of Definition 7.2.14), we are done by
Proposition 7.3.17. O

In the previous argument, we used the following definition, which will play
an important role in the technicalities of Section 7.3 below. (See in particular
the statements of Propositions 7.3.17 and 7.3.18.)

7.2.14 Definition. Let A be a finite local Artinian O/w*-algebra for some a >
1, and let M be a rank one projective étale p-module over Ax 4. We regard M
as arank [K : K] étale p-module M’ over A gvasic 4, and we say that M has
(KP2sic T)-height at most h if there is a projective p-module 9t over A;basic7A
of T-height at most h such that M’ = M[1/T).
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We next turn to describing R{d‘“ explicitly. We first note that since Ix N
Gk — Gx — Frob% xT.
We let H C Frob%{ xI" denote the image of Gg; it is an open subgroup of
Frob%( xI'. We write Hgijsc := H N (Frob%( XTaisc); then Hygise is dense in H,
and is isomorphic to Z x Z. Write O[Hagjsc] for the group ring of Hgjs over O,
and O[Hgis] for its w-adic completion. Then Spec O[Hyisc] =2 G X0 Gy, and
Spf O[Hgise] = ém X0 ém Let I' denote the image of I, in G3b; equivalently,
I’ is the quotient of T ?('Zyc by the closure of its subgroup of commutators [I ?(bcyc LI

= Ig we have an exact sequence 1 — g

cyc cyc? cyc

7.2.15 Proposition. There is an isomorphism
[(Spf OILI")) x Spf OlHiee] ) /G| > RY

(where, in the formation of the quotient stack, the (A}m—actz'on is taken to be
trivial).

Proof. We leave the construction of this isomorphism to the reader, by combin-
ing the isomorphism of Proposition 7.2.11 with the definition of led‘SC. O

7.2.16 Remark. Note that the case d = 1 is not representative of the general case
in so far as the structure of R, and so also of R4 is concerned. Namely, when
d =1, the stacks R and RIdisc are formal algebraic stacks. This will not be the
case when d > 1. (They will instead be Ind-algebraic stacks whose underlying
reduced substacks are Ind-algebraic but not algebraic.) The reason for this
is that the 1-dimensional mod p representations of Gk, . may be described as
Frobenius twists of a finite number of characters when d = 1, so that in this case
Rreq is indeed an algebraic stack, while the spaces Ext%;Kcyc (x,%) are infinite
dimensional, for any two mod p characters x and ¥ of Gk__, so that already in
the case d = 2, the stack Rcq is merely Ind-algebraic.

cyc?

We now give an explicit description of the stack Aj.

7.2.17 Proposition. There is an isomorphism
[(Spr(OITN) x Gn) 1G] = 2

(where, in the formation of the quotient stack, the ém-action is taken to be
trivial).

Proof. We prove this in the same way as Proposition 7.2.11; we leave the details
to the reader, indicating only the key differences. We can construct a morphism
Spf(O[[I#]]) x G, — Xi in exactly the same way as in the proof of Propo-
sition 7.2.11 (by choosing a lift cx € Gk of Frobg, splitting the short exact
sequence (7.2.4)), and we need to prove that this morphism is representable by
algebraic spaces. This can be done by arguing exactly as in the proof of Propo-
sition 7.2.11, with the isomorphism X;‘(’l = ligrlh’S XI“{J)Kme)h,S of Lemma 3.5.5
replacing the isomorphism R‘}(,l = Mh RCIlQl,KbﬂsiC,h'
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Bearing in mind the definition of A7} we find that we have to

,17KbaSiC7h,S’
show that there is an open subgroup [ ?(’S’a of 1% such that if A is a finite local
Artinian O/w“-algebra, and M is a rank one étale p-module over A 4 with
tﬁe property that there is a rank [K : Kbasw] p-module M over A;basic7A, such
that:

e M[1/T] = M (where we are regarding M as an étale p-module over A goasic_4),
e 1 is of T-height at most h, and

e the action of I gvasic gise = I'ie,disc on M[1/T] extends the canonical action
of I'gpasic qise given by Corollary 3.5.2,

then the action of Ijo® on T,4(M) is trivial. This is immediate from Proposi-
tion 7.3.18. O

7.2.18 Remark. Note that Propositions 7.2.15 and 7.2.17 describe X as a certain
formal completion of RI'¢sc (in the case d = 1). In particular, the monomor-
phism & < RI'd¢isc is not a closed immersion (in the case d = 1, and presumably
not in the general case either). This helps to explain why somewhat elabo-
rate arguments were required in Chapter 3 to deduce properties of X from the
corresponding properties of RI'disc,

7.2.19 Remark. It follows easily from Proposition 7.2.17 that the stack X; may
be described as a moduli stack of 1-dimensional continuous representations of
the Weil group Wi ; indeed, we see that if A is a p-adically complete O-algebra,
then X;(Spf A) is the groupoid of continuous characters % x Z — A* (if
we identify ém with the p-adically completed group ring of Z). Mapping the
generator 1 € Z to ok (a lift of Frobenius, as in the proof of Proposition 7.2.17)
yields an isomorphism I8P x Z — Wab.

This phenomenon doesn’t persist in the general case. Indeed, as noted in
Section 1.4, already in the case d = 2, there seems to be no description of X5
as the moduli space of representations of a group that is compatible with the
description of its closed points in terms of representations of G .

One can attempt to adapt the proof of Proposition 7.2.17 to the case d > 1,
by constructing a morphism from the moduli stack of continuous d-dimensional
Weil-Deligne representations (suitably understood?) to the stack X;. However,
when d > 1, this morphism of stacks will not be representable by algebraic
spaces. The precise point where the proof that we’ve given in the rank 1 case
fails to generalise is that once we are not passing to abelianized Galois groups,
the upper numbered ramification groups are not open in the inertia group.

2Since we are considering representations in rings that are p-power torsion, we cannot use
the usual formulation of the Weil-Deligne group. Rather, we choose a finitely generated dense
subgroup Z x Z[1/p] of the tame Galois group of Gx (by choosing a lift of Frobenius and a lift
of a topological generator of tame inertia), and form the topological group W Dk by taking
its preimage in Gk (and equipping Z x Z[1/p] with its discrete topology).
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7.3 A ramification bound

We end this chapter by proving the bounds on the ramification of a character
valued in a finite Artinian O-algebra that were used in the proofs of Proposi-
tions 7.2.11 and 7.2.17. There are well-established techniques for proving such
a bound, going back to [Fon85]. We find it convenient to follow the argu-
ments of [CL11], and indeed we will follow some of their arguments very closely.
The main differences between our setting and that of [CL11] are that we are
working in the cyclotomic setting, rather than the Kummer setting; that we
are considering representations of G, of finite height, rather than semistable
representations of Gk ; and that to define a representation of finite height, we
need to pass between K and KP?°. None of these changes make a fundamental
difference to the argument.

In fact, while [CL11] go to some effort to work modulo an arbitrary power
of p, and to optimise the bounds that they obtain, we are content to give the
simplest proof that we can of the existence of a bound of the kind that we need.
In particular, we are able to reduce to the case of mod p representations, which
simplifies much of the discussion.

Recall that K.y./K is a Galois extension with Galois group I'x = Z,,. For
each s > 0, we write K¢y, for the unique subfield of K.y, which is cyclic over K
of degree p*. We write e = e(K/Kj).

Suppose that K is basic, and that 9 is a free p-module over A;} /p of T-
height at most h. Then M := Ag ®A; M is an étale p-module over A g /p, and
we have a corresponding Gk, -representation T'(M) as in Section 3.6. (Note
that while elsewhere in the book we have worked with O/w?-coefficients, it is
more convenient to use Z/pZ-coefficients in most of this section.)

In order to compare directly to the arguments of [CL11], it is more con-
venient to work with the contragredient G, -representation T'(M)Y, which
can also be computed as T(M") = (C” @4, MY)¥=! = Homa,.,(M,C") =
HomA;#} (M7 Cb). By [Fon90, A.1.2.7, B.1.8.3], this can also be computed via
the functor

V(M) := HomA;;,@ (m, OE)

More precisely, there is a diagram

TV(9) := Homy+ (M, Og) Hom,+ (M,C’) = T(M")

\/

Hom, 1 (91, C’)

(the first arrow being induced by the inclusion of (9"0 in C°, and the second by
restriction from M to 9), with both arrows in fact being isomorphisms (by op.
cit.).

We will now follow the arguments of [CL11, §4]; note that the ring denoted R
in [CL11] is O%. For the time being we will assume that we are in the following
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situation; the rather complicated hypotheses here will allow us to interpret the
canonical actions of Corollary 3.5.2 in terms of the constructions of [CL11, §4].

7.8.1 Hypothesis. Assume that K is basic, and fix some h > 1. Let 9t be a free
p-module over A} /p of T-height at most h. Fix the following:

e an integer b > eh/(p — 1).

e An integer N > pb/e such that N > N(1,h), where N(1,h) is as in
Corollary 3.5.2.

e An integer s such that p*~1 > b/e, and s > s(1,h, N), where s(1,h, N) is
as in Corollary 3.5.2.

Note in particular that under Hypothesis 7.3.1 we have p* > ph/(p—1) > h.
We normalize the valuation v on K so that v(K*) = Z, and continue to
write v for the unique compatible valuation on K, and for the induced valuation
on O = @Of/p. Note that with this convention we have v(T) = v(p) = e

(where we are abusively continuing to denote the image of T in O%} by T'; this
follows straightforwardly from the definition of T as the trace of T' := ([¢] — 1),
which shows (after a simple computation) that v(T) = (p — 1)v(T"”), along with
the formula v({,: —1) = v(p)/p*~!(p—1), which shows that v(T") = v(p)/(p—1)).

We write a(>9‘,f for the set of elements of OE of valuation greater than c¢, and
C

define c%f in the same way. For any ¢ > 0, we write
C

\Y
TObc,c

b
(1) = Homy 4 (M, OC/QZE)’
so that there is a natural map 7(9) — T,5, (M). For any ¢’ > ¢ we write
C

() = Im (T<\9/537c/ (M) — T(;E)C(i)ﬁ)),

\Y%
O"c,c’,c

>c! — Cl>c

where the morphism is induced by the natural map ags o
C C

7.3.2 Lemma. Assume that we are in the setting of Hypothesis 7.3.1. Then the

induced morphism TV (M) — ng,b(im) is injective, with image T(\g/éﬁpbyb(fm).

Proof. This can be proved by a standard Frobenius amplification argument

exactly as in the proof of [CL11, Prop. 2.3.3]. For example, to see the injectivity,

we note that since 9 is finitely generated, any element of the kernel corresponds

to a w-equivariant morphism 9t — agf for some ¢ > b. Since 91 has T-height
C

at most h, and v(T") = eh, the p-equivariance implies that the image of this
morphism is contained in agﬁ:*eh. Since ¢ > b > eh/(p — 1) by hypothesis, we
see that the sequence ¢, pc — eh,p(pc — eh) — eh, ... goes to infinity, and the
injectivity follows.

We leave surjectivity to the reader; it is a simpler version of the proof of
Lemma 7.3.11 below. (See also the proof of Lemma 4.3.2 for an almost identical

argument.) O
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Suppose given ¢ > 0 satisfying p® > c¢/e. (E.g. b and pb both satisfy this
condition.) The Frobenius ¢ is an automorphism of the perfect k-algebra (’)z;
which multiplies valuations by p, and so ¢~ induces the first of the following

sequence of G g-equivariant isomorphisms of k-algebras

b ~ b >c s ~ > s
O /ag; — k @rpr O Jag!?" sk @ e O faz!?” (7.3.3)
where a>°/"" has the evident meaning, and the second isomorphism is induced

K
by projection onto the first factor in the projective limit (’)bc = @@ Oc/p =

I'&H(p Ox%/p. (The upper bound on ¢ ensures that p € a%c/ps, so that this
projection does indeed induce the indicated morphism; it is then straightforward
to verify that it is an isomorphism.) This isomorphism in turn induces an

isomorphism
~ Se/p?

T, (M) = Hom, . (90, O /az/P"). (7.3.4)
7.3.5 Lemma. If p*® > c/e > 0, then the action of Gk, on 0% induces an
action of Gk, on T(gbc’c(sm).
Proof. The action of ¢ on (923 is Gi-equivariant, and so the Gx-action on
OE induces an action on Hom,, (im, (923 / agf ) The claim of the lemma is that

C

the restriction of this action to Gg

cyc,s
Homy - (M, O /a5 ) of Homg (M, Og/agy ).

Rather than proving this directly, we use the isomorphisms (7.3.3) and (7.3.4);
taking these into account, it suffices to prove that the action of G, , on

Hom,, (901, (’)f/a%c/ps) preserves the subobject HomA;#(im, (’)f/a%c/ps). In
other words, we have to check that the Gk_ . _-action preserves the property of
being Aj-equivariant. For this, it suffices to check that G, . acts trivially

on the image of T in (’)f/a%c/ps under the isomorphism (7.3.3). Since T can be

expressed as a power series in 17, it in fact suffices to check this for the image

preserves the subobject Tgbc M) =

cyc,s

of T'. But this image is equal to (,«+1 —1 mod a%c/ps, which is fixed by Gk, .

(since (pet1 € Keye,s)- O

7.3.6 Corollary. Assume that we are in the setting of Hypothesis 7.3.1. Then
the natural action of Gk, , on OZ induces an extension of the action of G
on TV (M) to an action of Gg

cyc

cyc,s *

Proof. This follows directly from Lemmas 7.3.2 and 7.3.5, once we note that,
by hypothesis, p* > pb/e > b/e. O

By Corollary 3.5.2 (and our hypothesized bound on s), we can give 9[1/T]
the structure of a (¢, 'k, )-module; this in particular induces an action of G
on T'(M). The following corollary expresses the compatibility of this action with
the action constructed in Corollary 7.3.6.

cyce,s
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7.3.7 Corollary. Assume that we are in the setting of Hypothesis 7.3.1. Then
the two actions of Gk on T(M)V (from Corollary 7.3.6, and from Corol-
lary 3.5.2) agree.

cye,s

Proof. By the proof of Corollary 3.5.2, the semilinear action of 'k, . on M

extends to a semilinear action of G, on O% ® AT 9N, which is uniquely de-

termined by the properties that it commutes with ¢, and satisfies (g — 1)(9N) C
™ (0% DAt o) for all g € Gk,,. .. As explained in Section 3.6.4, we have
T(M) = (C Dat 9M)#=! with the action of Gk, , on T(M) being that inher-

ited from its action on (’)bc ®AI+( .

cye,s
As noted above, we also have

T(M)Y =T(MY)=T"(M)
= HomA},w (om, O%) = Homes (Cb Dat m, Cb).

Now evaluation induces a pairing
(C*@ps M) x Home: (C” @, M, C’) = C,
which restricts to a pairing
(C°@ps M7= x Homes ,(C* @4 M, C) = (C°)*~ = Z/pZ, (7.3.8)

and this latter pairing is the natural pairing of G ___-representations

T(M) x T(M)" — Z/pZ.

Therefore, to prove the lemma, we have to show that (7.3.8) is furthermore
GK.,..-equivariant (with the action on T'(M) being the action recalled above,
coming from Corollary 3.5.2, and the action on T(M)Y = TV(9M) given by
Corollary 7.3.6).

To see this, note firstly that by the same argument that we used in the proof
of Lemma 7.3.2, it follows from Hypothesis 7.3.1 that

b p=1 >b\—1
In addition, we have
Homes , (€7 @4+ M, C°) = Homo, 4 (Oc» @+ M, Ocs)
C Homop_, (Oc» Dat M, O ) +— Homo_, ((a2b>—1 Dat m, (aZb)fl)

with the last isomorphism being induced by restricting the domain of a homo-
morphism from (a=%)~! @as Mo Ocv @a+ M. Bearing in mind this isomor-
phism, we obtain an evaluation pairing

((azb)_l ®A; gﬁ) X Homocb ((ch ®A; o, ch) — (azb)_l
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(and taking ¢-invariants again recovers the pairing (7.3.8)).

Fix some a € C” with v(a) = —b, so that (a) = (aZ®)~!. Let = be an element
of (C° N oM)#=1, and write z = a ), \; ® z; where \; € (’)23 and z; € M.
Let f € Homo.w(obc ®p+ M, 0%), so that = and f pair to af(} 1, \iz;) €
(a=%)~1; of course, they in fact pair to an element of F, C 0% C (a2%)~!
Let g € Gk.,.,s be arbitrary. Then gz and g f pair to g(a)(g.f) (371 9(Ai)g(2:)).
To establish the claimed G . s-equivariance, we need to show that

cycs

g(@) - (9O gM)g(xi) = glaf (O Niwi)).
=1

i=1

This is an equality of elements of F,, and it therefore suffices to show that it
holds modulo mp, when each side is considered as an element of O%. Equiva-
lently, after multiplication by a1 it suffices to show that

(0) (3 9Cg() = g(F (3 Ais)) - (mod a™*).

Recall that (g — 1)(IM) ¢ TN (O% N ). By Hypothesis 7.3.1, we have
v(TN) = eN > pb, so that in particular we have TV € agf . Thus g(z;) = =;
C

(mod a>?), so it suffices to show that

(gf)(z g()\i)xi) = g(f(z )\ixi)) (mod a>b),

or equivalently that

n n

D9 (g @) =Y g(N)g(f(x))  (mod a™”),

i=1 =1

so in turn it is enough to show that if z € 9 then (gf)(z) = g(f(x)) (mod a>?).

But this is true by the very definition of gf (which was defined via the action

of Gry.,s on T, (M), which in turn is defined via the action of G5 on
c

0%,/a>?), so we are done. O

Recall that we write k for the residue field of K, and since K is assumed
basic we have ke, = k, so that we can and do regard 9 as a free A} /p = k[[T]-
module. Write T for tr (¢ .,1)/Keye., (Gt —1) € Ok, ., and note that we
have a homomorphism

A% /p=K[T]] = Ok,,../p (7.3.9)

S

which sends T — T, and whose restriction to k& is given by ¢~°.
Let L be any algebraic extension of K.y s inside K. We continue to write v
for the unique valuation on L with v(p) = e. Note that we have v(T!) =
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eh/p® < e = v(p). For any ¢ > 0 we write a7 for the set of elements of L of
valuation greater than ¢, and define a%c in the same way.

Choose an (ordered) A} /p-basis eq,...,eq of M, and write ¢(e1,...,eq) =
(1,...,eq)A for some A € My(Aj}/p). By our assumption that 9 has T-height
at most h, we can write AB = T"1d, for some B € My(A}L. /p). We can and do
choose matrices ;{7 Be My(Ok, which respectively lift the images of A, B
under the homomorphism AL /p — Ok
of T! in Ok.,.../p is nonzero, we see that after possibly multiplying B by an
invertible matrix which is trivial mod p/T", we can and do assume that

cyc,s)

/p defined above. Since the image

cyc,s

AB = TMd,. (7.3.10)
We set
TrOM) == {(x1,...,24) € OF | (2%, ..., 28) = (21,...,24)A}.

Note that since x — 2P is not a ring homomorphism on O, this is just a set
with a Gk, ,-action, rather than an Op-module.
For any ¢ € [0, ep®), we write

T} o(M) = Homyy ), (M, (Or/p) /"),

where the Al -algebra structure on Op/p is that induced by the composite

A} /p 739 Ok./p — Or/p. (The use of ¢/p® rather than ¢ in the definition
of T} . comes from the definition of the homomorphism (7.3.9); see also (7.3.3).)
For any ¢’ > ¢ we write

Tz,c/,c(m) =Im (Tz,c’ (m) — Tz,r(m))a

where the morphism is induced by the natural map azc LN azc/ps.
Evaluating on the members of the basis eq, ..., eq of 91 yields an identifica-

tion
Ty (M) 5 {(z1,...,2a) € (O/p)/a; P )| (aF,...,2h) = (21,...,24) A}

(where A denotes the image of A in Md((OL/p)/azc/ps)), so that there is a
natural map 7Y (9) — Ty ().

The following lemma is the analogue of [CL11, Lem. 4.1.4] in our setting, and
the proof is essentially identical (and in fact simpler, since we are only working
modulo p).

7.3.11 Lemma. Assume that we are in the setting of Hypothesis 7.3.1. Then
the morphism Ty (9) — Ty (M) is injective, and has image Ty , ,(IM).

Proof. We begin with injectivity. Suppose that we have two distinct tuples (z1, . . .
and (y1, ..., ya) € T7 (M) whose images in T}/ , (M) coincide; then if we write z; :=

y; — ;, we have v(z;) > b/p® for each i. By (7.3.10), we have

(w1 +20)P — 2, ... (g + za)? —xg)é = (21,...,2q)T".

3 .'L'd)
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Writing (z; + 2:)P — ¥ = 2P + pzi(a?™" +...), we see that if 2 := min; v(z),
then we have eh/p® + z > min(pz, e + z). Since p® > h, we see that necessarily
e+ z > eh/p® + z. Hence it must be that eh/p® + z > pz, and thus that
eh/p*(p — 1) > z. (This final deduction is where we use our assumption that
the tuples (z1,...,zq) and (y1, . . ., ya) are distinct; this assumption ensures that
z < 00, so that it is legitimate to subtract if from the two sides of an inequality.)
However this contradicts our assumption that z > b/p®.

We now turn to determining the image. By definition, the morphism TZ (m) —
Ty , (M) factors through Ti/vpbyb(im); Choose some (T1,...,Zq) € T ,;,(M). Tt
suffices to construct (Zy,...,74) € T) (9M) with 7; lifting the Z; modulo a>*/?
by successive approximation.

Begin by choosing arbitrary lifts x; of Z; to Of.

We have Ts_hazb/ps - az(pbfeh)/ps - a;b/ps, so by our assumption that
(T, Ta) € Ty (M), we have

s—1

T*h(x}f, o ,xZ)E —(z1,...,2q) € (Tfhazb/ﬁ )d c (azb/ps)d’

s S

so in fact we have

- = >b'/p®
T, "(2,...,25)B — (v1,...,7q) € (aF /P )?
for some b > b. We will construct Cauchy sequences (zl(] )) € a%b /" whose

limits z; are such that taking z; := x; + z; gives the required lift.
To this end, we set 20— 0, and define

%

(z§j+1), . ,zc(in)) = T;h((azl + z%j))p, cooy(Ta + zc(lj))p)é —(z1,...,24q)-

To see that zi(jﬂ) € a%bl/ps, we write
(z§j+1), o zc(le)) = Ts_h((xl + z%j))p —al, (g + z((ij))p — wg)g
(T @b, .. aB)B — (21, .., 24)).
so we need only check that each (x; + zz(j))p — ol e T;La%b//ps. Since (z; +

zi(j))p -zt e (ngj), (zi(j))p), and ZZ(J) € a%bl/ps, this holds.
It remains to show that each (ZZ(J)) is Cauchy. Set e = min(e — eh/p®, ((p —

1)t/ —eh)/p®), so that in particular e > 0. It is enough to show that min; v(zi(jﬂ) -
zi(])) > miniv(2§J+l) - zi(j)) + ¢. To this end, we have

(2UHD L0 LG )y

=T (w1 + 20 = (o1 + 207 (@ 20)P — (wa+ 257 B,

so that it is enough to show that for each i, we have (xi—i—z(j))p —(a; +z§j71))p €

(00— 07Tz = (19— ez
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For each ¢, we write

ot 20— ot 200 = 30 (D) GO - O,

k=1

s0 it is enough to note that for 1 <k < p — 1 we have v((})) = e > eh/p* +¢,
while for k = p, we write

e R € M [(C ) L R C e L P

3

and note that since zgj) Z(J b S a—b /P

u%(p_l)b//ps, and we have (p — 1)b'/p® > eh/ps +e. O

, the second term here is contained in

The following corollary is the analogue of [CL11, Thm. 4.1.1] in our setting.

7.3.12 Corollary. Assume that we are in the setting of Hypothesis 7.3.1, and
let L be an algebraic extension of Kcycs inside K, so that G acts natu-
rally on TV(IM) by Corollary 7.3.6. Then the natural injection T}/ (M) C
T[z bb(im) is an isomorphism if and only if the action of Gp on TV (M) is
trwzal

Proof. By Lemma 7.3.11 (applied to each of L and K), the inclusion TLV’pb’b(fm) C

Tl\é b, ,(M) is an isomorphism if and only if the same is true of the inclusion

Ti/ (om) C T%(zm) Directly from the definition of these latter sets, we see that
Ty (M) = (IN“%(EDT))GL7 so this containment holds if and only if G, acts trivially
oo (T

Now Lemmas 7.3.2 and 7.3.5 show that TV (90) — T2 (9)?), and by its

K,pb,b
construction, the Gk, ,-action on TV(9N) arises, via this 1som0rphism, from

the Gk, ,-action on Tv o, , (D). The lemma follows. O

on JN“%(DJT), or equivalently, if and only if G, acts trivially on T

7.3.13 Corollary. Assume that we are in the setting of Hypothesis 7.3.1, and
let p denote the representation T(M)Y = TV(M) of Gk,,., given by Corol-
lary 7.3.6. Let L be an algebraic extension of Keye s inside K. If there exists an

—1
Ok.ye, . -algebra homomorphism Opxerp — O /a>b/p , then K’ CL.

Proof. Suppose that we have an Ok, .-algebra homomorphism 7 : Opiers —

cyc,s

Or/ a>?/P""" We claim that 1 induces an injective homomorphism

s—1

>b/p° -1 >b/p’
(’)?kerp/LkLrP — Op/a;

To begin with, let F//K.y. s be the maximal unramified subextension of

errp / Keye,s, and let kp denote its residue field (which is then also the residue

field of K kerp) If k1, denotes the residue field of L, then the morphism 7 induces
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an embedding kg < kr, which in turn lifts to an embedding W (kp) — O.
This embedding then induces an embedding
Or =0k QW (k) W(kr) = Op. (7.3.14)

cyc,s

In particular, we find that O, contains O, or, equivalently, that L contains F,
although the embedding (7.3.14) may not be the inclusion, but rather the com-
posite of this inclusion with an element of Gal(F/Kcyc ). If we regard O
(resp. Op) as a Op-algebra via the inclusion (resp. via the embedding (7.3.14)),
then we see (from the very construction of (7.3.14)) that n is a morphism of Op-
algebras.

Now, let 7 be a uniformizer of Opuerp, with image n(m) € (’)L/azb/ps 1; we
claim that 7(7) is non-zero, so that its valuation is well-defined, and that this

valuation is equal to that of . It follows immediately from this that the kernel

s—1
of i is generated by a%iéf . , as required. To verify the claim, let E; be the

(Eisenstein) minimal polynomial of 7 over Op. Then n(7) is a root of n(E,), and
the non-leading coefficients of n(F,) all have valuation at least v(Ts) = e/p®,
with equality holding for the constant coefficient. Since e/p® < eh/p® < (p —
1)b/p® < pb/p®, it follows that v(n(w)) = v(w).

We then have a composite of injections

T%kcrp’pb)b(m) g Ti/,pb,b(m) g Tv

?,pb,b(m)

(the second inclusion being induced by the natural map O — Ox). By Corol-
lary 7.3.12 the composite is an isomorphism (being an injection of isomorphic fi-
nite sets), so all of these inclusions are isomorphisms. Applying Corollary 7.3.12

) —k .
again, we conclude that K P C L, as required. O

Recall that for each finite extension L of Q, and each real number v, we have
the upper numbered ramification subgroups GY, as defined in [Ser79, Chapter

IV]; these are the groups denoted G(LUH) in [Fon85] (see [Fon85, Rem. 1.2]). We
can now prove our first bound on the ramification of T'(M), from which our
subsequent bounds will be deduced.

7.3.15 Corollary. Assume that we are in the setting of Hypothesis 7.3.1. If v >
pb—1, then G acts trivially on T'(M).

Proof. Let p denote T(M)V. Recall that for a real number m, the extension
.K'I“””’/K'CygS satisfies (P,,) if, for any subfield L of K containing Keye, s, the
existence of an O, -algebra homomorphism Ogkerr — OL/ aZ™/?" implies
that K*» C L. (This property was introduced by Fontaine, and is discussed
extensively in [Yos10], to which we refer the reader for further explanations and
references. Note that the denominator p® appears in a=™/?" because we always
compute valuations with respect to K, and Ky s is a totally ramified extension
of K of degree p®.)

Corollary 7.3.13 shows that inf{m | (P,,) holds for K**'? /K. ;} < pb. The
present corollary then follows from this, together with [Yos10, Thm. 1.1]. O
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We now return to the setting of a general K (i.e. we do not assume that K
is basic). Let A be a finite local Artinian O/w®-algebra for some a > 1, and
let M be a rank one projective étale p-module over Ak 4, which we assume
to be of (KPa¢ T)-height at most h in the sense of Definition 7.2.14; that is,
we regard M as a rank [K : KP%i¢] étale p-module M’ over A gvasic 4, and we
assume there is a projective p-module 9 over A;;basic’ 4 of T-height at most h
such that M’ = M[1/T).

We have the G Ké,yag;c—representation T4 (M'), which we may compute as

Ta(M') = (W(C") @a

M=t = (W(C) @p e M)*

K basic Fbasic

It follows that there is a Gk_,_-equivariant surjection

cyc

Ta(M') = (W(C")®a M)?=t = (W(C")@a, M)?~L = Ta(M). (7.3.16)

K basic

basi

e T4(M), and

G
In fact (2.7.4) shows that T (M') can be identified with IndGi

the morphism (7.3.16) then becomes the natural G_ -equivariant surjection.

cyc

7.3.17 Proposition. Suppose that A is an Artinian O /w®-algebra for some a >
1, and M is a rank 1 projective étale p-module over Ak 4 of (K¢ T)-height
at most h.

Then there is an open subgroup I®" of I;‘(";yc depending only on K,a and h

(and not on A or M) such that the action of I%" on Ta(M) is trivial.

Proof. We choose integers b, s, N satisfying the following conditions:
e b>eh/(p—1).

e N > pb/e is such that N > N(i,h) for each i € [1,a], where the N (i, h)
are as in Corollary 3.5.2, with K there being replaced by KP2sic,

e sis such that p*~! > b/e, and such that s > s(i, h, N) for each i € [1,d],
where the s(i, h, N) are as in Corollary 3.5.2, with K there being replaced
by Kbasic.

Note in particular that Hypothesis 7.3.1 holds, with K in the hypothesis re-
placed by KP2si¢. Note also that our assumptions imply that the hypothe-
ses of Corollary 3.5.2 hold (with the field K there taken to be KP*i¢) so
that the action of Ggpasc on Ta(M’) has a canonical extension to an action
of Gpasic. This canonical action on T4(M’) induces the canonical action on
@' Ta(M') = Ta(w'M’) for each i € [0,a], and hence on each of the quotients
@ Ty (M') J@' Ta(M') = T o (o' M’ Jw' M), for i € [1,a].

To ease notation, write M; := w'"!M/w'M, for 1 < i < a, and let M]
denote M; regarded as an étale p-module over A grasic 4/o- By Corollary 7.3.15,
if v is sufficiently large (depending only on K, a and h, and our subsequent
choices of b, N and s, and in particular not on A or M), then the canonical

action of G%E;*f‘g on each Ty, (M) is trivial. It follows that there is some m
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depending only on a (and the degree [K : KP%¢]) such that for any g € GYevasics
el
the action of gP" on T4 (M’) is trivial.
Y Keye o/ Kbasic (V)
It follows from the definitions that GY Knasic NGk.,.. = Kbycy&, g
where ¢g_ /Kbas)c is as in [Ser79, Chapter IV]), so if we take any w > VKeye. o/ K basic (v),
then (G¥_ S)p (={g"" |g € G¥.,...}: note that this is just a subset, not a
subgroup, of Gk, ,) acts trivially on T'a(M").

The product Gk, (G%Cyc,s)pm is a priori a subset of Gk, but we claim that
it is in fact an open subgroup of Gk, and thus (since it contains G, ) is equal
to G K, , for some s’ > s which depends only on s and m (and so ultimately
only on K a and h).

To prove the claim, we briefly recall the relationship between upper num-
bered ramification groups and the filtration of the unit group: If L is a finite
extension of Q,, then the Artin map identifies O with I ab and for each in-
teger w > 1, identifies the subgroup 1+ (mz)" of O with the image of GY
in G4 (see [Ser79, Chapter XV, §2, Thm. 2]). It then identifies the subgroup
(14 (mz)¥)?" with the image of (G%)P" in G4P. This former subgroup is an
open subgroup of OF, and so we find that for each v, the image of (Gz)pm in Igb
is open.

Now the extension Kcyc/Kcye,s is an infinitely ramified I' Keyew = Z,-extension,
and so the inertia group I(Kcyc/K) is finite index (equivalently, open) in I'g__ ..

Since I(Kcyo/K) is a quotient of I 2> the discussion of the preceding paragraph
then shows that the image of (G“’ ,5)p' in ', ., is also an open subgroup.
Since I'k is itself open in G, this implies the claim.

cyc,s

Since (7.3.16) is Gk, -equivariant, and since (G V.S)P " acts trivially on T4 (M'),
we see that the kernel of (7.3.16) is in fact G K., —1nvar1ant and thus that the
Gk.,.-action on T4 (M) extends to a Gk, actlon which is abelian (since the

Gk,,.-action is abelian, as T'a (M) has rank one over A, while (G%Cyc,s)pm acts

tr1v1ally).
Now another application of [Ser79, Chapter IV]) shows that G ves Gk =

cyc,s’

G“’/ for some w’ depending only on w, and our preceding dlscusswn of

ye,s’

abehan ramification theory shows that (Gw ‘,) " has open image in G5P

cca’

If we let I’ denote the preimage of this open 1mage (i.e.

I'=[Gk,. ., GKWC,S,](G;;’ L

cyc,s’

where the overline denotes closure in Gk ), then I" is an open subgroup of
Gk,,. which acts trivially on T4 (M). Thus I” == I'NG Koy also acts trivially
on Ta(M). Finally, we let I%" denote the image of I" in I#. (As the notation
indicates, I»" depends only on a, h, and K, but not on A or M, since this is
true of each of the groups I’ and I from which it is constructed.) O

The same argument allows us to prove the following variant of Proposi-
tion 7.3.17.
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7.3.18 Proposition. Suppose that A is an Artinian O /w®-algebra for some a >
1, and M is a rank 1 projective étale (p,I')-module over Ak 4. Assume further-
more that M has (K% T)-height at most h, and that s is some sufficiently
large integer with the property that the action of I gvasic gise = ' disc on M ex-
tends the canonical action of I' gvasic gisc given by Corollary 3.5.2. (In particular,
we are assuming that s has been chosen to be large enough that this canonical
action is defined.)

Then there is an open subgroup I}l(’h’s of I}? depending only on K, a,h and s
(and not on A or M) such that the action of It?™* on Ta(M) is trivial.

Proof. The proof is very similar to that of Proposition 7.3.17, and we content
ourselves with indicating the key modifications. The main difference between the
setting of that proposition and the present one is that, in our present setting, the
morphism (7.3.16) is a G g-equivariant morphism from a G guasic-representation
to a Gg-representation. Furthermore, by assumption, the G Kg;gjg—action on its
source is the canonical action.

We now follow the argument of Proposition 7.3.17, and find that, after pos-
sibly enlarging s in a manner depending only on a, h, and K, some ramification
group G acts trivially on T4(M') (the index w also depending only on a,
h, and s). In the present argument, there is no need to pass to an auxiliary
subgroup Gg_ _,, since the morphism (7.3.16) is in particular already a G,
equivariant morphism of G,  -representations; and the action of G on

cyc,s

cyc,s

T (M) is already abelian. The argument then proceeds in the same manner, to
produce an open subgroup I’ of the inertia subgroup of G, . (and thus of )
which acts trivially on T4(M). (And, by construction, the group I’ depends
only on a, h, and s, but not on A or M.) We then let I}lgh’s denote the image
of I' in I2P. O



Chapter 8

A geometric Breuil-Mézard
conjecture

In this chapter we explain a (for the most part conjectural) relationship between

the geometry of our potentially semistable and crystalline moduli stacks X TYS: AT

and X ;S’A’T, and the representation theory of GL, (k). Throughout the chapter
we fix a sufficiently large coeflicient field E with ring of integers O and residue
field F, and we largely omit it from our notation.

The starting point for this proposed relationship is the Breuil-Mézard con-
jecture [BM02], which is a conjectural formula for the Hilbert—Samuel multiplic-
ities of the special fibres of the lifting rings %rys’A’T and R%s A7 and which has
important applications to proving modularity lifting theorems via the Taylor—
Wiles method [Kis09a]. The conjecture was geometrized in [BM14] and [EG14],
by refining the conjectural formula for the Hilbert—Samuel multiplicity to a
conjectural/\formula for the underlying cycle of the special fibres of the lifting

CTYS,A, T

rings Rﬁ and R; =7 considered as (equidimensional) closed subschemes of

the special fibre of the universal lifting ring Rg. We refer to this generalization
as the “refined Breuil-Mézard conjecture”, and to the original conjecture (or
rather, its generalizations to GL,,) as the “numerical Breuil-Mézard conjecture”.

Our aim in this chapter, then, is to “globalize” the conjectures of [EG14]
by formulating versions of them for the stacks X ;rys’A’T and X ;rys7A’T; the con-
jectures of [EG14] can be recovered from these conjectures by passing to versal
rings at finite type points. (We caution the reader that there is another kind
of “globalization” that could be considered, namely realizing local Galois repre-
sentations as the restrictions to decomposition groups of global representations,
as used in the proofs of some of the results of [EG14] and [GK14]. Other than in
the proof of Theorem 8.6.1 below, we don’t consider this kind of globalization
in the present work.) This generalization, which we will call the “geometric
Breuil-Mézard conjecture”, seems to us to be the natural setting in which to
consider the Breuil-Mézard conjecture, and we will use our description of the
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irreducible components of X .q to deduce new results about both the refined
and numerical versions of the Breuil-Mézard conjecture.

8.1 The qualitative geometric Breuil-Mézard con-
jecture

If A is a regular Hodge type, and T is any inertial type, then by Theorems 4.8.12
and 4.8.14, the stacks X;rys’A’T and X;SAT are finite type p-adic formal alge-

braic stacks over O, which are O-flat and equidimensional of dimension 1+ [K :
—SCrys,\, 7 —5S8,\, T

Q,ld(d —1)/2. It follows that their special fibres X, and X are alge-

braic stacks over F which are equidimensional of dlmension (K : Qpld(d—1)/2.
—5Crys,A, T —58S,\, T

Since X;TYS’A’T and X;S’A’T are closed substacks of Xy, X, and X’

are closed substacks of the special fibre X4, and their irreducible components
(with the induced reduced substack structure) are therefore closed substacks
of the algebraic stack X4 eq (see [Sta, Tag 0DR4] for the theory of irreducible
components of algebraic stacks and their multiplicities). Since X4 eq is equidi-
mensional of dimension [K : Q,ld(d — 1)/2 by Theorem 6.5.1, it follows that

S5CTYS,A,T

55, . .
the irreducible components of X and X" are irreducible components

of X dred, and are therefore of the form ?ﬁred for some Serre weight k (again
by Theorem 6.5.1).

For each k, we write uk(XZ ved ") and uk()(b ") for the multiplicity of Xd red
as a component of Xy’ = AT and x)s AT We write Zergarn = Z(X5707 A b
and Zss yr = Z(Xj; 2 T) for the corresponding cycles, i.e. for the formal sums
Zerysar = Z,Uk AT Xs, (8.1.1)
Zosan Z“k AT X (8.1.2)

which we regard as elements of the ﬁmtely generated free abelian group Z[Xg ved]

whose generators are the irreducible components Ts.

Now fix some representation p : Gx — GL4(F), corresponding to a point
x : SpecF — X;. (More generally, we could consider representations valued
in GL4(F’) for some finite extension F'/F, but in keeping with our attempt
to keep the notation in this chapter as uncluttered as possible by omitting O,
it is convenient to suppose that F has been chosen sufficiently large.) For
each regular Hodge type A and inertial type 7, we have effective versal mor-
phisms Spec R~ R AT and Spec R%S’A’T/w AT (see Corol-
lary 4.8.13), as well as a (non-effective; see Remark 6.5.3) versal morphism
Spf R%' — Xy (see Proposition 3.6.3).

For each k, we may consider the fibre product Spf RE’ X x, XdE. This is a
priori a closed formal subscheme of Spf RD but since RD is a complete local
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ring, it may equally well be regarded as a closed subscheme of Spec R%’ (see
Lemma A.3).

8.1.3 Lemma. The fibre product Spf R%' X x, Xdﬁ, when we regard it as a closed
subscheme of SpeCR , is equidimensional of dimension d*+ K : Qpld(d—1)/2.

Proof. As in the proof of Theorem 6.5.1, we may find a regular Hodge type A

A
such that X% . is an irreducible component of (X 7" eq. Thus Spf RﬁD X xy Xdﬁ
is versal to a union of irreducible components of the spectrum of the versal

ring (RiryS /\/w)red to (Xcrys’é)
branches of X% . passing through z, in the terminology of [Sta, Tag 0DRA]) and

red (those that correspond to the various formal

A A .
hence is of the stated dimension, since R2*%/w, and so also (R /w)red; is
equidimensional of this dimension. O

We let Cx(p) denote the d* + [K : Qpld(d — 1)/2-dimensional cycle in
Spec R%'/w underlying the fibre product of Lemma 8.1.3.

The following theorem gives a qualitative version of the refined Breuil—
Mézard conjecture [EG14, Conj. 4.2.1]. While its statement is purely local,
we do not know how to prove it without making use of the stack X;.

8.1.4 Theorem. Let p: Gx — GL4(F) be a continuous representation. Then
there are finitely many cycles of dimension d*+[K : Q,)d(d—1)/2 in Spec R%'/w
such that for any reqular Hodge type A and any inertial type T, each of the special
fibres Spec Rcrys 2 " /@ and Spec RiS 2 " |w is set-theoretically supported on some
union of these cycles.

—5Crys,A, T

Proof. We have Spf RZ>% AT /o = Spf R%] Xx, X 7 and Spf R%S’A’T/w =

Spf R%’ X x, XA It follows from (8.1.1) and (8.1.2), together with the
definition of Cy(p), that we may write the underlying cycles as

Z(Spec RS [ Zﬂk TV Cu(B), (8.1.5)
Z(SpecR%s’A’T/w Z,uk SS)\T ) - Cr(P)- (8.1.6)

(Note that by [Sta, Tag 0DRD], the multiplicities do not change when passing
to versal rings.) The theorem follows immediately (taking our finite set of cycles
to be the Ci(p)). O

We can regard this theorem as isolating the “refined” part of [EG14, Conj.
4.2.1]; that is, we have taken the original numerical Breuil-Mézard conjecture,
formulated a geometric refinement of it, and then removed the numerical part
of the conjecture. The numerical part of the conjecture (in the optic of this

—erys A, A
chapter) consists of relating the multiplicities (X5 =) and (20 77) to

the representation theory of GL, (k), as we recall in the next section.
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8.2 Semistable and crystalline inertial types

We now briefly recall the “inertial local Langlands correspondence” for GLjg.
Let rec, denote the local Langlands correspondence for Qp—representations of
GL4(K), normalized as in [CEG™ 16, §1.8]; this is a bijection between the isomor-
phism classes of irreducible smooth Qp—representations of GL4(K) and the iso-
morphism classes of d-dimensional semisimple Weil-Deligne Qp—representations
of the Weil group Wy . We have the following result, which is essentially due to
Schneider—Zink [SZ99].

8.2.1 Theorem. Let 7 : Ix — GLq(Q,) be an inertial type. Then there
are finite-dimensional smooth irreducible Q,,-representations c*(1) and o%(7)
of GL4(Ok) with the properties that if w is an irreducible smooth Qp-representation
of GLq(K), then the Q,-vector space Homgr,, (o) (0Y*(T), 7) (resp. the Q,-
vector space Homgr,,(0,)(0%(7), ™)) has dimension at most 1, and is nonzero
precisely if recy(m)|r, = 7, and N = 0 on recp(m) (resp. if recy(m)|r, = T,
and T is generic).

Proof. See [CEG*16, Thm. 3.7] for 6°¥5(7), and [Shol8, Thm. 3.7] together
with [Pyv20, Thm. 2.1, Lem. 2.2] for ¢%(7). -

Note that we do not claim that the representations o®¥*(7) and o*(7) are
unique; the possible non-uniqueness of these representations is of no importance
for us.

For each regular Hodge type A we let L) be the corresponding representation
of GL4(Ok), defined as follows: For each o : K — Qp, we write {5; = A\p s —(d—
i), so that £,1 > -+ > &, 4. We view each & := (€51, ..,&5,4) as a dominant
weight of the algebraic group GLg (with respect to the upper triangular Borel
subgroup), and we write M, for the algebraic Og-representation of GL4(Ok)
of highest weight £,. Then we define Ly := ®,M¢, R0y ,o O.

For each 7 we let o®¥V*°(7), 0°°(7) denote choices of GL4(Ok)-stable O-
lattices in o¥5(7), 0 () respectively (the precise choices being unimportant).
Then we write 7Y*(\, 7), (resp. 7°°(\, 7)) for the semisimplification of the F-
representation of GLg (k) given by Ly ®0c®%°(T)Q@0F (resp. Ly®oo*°(T)Q0
F). For each Serre weight k, we write Fj, for the corresponding irreducible F-
representation of GL4(k) (see for example the appendix to [Her09]). Then there
are unique integers n) ~° (X, 7) and n5*(\, 7) such that

EcryS(A’ T) ~ EBEF:BHZS()\,T)’

TN T) 2 @ F Tk ).

Our geometric Breuil-Mézard conjecture is as follows.

8.2.2 Conjecture. There are cycles Zj with the property that for each regular
Hodge type A and each inertial type T, we have Zerys x 7 = Zﬁnzys()\, T) - Zy,
Zssar = 2o Me (A T) - L.
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For some motivation for the conjecture (coming from the Taylor—Wiles patch-
ing method), see for example [EG14, Thm. 5.5.2]. Some evidence for the con-
jecture is given in the following sections.

The expressions (8.1.1) and (8.1.2) describe Zeyys a,» and Zgg » , as linear

’

o . . . —k
combinations of (the cycles underlying) the irreducible components X', , and
thus each cycle Z; (assuming that such cycles exist) will itself be a linear com-

. . . k' . .
bination of the various A'; . We expect that the cycles Z are effective, i.e. that

each of them is a linear combination of the T% with non-negative (integer)
coefficients. Note that the finitely many (conjectural) cycles Z; are completely
determined by the infinitely many equations in Conjecture 8.2.2 (see [EG14,
Lem. 4.1.1, Rem. 4.1.7(1)]).

While the original motivation for Conjecture 8.2.2 was to understand poten-
tially semistable deformation rings in terms of the representation theory of GLy,
it can also be thought of as giving a geometric interpretation of the multiplici-
ties ny Y7 (A, 7).

8.3 The relationship between the numerical, re-
fined and geometric Breuil-Mézard conjec-
tures

We now explain the relationship between Conjecture 8.2.2 and the conjectures
of [EG14]. Suppose firstly that Conjecture 8.2.2 holds, and fix some p: Gg —
GL4(F) corresponding to a point x : SpecF — X;. For each k, we set

Zy,(p) = Spf RS x x, Zg,

which we regard as a d? + [K : Q,]d(d — 1)/2-dimensional cycle in Spec Rg/w.
(As noted above, the Z; will be linear combinations of the cycles underlying the

various Tﬁ , and so the the Z (p) will be linear combinations of the various cycles
Cy (p); thus Lemma 8.1.3 shows that they are indeed d? + [K : Qpld(d — 1)/2-
dimensional cycles.)

8.3.1 Remark. Equivalently, we can define Zy(p) to be the image of Z under
the natural map from Z[X; req] to the group Zg (k.q,)d(a—1)/2(Spec R'ﬁ]/w) of
d*+[K : Qpld(d—1)/2-dimensional cycles in Spec R%' /@ which is defined as fol-
lows: We let R%lg be the quotient of R%] /w which is a versal ring to Xy req at z,
so that by [Sta, Tag 0DRB,Tag 0DRD] we have a multiplicity-preserving surjec-
tion from the set of irreducible components of Spec R%lg to the set of irreducible
components of Xj;,.q containing x; we then send any irreducible component
of Xgreq NOt containing = to zero, and send each irreducible component con-
taining = to the sum of the corresponding irreducible components of Spec R%lg
in its preimage.
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Exactly as in the proof of Theorem 8.1.4, it follows that for each regular
type A and inertial type 7, we have

Z(Spec RS¥™27 [m) = " n{ (A, 7) - Zi(7), (8.3.2)
k

Z(Spec X7 Jw) =Y 0 (A7) - Zu(p). (8.3.3)
k

The first of these statements is [EG14, Conj. 4.2.1] (with the cycles C, there
being our cycles Zi(p)), and the second is the corresponding statement for
potentially semistable lifting rings.

We now relate this conjecture to the numerical version of the Breuil-Mézard
conjecture. We have a homomorphism Zg:[k.q,]dd—1)/2(Spec R'ﬁj/w) — Z
defined by sending each cycle to its Hilbert—Samuel multiplicity in the sense
of [EG14, §2.1]. Let py(p) denote the Hilbert—Samuel multiplicity of the cycle
Zk(p), and write e(Spec RS A7 /), e(Spec R%S’A’T/w) for the Hilbert—Samuel
multiplicities of the mdlcated rings. Then it follows from (8.3.2) and (8.3.3)
that we have

e(Spec R%rys”\T chrys A7)k (D), (8.3.4)
e(SpecR%s’A’T/w Zn (A, 7)) (D). (8.3.5)

Then (8.3.4) is [EG14, Conj. 4.1.6], and (8.5.0) is the corresponding semistable
version.

Suppose now that for each p: Gx — GL4(F), all regular Hodge types A and
all inertial types 7 we have (8.3.4) and (8.3.5) for some integers p(5), but do not
assume Conjecture 8.2.2 (so in particular we do not presuppose any geometric
interpretation for the integers px(p)).

. = . . . . Sk
For each k we choose a point zj : Spec F — X ;.4 which is contained in X™

—k
and not in any X~ for ¥’ # k. We furthermore demand that x), is a smooth
point of Td7red. (Since ?dyred is reduced and of finite type over F, there is a

. -k - e .
dense set of points of A satisfying these conditions.) Write p, : Gx — GLq4(F)
for the representation corresponding to X}, and set

— k'
Zy, = Zﬂ&(pkl) o (8.3.6)
1%

Then for each regular Hodge type A and inertial type 7, it follows from (8.3.4)
that

r b Crys,\, T =k
any (A7) - Zk—Ze( p;')‘ Jw)- X
—Z/ik ‘crys)\f -YE

= Zcrys,\, 7>
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. . - . . . =k

where we used that zj is a smooth point of X4 .q and is only contained in X™
—5CIYS, A, rys

to conclude that u(X5"""") = e(R%kys’A’T

S (A, T) - Zg, and we conclude that the geometric Breuil-Mézard conjecture

/o). Similarly we have Zg ), =

(Conjecture 8.2.2) is equivalent to the numerical conjecture.

8.3.7 Remark. The argument that we just made shows that the geometric con-
jecture follows from knowing the numerical conjecture for sufficiently generic p
(indeed, it is enough to check it for a single sufficiently generic p for each ir-
reducible component of Xy eq), while in turn the geometric conjecture implies
the numerical conjecture for all p.

8.4 The weight part of Serre’s conjecture

We now briefly explain the relationship between Conjecture 8.2.2 and the weight
part of Serre’s conjecture. For more details, see [GHS18] (particularly Section 6).
We expect that the cycles Z; will be effective, in the sense that they are

combinations of the X f with non-negative coefficients. This expectation is borne
out in all known examples (see the following sections), and in any case would be
a consequence of standard conjectures about the Taylor—-Wiles method. Indeed,
the local cycles Zi(p) of Section 8.3 are conjecturally the supports of certain
“patched modules”, and in particular are effective; see [EG14, Thm. 5.5.2]. The
effectivity of the Zj(p) would immediately imply the effectivity of the Zj.

The “weight part of Serre’s conjecture” is perhaps more of a conjectural con-
jecture than an actual conjecture: it should assign to each p : Gx — GL4(F)
a set W(p) of Serre weights, with the property that if p is the restriction to a
decomposition group of a suitable global representation (for example, an irre-
ducible representation coming from an automorphic form on a unitary group),
then k € W (p) if and only if k is a weight for the global representation (for
example, in the sense that the global representation corresponds to some mod p
cohomology class for a coefficient system corresponding to F}).

Many conjectural definitions of the sets W () have been proposed. Follow-
ing [GK14], one definition is to assume the Breuil-Mézard conjecture, for exam-
ple in the form (8.3.2), and define W (p) to be the set of k for which ux(p) > 0.
While this is less explicit than other definitions, it has the merit that it would
follow from standard conjectures about modularity lifting theorems that it gives
the correct set of weights; see [GHS18, §3, 4].

Assume Conjecture 8.2.2, and assume that the cycles Zj, are effective. As
explained in Section 8.3, it follows that the numerical Breuil-Mézard holds for
every p, with pi(p) being the Hilbert—Samuel multiplicity of the cycle Zx(p),
which (since Zj(p) is effective) is positive if and only if Zy(p) is nonzero, i.e.
if and only if Z;, is supported at p. Thus we can rephrase the Breuil-Mézard
version of the weight part of Serre’s conjecture as saying that W (p) is the set
of k such that Z is supported at p.

Alternatively, we can rephrase this conjecture in the following way: to each
irreducible component of X .4, we assign the set of weights k with the property



208 CHAPTER 8. A GEOMETRIC BREUIL-MEZARD CONJECTURE

that Zj, is supported on this component. Then W (p) is simply the union of the
sets of weights for the irreducible components of Xy ,.q which contain p. As
we explain in Section 8.6, if d = 2 then this description agrees with the other
definitions of W (p) in the literature, and therefore gives a geometrization of the
weight part of Serre’s conjecture.

8.5 The case of GL,(Q,)

The numerical Breuil-Mézard conjecture for K = Q, and d = 2 is completely
known, thanks in large part to Kisin’s paper [Kis09a] (which gave a proof in
many cases by a mixture of local and global techniques), and Pasktinas’ pa-
per [Pasl5] which reproved these results by purely local means (the p-adic local
Langlands correspondence), relaxed the hypotheses on p, and also proved the
refined version of the correspondence. The remaining cases not handled by these
papers are proved in the papers [HT15, San14, Tunl18], culminating in the proof
of the final cases for p = 2 by Tung in [Tun21].

Consequently, by the discussion of Section 8.3, Conjecture 8.2.2 holds for K =
Q, and d = 2. It follows easily from the explicit description of p(p) in the
papers cited above (or alternatively from the description for GL2(K) in Sec-
tion 8.6 below) that Zy = Xf unless k = (a+p—1, a) for some a, in which case

a+ 71,71 a,a
Z(aerfl,a) = XQ( b ) + XQ( )

8.6 GLy(K): potentially Barsotti—Tate types

In this section we assume that p is odd, and explain some consequences of the
results of [GK14] (which proved the numerical Breuil-Mézard conjecture for
2-dimensional potentially Barsotti-Tate representations) and [CEGS19] (which
studied moduli stacks of rank 2 Breuil-Kisin modules with tame descent data).
We will take advantage of Remark 8.3.7.

We begin with the following slight extension of one of the main results
of [GK14]. Let BT denote the minimal regular Hodge type, i.e. we have BT, ; =

1,BT,,=0forall o: K< Q,.

8.6.1 Theorem. Let K/Q, be a finite extension with p > 2, and let p: Gx —
GLQ(QP) be arbitrary. Then the numerical Breuil-Mézard conjecture holds for
potentially crystalline and potentially semistable lifts of p of Hodge type BT and
arbitrary inertial type 7.

More precisely, there are unique non-negative integers puy(p) such that (8.3.4)

and (8.3.5) both hold for A = BT and 7 arbitrary.

Proof. If we remove the potentially semistable case and consider only poten-
tially crystalline representations, the theorem is [GK14, Thm. A}, which is
proved as [GK14, Cor. 4.5.6]. We now briefly explain how to modify the proofs
in [GK14] to prove the more general result; as writing out a full argument would
be a lengthy exercise, and the arguments are completely unrelated to those of
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this book, we only explain the key points. Examining the proof of [GK14, Cor.
4.5.6], we see that we just need to verify that the assertion of the first sentence
of the proof of [GK14, Thm. 4.5.5] holds in this setting, i.e. that the equivalent
conditions of [GK14, Lem. 4.3.9] hold. Exactly as in the proof of [GK14, Cor.
4.4.3], it is enough to show that every irreducible component of a product of
local deformation rings is witnessed by an automorphic representation.

By the usual Khare-Wintenberger argument, it suffices to prove this after
making a solvable base change, and in particular we can suppose that all of the
residual local Galois representations are trivial, the mod p cyclotomic character
is trivial, the trivial mod p representation admits a non-ordinary crystalline lift,
and the inertial types are all trivial. Now, any non-crystalline semistable rep-
resentation of Hodge type BT is necessarily ordinary (indeed, it follows from a
direct computation of the possible weakly admissible modules that all such rep-
resentations are unramified twists of an extension of the inverse of the cyclotomic
character by the trivial character), and by results of Kisin and Gee (see [Snol8,
Prop. 4.3.1], [Kis09b, Cor. 2.5.16], and [Gee06, Prop. 2.3]), as p > 2 and p is
trivial, the semistable ordinary deformation ring in question is a domain, as
are the crystalline ordinary deformation ring, and the crystalline non-ordinary
deformation ring (all in Hodge type BT). It therefore suffices to show that in
the situation of the proof of [GK14, Cor. 4.4.3], given any decomposition of the
set S of places of F; lying over p as S [ | Serys-ord | | Snon-ord, We can arrange to
have a congruence to an automorphic representation 7/, having the properties
that 7 is unramified at the places lying over a place in Scrys-ord | [ Snon-ord, is
an unramified twist of the Steinberg representation at the places lying over a
place in S, and is furthermore ordinary (resp. not ordinary) at the places lying
over a place in Sgrys-ord (resp. Snon-ord)-

The existence of such a representation if Sgg = S follows from the construc-
tion of the global representation 7 used in the proof of numerical Breuil-Mézard
conjecture in [GK14]; more precisely, it follows from [Sno09, Prop. 8.2.1], which
is applied in the proof of [GK14, Thm. A.2] (with the type function in the sense
of [Sno09] being C' at all places above p). Thus, to establish the general case,
it suffices to establish the existence of suitable “level lowering” congruences.
This is easily done by switching to a group which is ramified at the places lying
over Sgs, and then making congruences to automorphic representations which
are either unramified and ordinary (in the case of places lying over Scrys-ord) OF
have cuspidal type (in the case of places lying over Spon.ora), and then applying
the Khare-Wintenberger argument again at the places lying over Syon-ord- (See
e.g. [Kis09b, Lem. 3.5.3] for a similar argument for places away from p.) O

We say that a Serre weight k for GLy is Steinberg if for each & we have
k1 — ks2 =p— 1. If k is Steinberg then we define k by k51 = k52 = k& 2.

8.6.2 Theorem. Continue to assume that d = 2 and p > 2. Then Conjec-
ture 8.2.2 holds for A = BT and 7 arbitrary, with the cycles Zj being as follows:

if k is not Steinberg, then Z = XQE, while if k is Steinberg, Z), = XQE + XQE.
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Proof. We use the notation of Section 8.3. By Theorem 8.6.1 and the discussion
of Section 8.3, we need only show that the cycles Z; in the statement of the
theorem are those determined by (8.3.6). Suppose firstly that k is not Steinberg.
Then by [CEGS19, Thm. 5.2.2 (2)], X2 has a dense set of finite type points with
the property that their only non-Steinberg Serre weight is k. It follows from
this and [CEGS19, Thm. 5.2.2 (3)] that if neither k nor k&’ is Steinberg, then
i (Prer) = g x- By construction, if k" is Steinberg, then p,, is a twist of a tres
ramifiée extension of the trivial character by the mod p cyclotomic character.
By [CEGS19, Lem. B.5], this implies that ug(p,) = 0. The cycles Zj are
therefore as claimed if k is non-Steinberg. -

It remains to determine the values of ug(p, ) in the case that k is Stein-
berg. By twisting, we can and do assume that kg o = 0 for all 7. If we apply
Theorem 8.6.1 with 7 being the trivial type, and recall that Lyt is the trivial
representation and that ¢ (7) is the Steinberg type, the reduction of which is
precisely the representation Fj, we find that

ZewBrr = k. (8.6.3)

Thus 15 (py) # 0 if and only if p, admits a semistable lift of Hodge type BT.
If this lift is in fact crystalline, then p;, has k as a Serre weight, so by another

application of [CEGS19, Thm. 5.2.2 (2)], we see that either £’ = k or else that
k" is also Steinberg. In the former case, p;, is (by Remark 5.5.16) an unramified
twist of an extension of inverse of the mod p cyclotomic character by a non-
trivial unramified character, so it does not admit a semistable non-crystalline
lift of Hodge type BT (as all such lifts are unramified twists of an extension
of the inverse of the cyclotomic character by the trivial character); so we have
e (py) = ng(pp) = 1.

Finally, we are left with the task of computing p4(p,/) when both k and k&’
are Steinberg. Recall that by twisting, we are assuming that k5 > = 0 for all 7.
The weight k&’ is then a twist of k. We have to show that in this case we again
have g (pyr) = i x- To see this, first note that since py, is tres ramifiée, it does
not admit a crystalline lift of Hodge type BT, so all of its semistable lifts of
Hodge type BT are given by unramified twists of extensions of the inverse of
the cyclotomic character by the trivial character. Furthermore, the reduction
of any lattice in such an extension is an unramified twists of an extension of the
inverse of the mod w cyclotomic character by the trivial character, and hence
cannot equal p,, unless k' equals k (rather than being a non-trivial twist of it).
If we take into account (8.6.3), we find that indeed ug(p,/) =0 when k' # k.

Finally, any lift of p, which is an unramified twist of an extension of the
inverse of the cyclotomic character by the trivial character is automatically
semistable of Hodge type BT, so that R%Sk’ﬂ’T is precisely the ordinary (framed)
deformation ring parameterizing such lifts of p,. A standard Galois cohomology
calculation (that we leave to the reader) shows that this ring is formally smooth,
and thus that R%ZQ’T /@ is also formally smooth. It follows that uy(py) = 1,
as claimed. O
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The following lemma makes precise which Galois representations occur on
Steinberg components. Note that the twist in the statement of the lemma is
determined by the values of kg ».

8.6.4 Lemma. If k is Steinberg, then the Fp—points of XQE are twists of an ez-
tension of the inverse of the mod p cyclotomic character by the trivial character.

Proof. Twisting, we may assume that k, o = 0 for all 3. Let 5 : Gx — GLo(F)
correspond to a closed point of XQE. We claim that p is an unramified twist

of an extension of € by 1. To see this, let RﬁBT’St denote the Z,-flat quotient

of &El’ss determined by the irreducible components of the generic fibre which
BT,crys
are not components of Rﬁ .

It follows from Theorem 8.6.2 that the cycle of Spec R?l’St /w is nonzero,
so that in particular p must admit a semistable non-crystalline lift of Hodge
type BT. As in the proof of Theorem 8.6.1, any such representation is an
unramified twist of an extension of e~! by the trivial character, so we are done.
(We could presumably also phrase this argument on the level of the crystalline
and semistable moduli stacks, but have chosen to present it in the more familiar

setting of deformation rings.) O

8.6.5 Remark. The paper [CEGS19] constructs and studies moduli stacks of
two-dimensional representations of G,  (for a fixed choice of 7”) which are
tamely potentially of height at most 1. Since restriction from Barsotti-Tate
representations of G to representations of Gk ,  of height at most 1 is an
equivalence (by the results of [KKis09b]), these stacks can be interpreted as stacks
of Gk-representations (and indeed are interpreted as such in [CEGS19]). It is
presumably straightforward (using that all the stacks under consideration are of
finite type, and are Z,-flat and reduced, in order to reduce to a comparison of
points over finite extensions of Z,) to identify them with the stacks considered
in this book (for A = BT and 7 a tame inertial type). (We were able to apply the
results of [CEGS19] in the proof of Theorem 8.6.2 without doing this because
we only needed to use them on the level of versal rings, which are given by
universal Galois lifting rings for both our stacks and those of [CEGS19].) It may
well be the case that the stacks of Kisin modules considered in [CEGS19] can
be identified with certain of the moduli stacks of Breuil-Kisin—Fargues modules
that we defined in Section 4.5. Since we do not need to know this, we leave it
as an exercise for the interested reader.

8.6.6 A lower bound

The patching arguments of [GK14] easily imply a general inequality, as we now
record.

8.6.7 Proposition. Assume that p > 2. Let d = 2, and let the Z, be as
in the statement of Theorem 8.6.2. Then for each regular Hodge type A and
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each inertial type T, we have Zerysrr > Zk CryS()\,T) - Zi, and Zgs - >
ZEnE (A7) Zg.

8.6.8 Remark. The meaning of the inequalities in the statement of Proposi-
tion 8.6.7 is the obvious one: each side is a linear combination of irreducible
components, and the assertion is that for each irreducible component, the mul-
tiplicity on the left hand side is at least the multiplicity on the right hand side.

Proof of Proposition 8.6.7. As in Section 8.3, it is enough to show that for
each p, we have

(Spec Rcrys,)\ﬂ'/w > chrys )\ T ,U/k p)

6(SpecR%s’A’T/w Zn (A, )k (p),

where the pg(p) are the uniquely determined integers from [GK14]. (In fact,
it is enough to show these inequalities when p = p;, for some k, but assuming
this does not simplify our arguments.) Since [GK14] considers only potentially
crystalline representations, we only give the proof for R%ry s’A’T; the proof in the
potentially semistable case is essentially identical, and we leave it to the reader.

We now examine the proof of [GK14, Thm. 4.5.5], setting 7 there to be
our p. As we’ve done throughout this book, we write k rather than o for Serre
weights. If we ignore the assumption that every potentially crystalline lift of
Hodge type A and inertial type 7 is potentially diagonalizable, then we do not
know that the equivalent conditions of [GK14, Lem. 4.3.9] hold, but examining
the proof of [GK14, Lem. 4.3.9], we do know that the statement of part (4) of
loc. cit. can be replaced with an inequality (with equality holding if and only
if M is a faithful R-module).

Returning to the proof of [GK14, Thm. 4.5.5], we note that the definition
of pk(p) is such that the quantity y;  (7) is simply the product of the corre-
sponding pi(p). In particular, if we take Ay = A and 7, = 7 for each v, then
(bearing in mind the discussion of the previous paragraph), the main displayed
equality becomes an inequality

e(Spec R%rys’)‘T chrys (A, 7)px(p) ,

where there are N places of F'T lying over p. Since each side is non-negative,
the result follows. O

8.6.9 Remark. The argument used to prove Proposition 8.6.7 is well known
to the experts, and goes back to [Kis09a, Lem. 2.2.11]. Despite the relatively
formal nature of the argument, it does not seem to be easy to prove an analogous
statement for GLy with d > 2; the difficulty is in the step where we used [GK14,



8.7. BRIEF REMARKS ON GLg4, d > 2 213

Thm. 4.5.5] to replace a global multiplicity with a product of local multiplicities.
Without this argument (which crucially relies on the modularity lifting theorems
of [Kis09b]) one only obtains inequalities involving cycles in products of copies
of Xd.

8.7 Brief remarks on GLg, d > 2

We expect the situation for GLg4, d > 2, to be considerably more complicated
than that for GL,. Experience to date suggests that the weight part of Serre’s
conjecture in high dimension is consistently more complicated than is antici-
pated, and so it seems unwise to engage in much speculation. In particular, the
results of [LHLM20] show that even for generic weights k, we should not expect
the cycles Zj, to have as simple a form as those for GLs.

In the light of Lemma 5.5.4, it seems reasonable to expect X’ dﬁ to contribute
to Zy, and it also seems reasonable to expect contributions from the “shifted”
weights, as in Definition 5.5.2 (see also [GHS18, §7.4]). The comparative weak-
ness of the automorphy lifting theorems available to us in dimension greater
than 2 prevents us from saying much more than this, although we refer the
reader to [GHS18, §§3,4,6] for a discussion of the conjectural general relation-
ship between the numerical Breuil-Mézard conjecture, the weight part of Serre’s
conjecture, automorphy lifting theorems, and the stacks A;.
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Appendix A

Formal algebraic stacks

The theory of formal algebraic stacks is developed in [Eme]. In this appendix we
briefly summarise the parts of this theory that are used in the body of the book,
and also introduce some additional terminology and establish some additional
results which we will require.

Algebraic stacks

We follow the terminology of [Sta]; in particular, we write “algebraic stack”
rather than “Artin stack”. More precisely, an algebraic stack is a stack in
groupoids in the fppf topology, whose diagonal is representable by algebraic
spaces, which admits a smooth surjection from a scheme. See [Sta, Tag 026N]
for a discussion of how this definition relates to others in the literature. If .S is
a scheme, then by “a stack over S” we mean a stack fibred in groupoids over
the big fppf site of S.

We say that a morphism X — ) of stacks over S is representable by algebraic
stacks if for any morphism of stacks Z — ) whose source is an algebraic stack,
the fibre product X xy Z is again an algebraic stack. (In the Stacks Project, the
terminology algebraic is used instead [Sta, Tag 06CF].) Note that a morphism
from a sheaf to a stack is representable by algebraic stacks if and only if it
is representable by algebraic spaces (this is easily verified, or see e.g. [Eme,
Lem. 3.5]).

Following [Sta, Tag 03YK, Tag 04XB], we can define properties of morphisms
representable by algebraic stacks in the following way.

A.1 Definition. If P is a property of morphisms of algebraic stacks which is
fopf local on the target, and preserved by arbitrary base-change, then we say
that a morphism f : X — ) of stacks which is representable by algebraic stacks
has property P if and only if for every algebraic stack Z and morphism Z — ),
the base-changed morphism of algebraic stacks Z xy X — Z has property P.

When applying Definition A.1, it suffices to consider the case when Z is
actually a scheme, or even an affine scheme.
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Some properties P to which we can apply Definition A.1 are being locally
of finite type, locally of finite presentation, and smooth. The following lemma
provides alternative descriptions of the latter two properties.

A.2 Lemma. Let f : X — Y be a morphism of stacks which is representable
by algebraic stacks.

1. The morphism f is locally of finite presentation if and only if it is limit
preserving on objects, in the sense of [Sta, Tag 06CT].

2. The morphism f is smooth if and only if it is locally of finite presentation
and formally smooth, in the sense that it satisfies the usual infinitesimal
lifting property: for every affine Y-scheme T, and every closed subscheme
To — T defined by a nilpotent ideal sheaf, the functor Homy (T, X) —
Homy (Ty, X) is essentially surjective.

Proof. We first recall that a morphism of algebraic stacks is locally of finite
presentation if and only if it is limit preserving on objects [EG21, Lem. 2.3.16].

Suppose now that f is locally of finite presentation, that 7' is an affine
scheme, written as a projective limit of affine schemes T —— @1 T;, and suppose
given a commutative diagram

T——1T,

|

X —=Y

for some value of . We must show that we can factor the left-hand vertical
arrow through T}, for some i’ > 4, so that the evident resulting diagram again
commutes. The original diagram induces a morphism 7' — T} xy X', and obtain-
ing a factorization of the desired type amounts to obtaining a factorization of
this latter morphism through some 7;/. In other words, we must show that the
morphism 7T; xy X — T; is limit preserving on objects. But this is a morphism
of algebraic stacks which is locally of finite presentation, and so it is indeed limit
preserving on objects.

Conversely, suppose that f is limit preserving on objects. We must show
that for any morphism 7" — ), the base-changed morphism T xy X — T is
locally of finite presentation. However, this base-change is again limit preserving
on objects [Sta, Tag 06CV], and since it is a morphism of algebraic stacks, it is
indeed locally of finite presentation.

We now turn to (2). By Definition A.1 and [Ryd11, Cor. B.9] (that is, by
the result at hand in the case that ) is itself an algebraic stack), it is enough
to show that f satisfies the infinitesimal lifting property if and only if the base
changed morphism Z xy X — Z satisfies the infinitesimal lifting property for
all morphisms Z — Y whose source is a scheme.

Assume first that f satisfies the infinitesimal lifting property, and let Ty — T'
be a nilpotent closed immersion whose target is an affine Z-scheme. Given
a morphism Ty — Z xy &, the infinitesimal lifting property lets us lift the
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composite Ty = Z xy X — X to a morphism 7" — &', and since we also have a
morphism 7' — Z, we obtain the required morphism 7' = Z xy X.

Conversely, assumed that the base changed morphism Z xy X — Z satisfies
the infinitesimal lifting property for all Z — ) with Z a scheme, and let Ty — T
be as in the statement of the proposition. Taking Z = T, we can lift the induced
morphism Ty — T' Xy X to a morphism T' — T xy X, and the composite of this
morphism with the second projection gives us the required lifting. O

Formal algebraic spaces

Following [Sta, Tag 0ATTW], an affine formal algebraic space over a base scheme .S
is a sheaf X on the fppf site of S which admits a description as an Ind-scheme
X = hﬂi X;, where the X; are affine schemes and the transition morphisms
are thickenings (in the sense of [Sta, Tag 04EX]). Here we allow the indexing
set in the inductive limit to be arbitrary; if it can be chosen to be the natural
numbers, then we say that X is countably indexed. A countably indexed affine
formal algebraic space can be written in the form X & h_n}n Spec A/I,,, where
A is a complete topological ring equipped with a decreasing sequence {1},
of open ideals which are weak ideals of definition, i.e. consist of topologically
nilpotent elements ([Sta, Tag 0AMV]), and which form a fundamental basis
of 0 in A (see the discussion of [Sta, Tag 0AIH]). We then write X := Spf A
(following [Sta, Tag 0AIF]).

A particular example of a countably indexed affine formal algebraic space is
an adic affine formal algebraic space. By definition, this is of the form Spf A,
where A is adic: that is, A is a topological ring which is complete (and separated,
by our convention throughout this book), and which admits an ideal of definition
(that is, an ideal I whose powers form a basis of open neighbourhoods of zero).
We say that Spf A is Noetherian if A is adic and Noetherian. We say that A
(or Spf A) is adic* if I can be taken to be finitely generated.

More generally, we say that a complete topological ring A is weakly admissi-
ble if A contains an open ideal I consisting of topologically nilpotent elements,
[Sta, Tag 0AMV]).

A formal algebraic space over S is a sheaf X on the fppf site of S which re-
ceives a morphism [[ U; — X which is representable by schemes, étale, and sur-
jective, and whose source is a disjoint union of affine formal algebraic spaces U;.
We say that X is locally countably indezed if the U; can be chosen to be count-
ably indexed. We say that X is locally Noetherian if the U; can be taken to be
Noetherian.

We will find the following lemmas useful.

A.3 Lemma. Let X be an affine formal algebraic space over S, which is either
countably indexed (e.g. an adic or adic* affine formal algebraic space), and hence
of the form Spf A for some weakly admissible topological ring A, by [Sta, Tag
0AIK], or else is of the form Spf A, for a pro-Artinian ring A. Then if Y — X
1s a closed immersion of formal algebraic spaces over S, we have that Y is of
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the form Spf B for some quotient B of A by a closed ideal, endowed with its
quotient topology.

Proof. In the countably indexed case, this is immediate from [Sta, Tag 0ATK, Tag
0ANQ,Tag 0APT]. If A is pro-Artinian, say A = I'&HAi with the A; Artinian,
then Spec A; Xgpra Y is a closed subscheme of Spec A; for each index 4, and
hence is of the form Spec B; for some quotient B; of B. Thus

y = @SpecAi Xspta Y AN ligiSpecBi 5 Spf B,

where B = ILnl B;. The general theory of pro-Artinian rings shows that B is
a quotient of A, since each B; is a quotient of the corresponding A; [EG21,
Rem. 2.2.7]. O

A.4 Lemma. ([Eme, Lem. 8.18]) A morphism of Noetherian affine formal alge-
braic spaces Spf B — Spf A which is representable by algebraic spaces is (faith-
fully) flat if and only if the corresponding morphism A — B is (faithfully) flat.

Ind-algebraic and formal algebraic stacks

A.5 Definition. ([Eme, Defn. 4.2]) An Ind-algebraic stack over a scheme S is a
stack X over S which can be written as X' = @ie s X;, where we are taking the
2-colimit in the 2-category of stacks of a 2-directed system {X;};cr of algebraic

stacks over S.

By [Eme, Rem. 4.9], if X — Y is representable by algebraic spaces, and
is an Ind-algebraic stack, then X is also an Ind-algebraic stack.

A.6 Definition. ([Eme, Defn. 5.3]) A formal algebraic stack over S is a stack X
which admits a morphism U — X which is representable by algebraic spaces,
smooth, and surjective, and whose source is a formal algebraic space. If the
source can be chosen to be locally countably indexed, then we say that X" is
locally countably indexed.

A.7 Definition. ([Eme, Defn. 7.6]) A p-adic formal algebraic stack is a formal
algebraic stack X over SpecZ, which admits a morphism A — SpfZ, which
is representable by algebraic stacks; so in particular, we may write X as an
Ind-algebraic stack by writing X' = hgn X Xsprz, SpecZ/p"Z.

The relationship between formal algebraic stacks and Ind-algebraic stacks
is discussed in detail in [Eme, §6]. Before explaining some of this material, we
need to recall some preliminaries on finiteness properties and underlying reduced
substacks.

Underlying reduced substacks

If X/S is any stack, then we let (Xeq)’ be the full subcategory of X whose set
of objects consists of those T'— X for which T is a reduced S-scheme.
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A.8 Definition. ([Eme, Lem. 3.27]) The underlying reduced substack Xieq of X
is the intersection of all of the substacks of X which contain (Xeq)’.

A.9 Lemma. ([Eme, Lem. 4.16]) If X is an Ind-algebraic stack, and we write

liéni X; — X, for some 2-directed system {X;};cz of algebraic stacks, then the

induced morphism lig,(?(i)red — Xred 1S an isomorphism, and so in particular
.

Xied 15 again an Ind-algebraic stack.

As the following lemma records, in the case that X is a formal algebraic
stack, then X,eq is algebraic, and (just as in the case of formal schemes, or
formal algebraic spaces), X is a thickening of X;eq.

A.10 Lemma. ([Eme, Lem. 5.26]) If X is is a formal algebraic stack over
S, then Xieq 15 a closed and reduced algebraic substack of X, and the inclusion
Xied = X is a thickening (in the sense that its base-change over any algebraic
space induces a thickening of algebraic spaces). Furthermore, any morphism
Y — X with YV a reduced algebraic stack factors through Xieq.

Finiteness properties

Let X be a formal algebraic stack X. We say that X is quasi-compact if the
algebraic stack Xeq is quasi-compact. We say that X is quasi-separated if
the diagonal morphism of X’ (which is automatically representable by algebraic
spaces) is quasi-compact and quasi-separated.

We say that X is locally Noetherian if and only if it admits a morphism
U — X which is representable by algebraic spaces, smooth, and surjective,
whose source is a locally Noetherian formal algebraic space. Finally, we say
that X is Noetherian if it is locally Noetherian, and it is quasi-compact and
quasi-separated.

The relationship between Ind-algebraic and formal alge-
braic stacks

In one direction, we have the following lemma.

A.11 Lemma. ([Eme, Lem. 6.2]) If X is a quasi-compact and quasi-separated
formal algebraic stack, then X = hgql X; for a 2-directed system {X;}icr of quasi-
compact and quasi-separated algebraic stacks in which the transition morphisms
are thickenings.

A partial converse to Lemma A.11 is proved as [Eme, Lem. 6.3]. In partic-
ular, we have the following useful criteria for being a formal algebraic stack.

A.12 Proposition. ([Eme, Cor. 6.6]) Suppose that X is an Ind-algebraic stack
that can be written as the 2-colimit X — lim X, of a directed sequence (Xn)n>1
i which the X, are algebraic stacks, and the transition morphisms are closed
immersions. If Xieq i a quasi-compact algebraic stack, then X is a locally
countably indexed formal algebraic stack.
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A.13 Proposition. Suppose that {X,}n>1 is an inductive system of algebraic
stacks over SpecZ,,, such that each X, in fact lies over SpecZ/p"Z, and each
of the induced morphisms X,, — Xni1 Xspecz/prtiz L/p"Z is an isomorphism.
Then the Ind-algebraic stack X = hgn X, is a p-adic formal algebraic stack.

Proof. This is a special case of [Eme, Lem. 6.3, Ex. 7.8]. O

Scheme-theoretic images

The notion of the scheme-theoretic image of a (quasi-compact) morphism of
algebraic stacks is developed in [Sta, Tag 0CMH]; equivalent alternative pre-
sentations are given in [EG21, §3.1] and in [Eme, Ex. 9.9]. In [Eme, §6] this
is extended to a definition of the scheme-theoretic image between formal alge-
braic stacks that are quasi-compact and quasi-separated. In fact, the definition
there uses Lemma A.11 to write the formal stacks in question as Ind-algebraic
stacks with transition morphisms being closed immersions, and this is the level
of generality that is appropriate to us here.

A robust theory of scheme-theoretic images requires a quasi-compactness as-
sumption on the morphism whose scheme-theoretic image is being formed, and
we begin by introducing the notion of quasi-compactness which seems appro-
priate to our context.

A.14 Definition. Let X be an Ind-algebraic stack which can be written as a 2-
colimit of quasi-compact algebraic stacks for which the transition morphisms are
closed immersions, say X = lim &. We say that a morphism of stacks X — Y
is Ind-representable by algebraic stacks if each of the induced morphisms

X =Y (A.15)

is representable by algebraic stacks. We say that such a morphism is furthermore
Ind-quasi-compact if each of the morphisms X — ) (representable by algebraic
stacks by assumption) is quasi-compact.

Using the fact that any two descriptions of X as an Ind-algebraic stack as
above (i.e. as the 2-colimit of quasi-compact algebraic stacks with respect to
transition morphisms that are closed immersions) are mutually cofinal, one sees
that the property of a morphism being Ind-representable by algebraic stacks
(resp. Ind-representable by algebraic stacks and Ind-quasi-compact) is indepen-
dent of the choice of such a description of X.

Suppose now, in the context of the Definition A.14, that ) is also an
Ind-algebraic stack, which admits a description as the 2-colimit of algebraic
stacks with respect to transition morphisms that are closed immersions, say
y ligyu. Then the induced morphism (A.15) factors through ), for some p
(since the X\ are quasi-compact and the transition morphisms between the ),
are monomorphisms). Since any morphism of algebraic stacks is representable
by algebraic stacks, and since closed immersions are representable by algebraic
stacks, we find that (A.15) is necessarily representable by algebraic stacks, and
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thus the morphism X — ) is necessarily Ind-representable by algebraic stacks.
Furthermore, the morphism (A.15) is quasi-compact if and only if the induced
morphism Xy — ), is quasi-compact for some (or equivalently any) allowable
choice of pi. For example, if the ), are all quasi-separated, then these induced
morphisms are necessarily quasi-compact (via the usual graph argument, since
each X is quasi-compact), and so in this case any morphism X — ) is neces-
sarily Ind-quasi-compact.

Suppose now that the morphism X — ) is Ind-quasi-compact, or equiva-
lently (as we have just explained), that the various induced morphisms Xy — ),
are quasi-compact. Then each of these induced morphisms has a scheme-
theoretic image Z,. One easily checks that Z, thought of as a closed substack
of Y, is independent of the particular choice of the index p used in its defini-
tion. Evidently Z) is a closed substack of Zy/ if A < X. In particular, we may
form the 2-colimit ligZ,\, which is an Ind-algebraic stack. There is a natural
morphism liﬂZA —- Y.

A.16 Definition. In the preceding context, we define the scheme-theoretic
image of the Ind-quasi-compact morphism X — Y to be Z := liﬁ}Z;\.

It is easily verified that the scheme-theoretic image, so defined, is indepen-
dent of the chosen descriptions of X and ). There is a canonical monomorphism
Z — Y. (We don’t claim that this monomorphism is necessarily a closed im-
mersion in this level of generality.)

A very special case of this definition is the case that X — ) is representable
by algebraic spaces and quasi-compact, and ) = Spf A for a pro-Artinian ring A.
In this case the definition of the scheme-theoretic image coincides with [EG21,
Defn. 3.2.15] (i.e. the scheme-theoretic image can be computed via the scheme-
theoretic images of the pull-backs of X to the discrete Artinian quotients of A).
In this particular case the scheme-theoretic image is a closed formal subspace
of Y, i.e. of the form Spf B for some topological quotient B of A.

A.17 Definition. Let X and )Y be Ind-algebraic stacks which satisfy the hy-
potheses introduced above, i.e. which may each be written as the 2-colimit with
respect to closed immersions of algebraic stacks, which are furthermore quasi-
compact in the case of X. Then we say that an Ind-quasi-compact morphism
X — Y is scheme-theoretically dominant if the induced map Z — ) is an
isomorphism, where Z is the scheme-theoretic image of X — ).

A.18 Remark. If X is a quasi-compact and quasi-separated formal algebraic
stack, then Lemma A.11 shows that X & lig)ﬁ with the X\ being quasi-
compact and quasi-separated algebraic stacks, and the morphisms being thick-
enings, and so in particular closed immersions. The preceding discussion thus
applies to morphisms X — ) of quasi-compact and quasi-separated formal alge-
braic stacks, and shows that such morphisms are necessarily Ind-representable
by algebraic stacks and Ind-quasi-compact. In particular, Definition A.17 ap-
plies to such morphisms, and in this case recovers the definition of scheme-
theoretic dominance given in [Eme, Def. 6.13].
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A closely related context in which the preceding definition applies if the
following: if A is an adic* topological ring, with finitely generated ideal of
definition I, and X,) — Spf A are morphisms of quasi-compact formal al-
gebraic stacks that are representable by algebraic stacks, then we may write
X = hﬂn X, and Y & h%mn Yn, where X,, := X Xgpra Spec A/I" and Y, =
Y xgpt 4 Spec A/I™ are quasi-compact algebraic stacks. A morphism X — Y
of stacks over Spf A is then necessarily representable by algebraic stacks [Eme,
Lem. 7.10], and so is Ind-quasi-compact if and only if it quasi-compact in the
usual sense. We may then define its scheme-theoretic image, following Defini-
tion A.16, or speak of such a morphism being scheme-theoretically dominant.

We now show (in Proposition A.21) that under certain hypotheses the scheme-
theoretic image of a p-adic formal algebraic stack is also a p-adic formal algebraic
stack. The deduction of this result from those of [Eme] will involve the following
definition.

A.19 Definition. ([Eme, Defn. 8.26, Rem. 8.39]) We say that a formal algebraic
stack X over a scheme S is Ind-locally of finite type over S if there exists an
isomorphism X — lim &;, where each X; is an algebraic stack locally of finite
type over S, and the transition morphisms are thickenings.

A.20 Remark. If X is a quasi-compact and quasi-separated formal algebraic
stack, then in order to verify that X is Ind-locally of finite type, it suffices to
exhibit an isomorphism X — lim &X;, where each &; is an algebraic stack locally
of finite type over S, and the transition morphisms are closed immersions (not
necessarily thickenings) [Eme, Lem. 8.29].

A.21 Proposition. Suppose that we have a commutative diagram

X—)

N

Spf Z,

in which the diagonal arrow makes X into a p-adic formal algebraic stack of
finite presentation, and where ) is an Ind-algebraic stack which can be written as
the inductive limit of algebraic stacks, each of finite presentation over Spec Z /p®
for some a > 1, with the transition maps being closed immersions.

Suppose also that the horizontal morphism X — Y (which, by the usual graph
arqument, is seen to be representable by algebraic stacks) is proper. Then the
scheme-theoretic image Z of this morphism is a p-adic formal algebraic stack of
finite type. If X is flat over SpfZ,, then so is Z.

Proof. We deduce this from [Eme, Prop. 10.5]. Note firstly that X is quasi-
compact and quasi-separated, since it is of finite presentation over Spf Z,. Ex-
amining the hypotheses of [Eme, Prop. 10.5], we need to show that Z is formal
algebraic, that it is quasi-compact and quasi-separated, that it is Ind-locally of
finite type over Spec Z,, and that the induced morphism X — Z (which will be
representable by algebraic stacks, by the usual graph argument) is proper.
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By hypothesis, we can write ) = li_n% Y., where each ), is an algebraic
stack of finite presentation over some Z/p® (with a depending on u), and the
transition maps are closed immersions. If we write X' = lir . Xy, where X, :=
SpecZ/p* ®sprz, X, then by assumption each X, is an algebraic stack. By
definition, then, we have that

2 :=lim Z,, (A.22)

where Z, is the scheme-theoretic image of X, — Y, for u sufficiently large. It
follows from Lemma A.23 below that each of the closed immersions Z, — Z,1
is a finite order thickening. We conclude from [Eme, Lem. 6.3] that Z is in fact
a formal algebraic stack.

Since Y, is of finite presentation over SpecZ,, each closed substack Z, is
of finite presentation over Z/p®, and in particular quasi-compact and quasi-
separated; it follows that Z is quasi-compact and quasi-separated. The descrip-
tion (A.22) of Z furthermore exhibits Z as being Ind-locally of finite type over
SpecZ,.

It remains to show that X — Z is proper. If T' — Z is any morphism whose
source is a scheme, then since Z — ) is a monomorphism, we find that there
is an isomorphism T' xz & — T xy X. Since by assumption the target of this
isomorphism is an algebraic stack, proper over T', the same is true of the source.

The claim regarding flatness follows from Lemma A.24 below. O

We used the following lemmas in the proof of the Proposition A.21.

A.23 Lemma. Consider a commutative diagram of morphisms of algebraic
stacks
X——=2Z

]

X —Z

with Z' being quasi-compact, in which the left-hand vertical arrow is an nth
order thickening for some m > 1, the right-hand vertical arrow is a closed
immersion, and the lower horizontal arrow is quasi-compact, surjective, and
scheme-theoretically dominant. Then the right-hand vertical arrow is then also
an nth order thickening.

Proof. Since X — X’ and X’ — Z’ are surjective, by assumption, the same is
true of their composite X — Z’, and hence of the closed immersion Z — Z’;
thus this closed immersion is a thickening. To see that it is of order n, we
first note that since Z’ is quasi-compact, we find a smooth surjection U’ — Z’
whose source is an affine scheme; since the property of a thickening being of finite
order may be checked fppflocally, and since the property of being quasi-compact
and scheme-theoretically dominant is also preserved by flat base-change, after
pulling back our diagram over U’, we may assume that Z’ = U’ is an affine
scheme, and that Z = U is a closed subscheme. Let Z be the ideal sheaf on
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U’ cutting out U, and let a be a section of Z. If @’ denotes the pull-back of

a to X', then aTX = 0, and so (a/)® = 0, by assumption. Since X' — U’ is
scheme-theoretically dominant, we find that a® = 0. Thus U — U’ is indeed
an nth order thickening. O

A.24 Lemma. If X — Y is a quasi-compact scheme-theoretically dominant
morphism of p-adic formal algebraic stacks which are locally of finite type, and
if X is flat over Zy, then the same is true of ).

Proof. Let V' — ) be a morphism which is representable by algebraic spaces
and smooth, whose source is an affine formal algebraic space; so V' = Spf B for
some p-adically complete Z,-algebra B that is topologically of finite type. It
suffices to show that B is flat over Z,. Since V' — Y is in particular flat (being
smooth), the base-change morphism X xy V' — V is again scheme-theoretically
dominant. Since it is also quasi-compact, and since V is formally affine (and so
quasi-compact), we may find a formal algebraic space U = Spf A endowed with a
morphism U — X xy V which is representable by algebraic spaces, smooth, and
surjective; and thus also scheme-theoretically dominant. Thus we may replace
our original situation with the composite morphism Spf A — Spf B. But in this
context, scheme-theoretic dominance amounts to the morphism B — A being
injective; thus B is Z,-flat if A is. O

Versality and versal rings

We will sometimes find it useful to study scheme-theoretic images in terms of
versal rings, and so we will recall some notation and results from [EG21, §2.2]
related to this topic.

If A is a Noetherian ring, equipped with a finite ring map A — k whose
target is a field, then we let Cp denote the category whose objects are Artinian
local A-algebras A equipped with an isomorphism of A-algebras A/ms — k.
We let pro-Cp be the corresponding category of formal pro-objects, which (via
passage to projective limits) we identify with the category of topological pro-
(discrete Artinian) local A-algebras A equipped with a A-algebra isomorphism
A/my 5 k. By [EG21, Rem. 2.27], any morphism A — B in pro-Cy has closed
image, and induces a topological quotient map from its source to its image, so
that in particular A — B is surjective if and only if it is induced by a compatible
system of surjective morphisms in Cp.

Fix a locally Noetherian base scheme S, and let k be a finite type Og-field,
i.e. k is a field equipped with a morphism Spec k — S of finite type. Choose, as
we may, an affine open subscheme Spec A C S for which Speck — S factors as
Speck — Spec A — S, with A — k being finite. (In what follows we fix such a
choice of A, although the notions that we define in terms of it are independent
of this choice.) We now define a category fibred in groupoids F, in the following
way; this category is an example of a deformation category in the sense of [Sta,
Tag 06J9]. In the notation of [Sta, Tag 07T2], our category ]?w is denoted Fr i 5
(with a slightly unfortunate clash of notation in the two instances of F).
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A.25 Definition. If F is a category fibred in groupoids over S, and if = :
Speck — F is a morphism, then we define a category J, cofibred in groupoids
over Cy, as follows: For any object A of Cp, the objects of F,(A) consist of
morphisms y : Spec A — F, together with an isomorphism a : z — 7 com-
patible with the given identification of A/m with k; here 7 denotes the induced
morphism Spec A/m — F. The set of morphisms between two objects (y, «)
and (i, ') of F,(A) consists of the subset of morphisms 3 : y — y/ in F(A) for
which o/ o B = a; here B denotes the morphism 7 — 7 induced by 3. If A — B
is a morphism in Cu, then the corresponding pushforward F,(A4) — F,(B) is
defined by pulling back morphisms to F along the corresponding morphism of
schemes Spec B — Spec A.

If F is a category fibred in groupoids over the locally Noetherian scheme
S, and if x : Speck — F is a k-valued point of F, for some finite type Og-
field, then the notion of a versal ring to F at x is defined in [EG21, Def. 2.2.9].
Rather than recalling that definition here, we will give a definition of versality
in a greater level of generality that is convenient for us. We will then explain
how the notion of versal ring is obtained as a particular case.

A.26 Definition. Let f : F — G be a morphism of categories fibred in
groupoids over the locally Noetherian scheme S, let k£ be a finite type Og-field,
let z : Spec k — F be a k-valued point of F, and let y : Speck — G be a k-valued
point of G equipped with an isomorphism of k-valued points a : fox — y. The
morphism f induces in an evident way a morphism f, : 7, — G, of categories
cofibred in groupoids. We say that f is versal at x if the the morphism J/‘; is
smooth in the sense of [Sta, Tag 06HG]; that is, given a commutative diagram

Spec B——= Spec A

b

~ £

I g,

in which the upper arrow is the closed immersion corresponding to a surjection
A — B in Cp, we can fill in the dotted arrow so that the diagram remains
commutative. (Clearly this notion is independent of the particular choice of y
and «a; more precisely it holds for any such choice if it holds for one such choice,
such as y = fox and a =id.)

A.27 Example. Let S be a locally Noetherian scheme, let k be a finite type Og-
field k, and let A be an object of pro-Cy; recall in particular then that A comes
equipped with a chosen isomorphism Spec A/m — k. We let 2’ : Speck —
Spec A/m < Spf A denote the induced k-valued point of Spf A.

Now let F be a category fibred in groupoids over S, let = : Speck — F
be a k-valued point of F, and suppose that f : Spf A — F is a morphism, for
which we can find an isomorphism f o 2’ =+ x of k-valued points of . Then
the morphism f is versal at the point 2’ if and only if A is a versal ring to the
k-valued point = of F in the sense of [EG21, Def. 2.2.9]
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A.28 Example. Let S be a locally Noetherian scheme, let U be a locally finite
type S-scheme, and let f : U — F be a morphism to a category fibred in
groupoids over S. If uw € U is a finite type point, giving rise to a morphism
Speck(u) — U, then f is versal at this k(u)-valued point of U if and only
if f is versal at the point w in the sense of [EG21, Def. 2.4.4 (1)]; cf. [EG21,
Rem. 2.4.5].

A.29 Remark. If X is an algebraic stack which is locally of finite presentation
over a locally Noetherian scheme S, then it admits (effective, Noetherian) versal
rings at all finite type points [Sta, Tag 0DR1]. If X is an Ind-locally finite type
algebraic space over S, then it admits (canonical) versal rings at all finite type
points, by [EG21, Lem. 4.2.14]. We don’t prove a general statement about
the existence of versal rings for Ind-algebraic stacks, since in all the cases we
consider in the body of the book we are able to construct them “explicitly” (for
example, in terms of Galois lifting rings, or lifting rings for étale p-modules).

The following lemma and its proof are essentially [EG21, Lem. 3.2.16], but
since the setup there is different, we give the details here. Before stating the
lemma, we introduce the setup. Let S be a locally Noetherian scheme. We
suppose given a morphism X — ) of stacks over S which is representable by
algebraic stacks and proper, and that ) is an Ind-algebraic stack which may
be written as the 2-colimit of algebraic stacks which are of finite presentation
over S (and so in particular quasi-compact and quasi-separated) with respect
to transition morphisms that are closed immersions, say ) = li%myx. Then
Xy = X xy Y, is an algebraic stack, and the projection X — ), is proper,
so that X is finite type over S (and in particular quasi-compact, and also
quasi-separated, although we won’t use this latter fact). Furthermore, we have
an induced isomorphism X = li N Xy, and so X — ) is a morphism of Ind-
algebraic stacks whose scheme-theoretic image Z may be defined. Of course,
in this context, since the Ind-structures on X and ) are compatible, if we let
Z denote the scheme-theoretic image of X in )\, then this coincides with the
scheme-theoretic image of Xy in Y, for any X' > X, and we may write Z =
lig)\ Z. Note that Z) is also of finite presentation over .S, by Lemma 4.5.10.

A.30 Lemma. Suppose that we are in the preceding situation, so that X — )
is a morphism of stacks over a locally Noetherian base S which is representable
by algebraic stacks and proper, where ) is an Ind-algebraic stack which may
be written as the 2-colimit of algebraic stacks which are of finite presentation
over S, with respect to transition morphisms that are closed immersions, and
we write Z for the scheme-theoretic image of X — Y.

Suppose that x : Speck — Z is a finite type point, and that Spf A, — Y is
a versal morphism for the composite x : Speck — Z — Y. Let Spf B, be the
scheme-theoretic image of Xspr 4, — Spf A,. Then the morphism Spf B, — Y
factors through a versal morphism Spf B, — Z.

Proof. By definition, we may write A, = lim A;, B, = lim B;, where the A; are
objects of Cp, and Spec B; is the scheme-theoretic image of X4, — Spec 4.
As explained immediately above, we write X & liﬂX,\, y = liﬂ)&, and
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Z = lim Z),, where the transition morphisms are closed immersions of alge-
braic stacks, and Z) is the scheme-theoretic image of the morphism X\ — Vy;
in particular, the morphism X\ — Z) is proper and scheme-theoretically domi-
nant.

If follows that for each 4, the composite Spec B; — Spec A; — Y factors
through Z. Indeed, for X sufficiently large the morphism (X)), — Spec B; is
scheme-theoretically surjective, and the morphism (X))p, — Y factors through
Z», so the morphism Spec B; — Y also factors through Z).

We now show that a morphism Spec A — Spf A,., with A an object of Cj,
factors through Spf B, if and only if the composite Spec A — SpfA, — Y
factors through Z. In one direction, if Spec A — Y factors through Spf B,
then it factors through Spec B; for some ¢, and hence through Z, as we saw
above.

Conversely, if the composite Spec A — Spf A, — Y factors through Z,
then we claim that there exists factorisation Spec A — Spec B — ), where
B is an object of Cj, the morphism Spec A — Spec B is a closed immersion,
and Xp — Spec B is scheme-theoretically dominant. To see this, note firstly
that the composite Spec A — ) factors through Z, for some A. Since Z is
an algebraic stack which is locally of finite presentation over a locally Noethe-
rian base, it admits effective Noetherian versal rings by Remark A.29, so that
Spec A — Z, factors through a versal morphism SpecC, — Z) at the finite
type point of Zy induced by z. By [EG21, Lem. 1.6.3], we can find a factori-
sation Spec A — Spec R, — Spec C,, where R, is complete local Noetherian,
Spec R, — SpecC, is faithfully flat, and Spec A — Spec R, is a closed im-
mersion. Since Spec R, — Spec C;, is faithfully flat, and Spec C, — Z) is flat
by [Sta, Tag 0DR2], we see that the base changed morphism (X)), — Spec R,
is scheme-theoretically dominant. By [EG21, Lem. 3.2.4] (applied to the proper
morphism of algebraic stacks Xy — Z)), R, admits a cofinal collection of Ar-
tinian quotients R; for which (X\)r, — Spec R; is scheme-theoretically dom-
inant. The closed immersion Spec A — Spec R, factors through Spec R; for
some R;, so we may take B = R;.

Now, by the versality of Spf A, — ), we may lift the morphism Spec B —
Y to a morphism SpecB — SpfA,, which furthermore we may factor as
Spec B — Spec A; — Spf A,, for some value of i. Since Xp — SpecB is
scheme-theoretically dominant, the morphism Spec B — Spec A; then factors
through Spec B;, and thus through Spf B, as required.

It follows in particular that the composite Spf B, — Spf A, — Y factors
through a morphism Spf B, — Z. It remains to check that this morphism is
versal. This is formal. Suppose we are given a commutative diagram

Spec Ag — Spf B, —— Spf A,

L

Spec A zZ y

where the left hand vertical arrow is a closed immersion, and Ag, A are objects
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of Cx. By the versality of Spf A, — ), we may lift the composite Spec A — Y
to a morphism Spec A — Spf A,. Since the composite Spec A — Spf A, — )Y
factors through Z, the morphism Spec A — Spf A, then factors through Spf B,
as required. O

The following lemma records a useful property of versal rings in the Noethe-
rian context.

A.31 Lemma. Let X is a locally Noetherian formal algebraic stack, let R be
a complete Noetherian local ring with residue field k, and let f : Spf R — X be
a morphism for which the induced morphism x : Speck — Xieq 1S a finite type
point, and which is versal to X at x. Then the morphism f is flat, in the sense
of [Eme, Def. 8.42].

Proof. Since X is locally Noetherian, by assumption, we may find a morphism
Spf A — X whose source is a Noetherian affine formal algebraic space, which
is representable by algebraic spaces and smooth, and whose image contains
the point x. By definition, we have to show that the base-changed morphism
Spf A x x Spf R — Spf A is flat.

The fibre product Spf A x x Spf R is a formal algebraic space (which is locally
Noetherian, since Spf R is so [Sta, Tag 0AQ7]), and so admits a morphism
11Spf B; — Spf A x x Spf R whose source is the disjoint union of Noetherian
affine formal algebraic spaces, and which is representable by algebraic spaces,
étale, and surjective. Again, it suffices to show that each of the morphisms
Spf B; — Spf A is flat, which by definition is equivalent to each of the induced
morphisms A — B; being flat. If we let I denote an ideal of definition of the
topology on A, then it suffices to show that each morphism A/I" — B;/I" is
flat (see e.g. the proof of [Eme, Lem. 8.18]).

For this, it suffices in turn to show, for each maximal ideal n of B;, that
the induced morphism A/I™ — (B;/I™)"is flat (where (=) denotes n-adic com-
pletion; note that if m denotes the maximal ideal of R, then the topology on
B; is the m-adic topology, so that any maximal ideal n of B; contains m, and
also contains IB). Now the induced morphism Spf B; — Spf A is versal to the
induced morphism Spec B; /n — Spf A (as one sees by chasing through the con-
structions, beginning from the versality of Spf R — X, and taking into account
the infinitesimal lifting property for étale morphisms), and thus the induced
morphism Spf(B;/I™)" — Spec A/I™ is also versal (to the induced morphism
Spec B;/n — Spec A/I"™). Thus this morphism is flat, e.g. by [Sta, Tag 0DR2],
and the lemma is proved. O

We will frequently find the following lemma useful.

A.32 Lemma. Let R — S be a continuous surjection of objects in pro-Cp, and
let X — Spf R be a finite type morphism of formal algebraic spaces.

Make the following assumption: if A is any finite-type Artinian local R-
algebra for which the canonical morphism R — A factors through a discrete
quotient of R, and for which the canonical morphism X4 — Spec A admits a
section, then the canonical morphism R — A furthermore factors through S.
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Then the scheme-theoretic image of X — Spf R is a closed formal subscheme
of Spf S.

Proof. Writing Spf T for the scheme-theoretic image of X — Spf R, we need to
show that the surjection R — T factors through S. By definition, we can write T'
as an inverse limit of discrete Artinian quotients B for which the canonical mor-
phism Xp — Spec B is scheme-theoretically dominant. It follows from [EG21,
Lem. 5.4.15] that for any such B, the surjection R — B factors through S; so
the surjection R — T factors through S, as required. O

Immersed substacks

The following lemma is often useful for studying morphisms from a stack in
terms of morphisms from a cover of the stack.

A.33 Lemma. [Eme, Lem. 3.18, 8.19] Suppose that X is a stack over a base
scheme S, and that U — X is a morphism over S which is representable by
algebraic spaces and whose source is a sheaf. Write R:=U xx U.

1. Suppose that the projections R := U Xy U = U (which are again rep-
resentable by algebraic spaces, being the base-change of morphisms which
are so representable) are flat and locally of finite presentation. Then the
morphism U — X induces a monomorphism [U/R] — X.

2. Suppose that U — X is flat, surjective, and locally of finite presentation.
Then the morphism U — X induces an isomorphism [U/R] — X.

In particular, if X is a formal algebraic stack (over some base scheme S), then
by definition there exists a morphism U — X which is representable by algebraic
spaces, smooth, and surjective, and whose source U is a formal algebraic space.
In this case R := U xx U is a formal algebraic space which is endowed in a
natural way with the structure of a groupoid in formal algebraic spaces over U,
and (since smooth morphisms are in particular flat), by Lemma A.33 there is
an isomorphism of stacks [U/R] — X.

Suppose now that Z < X is an immersion (in the sense that it is rep-
resentable by algebraic spaces, and pulls back to an immersion over any test
morphism 7' — X whose source is a scheme). The induced morphism W :=
U xx Z — U is then an immersion of formal algebraic spaces, and W is R-
invariant, in (an evident generalization of) the sense of [Sta, Tag 044F]. Con-
versely, if W is an R-invariant locally closed formal algebraic subspace of U, and
if we write Ry := R xy W = W xy R for the restriction of R to W, then the
induced morphism [W/Ry/] — [U/R] — X is an immersion. (In the context
of algebraic stacks, this is [Sta, Tag 04YN].)

Flat parts

Let O be the ring of integers in a finite extension of Q,, and let X — Spf O be
a p-adic formal algebraic stack which is locally of finite type over Spf O. Then
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by [Eme, Ex. 9.11], there is a closed substack Xy of X, the flat part of X', which
is the maximal substack of X which flat over Spf O.

More precisely, Xz — Spf O is flat, and if Y — X is a morphism of locally
Noetherian formal algebraic stacks for which the composite ) — Spf O is flat,
then Y — X factors through Aj.

Obstruction theory

Let X be a limit preserving Ind-algebraic stack over a locally Noetherian scheme
S. If x : SpecA — X is a morphism for which the composite morphism
Spec A — S factors through an affine open subscheme of S, then in [Sta, Tag
07Y9] there is defined a functor T, from the category of A-modules to itself,
whose formation is also functorial in the pair (z, A) [Sta, Tag 07YA], and such
that for any finitely generated A-module M, there is a natural identification of
T, (M) with the set of lifts of « to morphisms z’ : Spec A[M] — X (where A[M]
denotes the square zero extension of A by M). (These definitions apply to X
by [Eme, Lem. 4.22].)

We make the following definition, which is a special case of [Eme, Defn. 11.6];
that definition incorporates an auxiliary module in its definition for technical
reasons, but in our applications this module is zero, so we have suppressed it
here. We have also incorporated [Eme, Rem. 11.9], which allows us to restrict
to the case of finitely generated A-modules M.

A.34 Definition. We say that X admits a nice obstruction theory if, for each
finite type S-algebra A which lies over an affine open subscheme of S, equipped
with a morphism z : Spec A — X, there exists a complex of A-modules K (’Z A)
such that the following conditions are satisfied:

1. The complex K (°I ) is bounded above and has finitely generated cohomol-

ogy modules (or, equivalently, is isomorphic in the derived category to a
bounded above complex of finitely generated A-modules).

2. The formation of K (°m A) is compatible (in the derived category) with pull-
back. More precisely, if f : Spec B — Spec A, inducing the morphism
y : Spec B — Spec A — X, then there is a natural isomorphism in the
derived category f*K(.x,A) = K(’va).

3. For any pair (z, A) as above, and for any finitely generated A-module M,
we have an isomorphism T},(M) — H'(K A A)®L M) whose formation is
functorial in M and in the pair (z, A).

4. For any pair (z,A) as above, and for any finitely generated A-module
M, the cohomology module H Z(K('I A)®L M) serves as an obstruction
module. In particular, for any square zero extension

0=-I—-A—=A—-0
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for which A’ is of finite type over S (or, equivalently, for which I is
a finite A-module), we have a functorial obstruction element o,(A’) €
HQ(K&E’A)Q@L I), which vanishes if and only if x can be lifted to Spec A’.

The following result generalises the familiar fact that a pro-representing
object for a formal deformation ring whose tangent space is finite dimensional
is necessarily a complete Noetherian local ring.

A.35 Theorem. ([Eme, Thm. 11.15]) If X is a locally countably indexed and
Ind-locally of finite type formal algebraic stack over a locally Noetherian scheme
S, and if X admits a nice obstruction theory, then X is locally Noetherian.

(When comparing this result with the statement of [Eme, Thm. 11.13], the
reader should bear in mind that an Ind-locally of finite type formal algebraic
stack over S is in particular the 2-colimit of algebraic stacks that are locally
of finite type (or equivalently, locally of finite presentation) over S, and hence
is limit preserving. Also, [Eme, Lem. 8.38] ensures that an Ind-locally of finite
type formal algebraic stack over S is also locally of Ind-locally finite type —
which is the condition that appears in [Eme, Thm. 11.13].)
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Appendix B

Graded modules and rigid
analysis

In this appendix we establish some (mostly straightforward) results that com-
bine graded ring techniques with various results related to completions that are
of a rigid analytic flavour.

B.1 Associated graded algebras and modules

Let R be an Artinian local ring, with maximal ideal I and residue field k.

B.2 Definition. If M is an R-module, then we let Gr* M denote the graded k-
vector space associated to the I-adic filtration on M (so Gr"M := I*M/T*t1 M).

The formation of Gr®M is functorial in M. If M and N are two R-modules,
then there is a natural surjection (of graded k-vector spaces)

Gr*M ®y Gr*N — Gr*(M ®@g N). (B.3)

In particular, it follows that if A is an R-algebra, then Gr® A is naturally a graded
k-algebra, and if M is an A-module, then Gr®M is naturally a Gr®A-module.
We recall the following basic lemmas.

B.4 Lemma. If A is an R-algebra, then A is Noetherian if and only if Gr*A
is Noetherian.

Proof. This is easy and standard; see e.g. [ST03, Prop. 1.1] for a statement of
the “if” direction of this result (which is the less obvious of the two directions)
in a significantly more general setting. O

B.5 Lemma. If A is an R-algebra and if M is an A-module, then the natural
morphism Gr*A ®@go 4 Gr’M — Gr*M is surjective. Furthermore, M is non-
zero if and only if Gr°M is non-zero, if and only if Gr*M is non-zero.

233
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Proof. The first claim is immediate. This implies in turn that if Gr®M is zero
then Gr®*M is zero (the converse being evident), and thus that M is zero (since
Gr*M is the associated graded of M with respect to a finite length filtration
beginning at M and ending at 0). (Essentially equivalently, one can observe
directly that since I is nilpotent, if M/IM =0 then M =0.) O

B.6 Lemma. If A is an R-algebra and M is an A-module, then M is finitely
generated over A if and only if Gr’M s finitely generated over Gr°A, if and
only if Gr®*M s finitely generated over Gr®A.

Proof. Clearly if M is finitely generated over A, then Gr’M := M/IM is finitely
generated over A/I; the converse assertion follows from Nakayama’s lemma with
respect to the nilpotent ideal I. If Gr®M is finitely generated over Gr’A, then
Lemma B.5 shows that Gr*M is finitely generated over Gr®A; the converse as-
sertion follows from the fact that (again by Lemma B.5) Gr’ M may be obtained
as the quotient of Gr®M by the ideal Gr*”" A of Gr*A. O

B.7 Lemma. Let f : M — N be a morphism of A-modules. Then f is an
isomorphism if and only if the induced morphism Gr®f : Gr*M — Gr®N is an
isomorphism.

Proof. If f is an isomorphism then certainly Gr®f is an isomorphism. Con-
versely, if Gr®f is an isomorphism, then in particular M/IM — N/IN is sur-
jective, so f is surjective by Nakayama’s lemma with respect to the nilpotent
ideal I. In addition, for each i the morphism I*M/I**1M — I'N/T**1N is in-
jective, so by an easy induction on i we see that any element of ker f is contained
in I'M for all i, and is thus zero, as required. O

B.8 Lemma. If A is an R-algebra, then an A-module M is (faithfully) flat over
A if and only if Gr®* M s (faithfully) flat over Gr® A. Furthermore, if any of these
conditions holds, then the natural morphism Gr®*A ®qypo4 Gr'M — Gr*M is an
isomorphism.

Proof. This is [EG21, Lem. 5.5.37]. O

B.9 Lemma. If A is an R-algebra, and if M and N are A-modules, then the
natural surjection (B.3) induces a natural surjection

Gr*M ®crea Gr*N — Gr*(M ®4 N).

Proof. The natural surjection M@rN — M® 4 N induces a surjection Gr®*(M®g
N) = Gr*(M®4N). It is immediate that its composite with the surjection (B.3)
factors through Gr®M ®grea Gr®N. O

B.10 Lemma. If A is an R-algebra, and if M and N are A-modules with either
M or N flat over A, then the surjection of Lemma B.9 is a natural isomorphism

Gr*M ®grea Gr°N = GI‘.(M ®A N)
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Proof. Suppose (without loss of generality) that NV is A-flat. Taking into account
Lemma B.8, we see that we have to show that natural morphism Gr®*M ®q,o0 4
Gr’N — Gr® (M ®4 N) is an isomorphism, i.e. that for each ¢ > 0, the natural
morphism

I'M/I""'M ® 4,y NJT — I'(M ® N)/T'" (M @ N)

is an isomorphism. This follows easily by tensoring N over A with the various
short exact sequences

0—-I"M - I"M — I™M/I"M — 0,

taking into account the flatness of N over A. O

B.11 A general setting

We fix an Artinian local ring R with maximal ideal I and residue field k, as well
an R-algebra CT, and an element u € C, satisfying the following properties:

(A) w is a regular element (i.e. a non-zero divisor) of CT.
(B) C*/u is a flat R-algebra.

(C) C*/I is a rank one complete valuation ring, and the image of u in C* /I
(which is necessarily non-zero, by (A)) is of positive valuation (i.e. lies in
the maximal ideal of C*/T).

B.12 Remark. In the preceding context, if v € C* has non-zero image in C* /I,
then v™ divides ™ in C'*, for some m,n > 0. (Indeed, since C* /I is a rank
one valuation ring in which the image of uw has positive valuation, we may write
u® = vw + z, for some a > 0, some w € CT, and some z € ICT. Raising
both sides of this equation to a sufficiently large power, remembering that I is
nilpotent, gives the claim.)

In particular, if v € C7T is another element satisfying conditions (A), (B),

and (C) above, then the powers of u and of v are mutually cofinal with re-
spect to divisibility (i.e. the u-adic and v-adic topologies on CT coincide), and
consequently C*[1/u] = CT[1/v].
B.13 Remark. Recall that since R is an Artinian local ring, an R-module is flat
if and only if it is free [Sta, Tag 051G]. (We will use this fact in the proof of
Lemma B.25 below. For a proof, note first that if M is any R-module, then
any basis of M/IM lifts to a generating set of M. If M is furthermore flat,
then lifting a basis of M/IM, we obtain a surjection ' — M whose source is
free, with the additional property that, if N denotes its kernel, then N/IN = 0.
Thus N =0, and so F' -~ M, as required.)

We begin by establishing some simple consequences of our assumptions on
C™ and u.

B.14 Lemma.
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(1) For each n > 1, the quotient C* /u™ is flat over R.
(2) CT itself is flat over R.
(3) The ring CT is u-adically complete.

Proof. Claim (1) follows by an evident induction from assumptions (A) and (B)
together with a consideration of the short exact sequences

0— Ct/u" 25 CT /u"™ — CT Ju — 0.

Now choose an increasing filtration ([,,) of R by ideals so that Iy = 0,
and such that each quotient I, 1/l is of length one (i.e. is isomorphic to k).
Taking into account (1), the short exact sequences

0= ILn = Iny1 = In1 /I (&2 k=R/I) =0
give rise to short exact sequences
0— I, @r (CT Ju"™) = Iy ®@p (C1/u™) — CT/(I,u™) — 0.
Suppose that for some m we know that the natural morphism

L, @ CF = lim I, @ (C* /u")
n
is an isomorphism. Then passing to the inverse limit over n, and taking into
account both assumption (C) and the fact that the transition maps I, ®r
(C* Jum*ty — I, @R (CT Ju™) are surjective, so that the relevant @1 vanishes,
we obtain a short exact sequence

0—1I,®rCt — §m L1 @p (Ct/u™) — Ct /I —0.

The five lemma shows that the natural morphism to this sequence from the
exact sequence

I, @prCT = I 1 @rCT = CT /T =0

is then an isomorphism. Proceeding by induction (the case m = 0 being trivial),
we find (once we reach the top of our filtration, so that I, = R) that CT is
u-adically complete, and we also find that each of the morphisms

1, ®RC+ —CT

is injective. Since any ideal J of R can be placed in such a filtration (I,,,), we
find that C't is flat over R. Thus (2) and (3) are proved. O

We write C' := CT[1/u]. Since C is a localisation of CT, which is R-flat
by Lemma B.14 (2), it is flat over R. Note also that Gr’C' = (C*/I)[1/4] is
a field that is complete with respect to a non-archimedean absolute value. In
particular, we can do rigid geometry over Gr’C’; this is a key point, which we
will exploit below.
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B.15 Definition. If M is an R-module, then we write M ® CT to denote the
u-adic completion of the tensor product M @ Ct. We also write M &5 C :=
(M ®@p CT)[1/u].

B.16 Remark. Remark B.12 shows that the formation of M @z Ct and M & C
is independent of the choice of u satisfying (A), (B), and (C) above.

B.17 Remark. In applications, we will apply this construction primarily in the
case when M = A is an R-algebra, in which case A®rCT and AR C are
again R-algebras.

B.18 Example. If we take Ct := R[[u]] (for an indeterminate u), then A @ Ct =
Al[u]], and AQr C = A((uw)).

We next state and prove some additional properties of u-adic completions
that we will need.

B.19 Lemma. If M is an R-module, then multiplication by u is injective on
M &4 Ct. Consequently (indeed, equivalently), the natural map M&rCt —
M &g C is injective.

Furthermore, for each m > 0, the natural map M @ Ct — M @g (C* /u™)
18 surjective, and induces an isomorphism

(MR CT)/u™(M&rCT) —5 M g (CT/u™).

Proof. Note that the claim of the second paragraph is a general property of
completion with respect to finitely generated ideals (see e.g. the statement and
proof of [Sta, Tag 05GG]). We will also deduce it as a byproduct of the proof
of the claims in the first paragraph, to which we now turn.

Given the definition of M & C as the localization M & C+[1/u], the second
claim of the first paragraph is clearly equivalent to the first. As for this first
claim, we note that for each m,n > 1, Lemma B.14 (1) shows that the terms in
the short exact sequence

0—C*/u vy CT/u™™ = CT /u™ — 0

are flat R-modules. Thus, tensoring this short exact sequence with M over R
yields a short exact sequence

0— M®g (CT/u") = M®g (CT/u") = M @g (C*/u) — 0.
Passing to the inverse limit over n, we obtain the exact sequence
05 MBrCHYS MBrCT —» M ey O jumCt

from which the claims of the first paragraph follow. If we use the surjectivity of
the transition maps in the inverse limit to infer that the relevant lim' vanishes,
then we see that this sequence is even exact on the right, so that we also obtain
a confirmation of the claim of the second paragraph. O

B.20 Lemma.
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(1) The functors M — M &r Ct and M +— M &g C are exact.

(2) If A is an R-algebra, if J is a finitely generated ideal in A, and if M is
an A-module, then the natural map

JM@rCT) = JM &5 CT
18 an isomorphism, and consequently there is a short exact sequence

0= JMBrCY) - MRIrCT — (M/JM)&rCT = 0.

(3) If J1 and Jy are ideals in an R-algebra A, with J, D Ja, and if M is an
A-module, then there is a natural isomorphism

JI(MRrCH)/Jo(M&rCY) =5 (JIM/JoM) Q5 CT.

Proof. If 0 - My — Ms — M3 — 0 is a short exact sequence of R-modules,
then Lemma B.14 (1) implies that

0— M; ®g (C+/u") — Ms Qp (C+/u") — M3 ®p (C+/u") — 0

is exact for each n. If we pass to the inverse limit over n, and note that the
transition morphisms are evidently surjective, so that the relevant ]'gll vanishes,
we obtain a short exact sequence

0= M @rCt = My®@rCt = My®@rCT =0,

proving the first exactness claim of (1). The second exactness claim follows from
the first, together with the fact that the localization C' := C*[1/u] is flat over
C, and that there is an isomorphism M @ C — (M @ C1) ®c+ C.

In order to prove (2), we apply (1) to the short exact sequence 0 — JM —
M — M/JM — 0, obtaining a short exact sequence

0= (JM)BrCt - M&rCT = (M/JM)RrCH — 0. (B.21)

Thus we may (and do) regard (JM) &g CT as a submodule of M &5 C*. There
is a consequent inclusion

JIMRrCT) C (JM)RrC™, (B.22)

whose image is u-adically dense in the target. Since J is a finitely generated
ideal, we see that J(M ®r C™) is furthermore w-adically complete, and thus
that (B.22) is actually an equality, establishing the first claim of (2).

Replacing (JM)®g Ct by J(M &g CT) in the short exact sequence (B.21)
yields the short exact sequence whose existence is asserted in the second claim
of (2).

Claim (3) follows directly from (2), and the exactness result of (1). O

The following lemma will allow us to use grading techniques to study u-adic
completions.
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B.23 Lemma. If M is an R-module, then there are natural isomorphisms
(1) Gr*M @y, Gr°(C* /u) = Gr* (M @r (CF/u™)) (for any n > 1),
(2) Gr*(M ®p Ct) =5 Gr*M ® Gr'C*, and
(3) Gr*(M &5 C) =+ Gr*M &;, Gr°C.

Proof. Lemma B.14 (1) shows that C* /u™ is flat over R, and (1) follows from
this, together with Lemmas B.8 and B.10.

Lemma B.20 (3) (taking the inclusion J, C J; to be the various inclu-
sions I**! C I' in turn) shows that each Gr'(M & CT) — Gr'M ®pC*.
Since I annihilates Gr’(M), the target of this isomorphism can be rewritten as
Gr'M ®; Gr°C*. This proves (2).

The R-algebra C' may be described as the direct limit C' — hgn u O
(the transition maps being the obvious inclusions). Since the formation of direct
limits is compatible with tensor products, we find that

Gr'c = @Grou*"cﬁ

The isomorphism of (3) is thus obtained from the isomorphisms
Gr*(M @ru"CH) =5 Gr* M @, GrPu—"C*

of (2) by passing to the direct limit over n. O

B.24 Loci of vanishing and of equivariance

We maintain the notation of Section B.11, and prove some slightly technical
results about the “locus of vanishing” and “locus of equivariance” of morphisms
between finitely generated projective A ® g C-modules.

B.25 Lemma. Let A be an R-algebra, and let M be a finitely generated pro-
jective module over AQrC. If m € M, then the “locus of vanishing” of m
18 a Zariski closed subset of Spec A. More precisely, there is an ideal J of
A such that for any morphism ¢ : A — B of R-algebras, the image of m in
Mg :=(BRrC)®, &, c M vanishes if and only if J is contained in the kernel
of ¢.

Proof. Since M is finitely generated projective over A®pr C, we may find an-
other finitely generated projective A®p C-module N such that M @ N is free
of finite rank over A&z C. Replacing m € M by m &0 € M & N, we re-
duce to the case when M is free of finite rank, say M = A®p C®". Writing
m = (x1,...,%,) with z; € A®p C, we see that it suffices to construct a cor-
responding ideal J; for each x;; the ideal J := ), J; will then satisfy the claim
of the lemma. Thus we reduce to the proving the lemma in the case of an ele-
ment € AQr C = AR®p C*[1/u]. Recall from Lemma B.19 that A®xz Ct is
a subring of A®p C. Thus, since u is a unit in A ®z C, we may replace z by
u"z for some sufficiently large value of n, and assume that z € AQr C™.
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Note that tensoring the inclusion A®z CT < A®p C with B&gr C* over
A®p Ct induces the inclusion

B&rCt = BRRC =BOrCT[1/ul = (BRRCY) @, 5, o+ ABRC.

Thus it suffices to construct an ideal J in A such that the image of 2 in B&r C*
vanishes if and only if the morphism ¢ : A — B factors through A/J. Let z,
denote the image of z in A ®p (CT/u™), so that

r=(z,) € AQRCT = Im A ®r (C* Ju™).

If we let y,, denote the image of z,, in B ®g (C*/u"), then the image y of x in
B®p C is equal to

(yn) € BERCT =lm B ®@g (CT/u").

Thus it suffices to construct an ideal J, in A such that y, vanishes if and
only if the morphism A — B factors through A/J,; indeed, we may then take
J=>, JIn

Lemma B.14 shows that CT /u™ is flat over R, and thus free over R. (See
Remark B.13.) If we choose an isomorphism C*/u™ & R®S then we may write
Ty = (Tn,5) € APS. If we let J,, s denote the ideal in A generated by z,, s, then
Jn i= ) scg In,s is the required ideal. O

B.26 Corollary. Let A be an R-algebra, and let M and N be finitely generated
projective modules over AQr C. If f : M — N is an A®r C-module homomor-
phism, then the “locus of vanishing” of f is a Zariski closed subset of Spec A.
More precisely, there is an ideal J of A such that for any morphism ¢ : A — B
of R-algebras, the base-change

fB:Mp:=(BO®rC)®,5, M — Ng:=(BOrC)®,5, N
vanishes if and only if J is contained in the kernel of ¢.
Proof. We may regard f € Hom, 5 (M, N) as an element of the module
MY ®A BrC N.
The corollary then follows from Lemma B.25 applied to f so regarded. O

B.27 Corollary. Let o be a ring automorphism of C, let A be an R-algebra,
and let M and N be finitely generated projective modules over ARr C each
endowed with a o-semi-linear automorphism, denoted oy and oy respectively.
If f : M — N is an A®g C-module homomorphism, then the “locus of o-
equivariance” of f is a Zariski closed subset of Spec A. More precisely, there
is an ideal J of A such that for any morphism ¢ : A — B of R-algebras, the
base-change

fB:Mp:=(B8&rC)®,5,cM— Np:=(BErC)®,5,c N

satisfies fp ooy = on o fp if and only if J is contained in the kernel of ¢.
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Proof. This follows from Corollary B.26, applied to the morphism f —on o fo
—1
O - O

We also have the following variants on these results for A ®z CT-modules.

B.28 Lemma. Let A be an R-algebra, and let M and N be finitely generated
projective modules over AQr Ct. Let f: M — N[1/u] be an A®gr C*-module
homomorphism. Then the locus where f(M) C N is a Zariski closed subset
of Spec A. More precisely, there is an ideal J of A such that for any morphism
¢ : A — B of R-algebras, the base-change

fB:Mp:=(BR®rC)®,5, M — Np[l/u]:=(B&8RC)®,5, ¢ N[1/u]
satisfies fg(Mp) C Np if and only if J is contained in the kernel of ¢.

Proof. We argue as in the proof of Lemma B.25. Since M, N are finitely gener-
ated projective over A®p Ct, we may find finitely generated projective mod-
ules P,Q over AQ@p Ct such that M @ P and N @ Q are free. Replacing M
by M @& P, N by N& Q, and f by (f,0), we reduce to the case that M, N
are both finite free A®@p CT-modules. After choosing bases we may suppose
that M = (A®RrCT)®", N = (A®r C1)®* and considering the matrix repre-
senting f, we reduce to the showing that for any element € A®p C, there is
an ideal J of A such that (¢ ® 1)(z) € B&g C™ if and only if .J is contained in
the kernel of ¢. This is a special case of Lemma B.29 below. O

B.29 Lemma. Let A be an R-algebra, and let M be a finitely generated pro-
jective A@g C*-module. Let x be an element of M[1/u]. Then the locus where
x € M is a Zariski closed subset of Spec A. More precisely, there is an ideal
J of A such that for any morphism ¢ : A — B of R-algebras, the image of x
in Mp[1/u] lies in Mg if and only if J is contained in the kernel of ¢.

Proof. We begin by arguing as in the proof of Lemma B.28. Since M is finitely
generated projective over A®@p CT, we may find a finitely generated projective
module P,Q over A®p C* such that M @ P is free. Replacing M by M & P
and z by (x,0), we reduce to the case that M is a finite free A®p Ct-module.
After choosing a basis we may suppose that M = (A®r C1)®" | so that we can
reduce to the case that M = A®gz Ct.

Choose n sufficiently large so that u"z € A®@rCT. Then (¢ ® 1)(x) €
B®pr Ct if and only if the image of (¢ ® 1)(z) in

uw(BRrCT)/(BR®RCT) = Bog (u"CT)/CT)

vanishes. As in the proof of Lemma B.25, «~"C*/C% is a free R-module,
so we can and do choose an isomorphism u~"C*/Ct = R®S. Then if we
write z = (z,) € A% 2 A®p (u"C*T/CF), we can take J to be the ideal
generated by the x;. O
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B.30 Extending actions

We continue to remain in the context of Section B.11. We will show that various
sorts of actions on C'T or C can be extended to the completed tensor products
A®RCT and ARRC.

Throughout our discussion, we endow CF with the u-adic topology, while
we endow C' with the unique topology which makes it a topological group, and
in which C* is an open subgroup. More generally, if A is any R-algebra, we
again endow A ®p CT with the u-adic topology, while we endow A®p C with
the unique topology which makes it a topological group, and in which A &z C*
(endowed with its u-adic topology) is an open subgroup.

B.31 Lemma. Suppose that Ct (resp. C) is equipped with a continuous R-
linear endomorphism . Then there is a unique extension of ¢ to a continuous
A-linear endomorphism of AQr CT (resp. AQgC).

Proof. Lemma B.19 shows that u-adic topology on A®@p Ct coincides with its
inverse limit topology, if we recall that A@pr CT = lim A ®pg (Ct/u™), and
we endow each of the objects appearing in the inverse limit with its discrete
topology. Given this, it is immediate that a w-adically continuous R-linear
endomorphism ¢ of CT extends uniquely to a w-adically continuous A-linear
endomorphism of A&z C™.

The case when ¢ is a continuous R-linear endomorphism of C' is only slightly
more involved. Namely, to say that ¢ : C' — C is continuous is to say that,
for some m > 0, we have an inclusion @(u™C*+) C CT, and that the induced
morphism ¢ : u™CT — C7 is continuous, when each of the source and the
target are endowed with their u-adic topologies. Again taking into account
Lemma B.19, we then obtain a unique A-linear and continuous morphism

A@)RC = (@A RR (umCJ’_/U"L""”))[l/u}
— (lmA®p (CT/u™))[1/u] = AGRC,

as required. O

If G is a topological group acting continuously on C* (i.e. acting in such
a way that the action map G x CT — C7 is continuous), then for any g € G
and m > 0, we may find n > 0, and an open neighbourhood U of g, such that
U x u"Ct C u™C™T. (This just expresses the continuity of the action map at
the point (g,0) € G x CT.) If G is furthermore compact, then G is covered by
finitely many such open sets U, and thus for any given choice of m, we may in
fact find n such that G - u"Ct C v™C™T. An identical remark applies in the
case of a compact topological group acting on C.

We will need to introduce an additional condition on G-actions on C, which
is related to, but doesn’t seem to follow from, the previous considerations.

B.32 Definition. If G is a group, we say that a G-action on C' is bounded if,
for any M > 0, there exists N > 0 such that G -u~MC*+ Cu=NC+.
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B.33 Remark. 1t follows from Remark B.12 that the notion of a group action
being bounded is independent of the choice of u € C't satisfying conditions (A),
(B), and (C) of Section B.11.

We then have the following lemma.

B.34 Lemma. Suppose that G is a compact topological group, and that CT
(resp. C) is equipped with a continuous (resp. continuous and bounded) R-linear
G-action. Then there is a unique extension of this action to a continuous A-
linear action of G on A®r Ct (resp. A®gC).

Proof. The proof of this lemma is very similar to that of Lemma B.31. Indeed,
applying that lemma (and taking into account its uniqueness statement) we
obtain the desired action of G. It remains to confirm that this action is again
continuous.

Consider first the case of a G-action on C*. For each m > 0, we saw above
that G - u"C*T C w™CT if n is sufficiently large, so that we obtain a well-
defined map G x ARrCT = G x lim A®pCF/u" - A®p CT/u™ which
is continuous (since it is just obtained from the continuous G-action on C'* by
tensoring with A). Passing to the projective limit in m then yields the desired
continuity.

In the case of a G-action on C, we argue similarly: namely, the assumptions
of continuity and boundedness of the G-action yield continuous morphisms

Gxu™MCt/u"Ct = uNOT jumCT

Passing to the projective limit in n, then in m, and then to the inductive limit
in NV, and then in M, we deduce the desired continuity of the G-action on
A®RrC. O

B.35 A rigid analytic perspective

We keep ourselves in the setting of Section B.11. We are interested in study-
ing finitely generated projective modules over A ®p C, especially their descent
properties. In the present general context, we don’t know whether an ana-
logue of Drinfeld’s descent result for Tate modules (see [Dri06, Thm. 3.3, 3.11]
and [EG21, Thm. 5.1.18]) holds for arbitrary R-algebras A. However, we will
see that such a descent result is valid in the more restricted setting of finite
type R-algebras. In the case of finite type k-algebras, we will prove this using
results from rigid analysis. For finite type R-algebras that are not necessar-
ily annihilated by I, we will use grading techniques to reduce to the case of
k-algebras.

If A is a finite type k-algebra, then Spf(A ®;, Gr®Ct) (where the Spf is taken
with respect to the u-adic topology on A ®; Gr’C*) is a formal scheme of finite
type over Spf Gr’C't, whose rigid analytic generic fibre Max Spec(A4 ®; GrC) is
an affinoid rigid analytic space over the complete non-archimedean field Gr’C.

As an application of this rigid analytic point-of-view (together with graded
techniques), we first establish the following proposition.



244 APPENDIX B. GRADED MODULES AND RIGID ANALYSIS

B.36 Proposition.
(1) If A is a finite type R-algebra, then A®g C is Noetherian.

(2) If A — B is a (faithfully) flat morphism of finite type R-algebras, then
the induced morphisms AQr CT — BRrCt and AQrC — BRpr C are
again (faithfully) flat.

Proof. In the case when A is in fact a k-algebra, it follows from the preced-
ing discussion that A®pz C is an affinoid algebra over Gr°C, and is therefore
Noetherian by [BGR84, Thm. 1, §5.2.6]. In the general case, Lemma B.23 (3)
gives an isomorphism Gr®(A®z C) — Gr*A®; Gr'C. Since Gr*A is a finite
type k-algebra, it follows from the case already proved that the target of this
isomorphism is Noetherian, and thus so is its source. Thus A®p C is itself
Noetherian, by Lemma B.4.

We explain how our rigid analytic perspective proves a part of (2). If we
suppose first that A — B is a flat morphism of k-algebras, then so is the
morphism A ® gz C — B ®p C. Now the preceding discussion shows that the
morphisms Max Spec(A & C') — Max Spec(A®C) and Max Spec(B &g C) —
Max Spec(B ®g C) are open immersions of rigid analytic spaces over GrC, so
that the induced morphism Max Spec(A®r C) — Max Spec(B &z C) is also
flat. This proves (the k-algebra case of) the second flatness claim of (2). If
A — B is a flat morphism of R-algebras that are not necessarily k-algebras,
then we deduce from Lemma B.8 that Gr*A — Gr®B is flat, and thus, from
what we’ve already shown, that

Gr*A®; Gr’C — Gr*B®y, Gr’C
is flat. Lemma B.23 (3) then shows that the morphism
Gr*(A®rC) = Gr*(BRgr C)

is flat, and one more application of Lemma B.8 completes the proof of the second
flatness claim of (2).

It is not clear to us whether one can deduce the second faithful flatness claim
of (2) by this style of argument. In order to prove this result, as well as to obtain
the first set of claims of (2), we appeal to the results of [FGK11]. Indeed, it is
clear that the second set of claims in (2) follows immediately from the first, and
it the first set of claims that we will now prove.

We first note that if the morphism A — B is flat (resp. faithfully flat), then
so are each of the morphisms A®@r C*/u"A — B ®E C/u™. In the terminology
of [FCK11, §5.2], the morphism A ®r Ct — B®g C™ is adically flat (resp. adi-
cally faithfully flat); here we regard the source and target as being endowed with
their u-adic topologies. The discussion at the beginning of [FGK11, §5.2] (see
also our Proposition 2.2.2) then shows that A@r Ct — B&p C™ is flat. In the
adically faithfully flat case, we deduce in addition from [FGK11, Prop. 5.2.1 (2)]
(again, see also Proposition 2.2.2) that A®z Ct — BRg C™ is faithfully flat;
note that A®p C* and B ®g C* are Noetherian outside u by (1) of the present
proposition. O



B.37. DESCENT FOR A&p C-MODULES 245

B.37 Descent for A®pC-modules

We now establish the descent result alluded to above; it is analogous to Drinfeld’s
[EG21, Thm. 5.1.18 (1)] but is restricted to the context of finite type R-algebras.
We use grading techniques to reduce to the case of finite type k-algebras, where
we can then apply known results from rigid analysis.

B.38 Theorem. Let A — B be a faithfully flat morphism of finite type R-
algebras. Then the functor M — M Qasnc (B Qr C) induces an equivalence

of categories between the category of finite type A& p C-modules and the category
of finite type B @ C-modules equipped with descent data.

B.39 Remark. Recall (for example from [BLRI0, §6.1]) that if S — S’ is a ring
homomorphism, then a descent datum for an S’-module M’ is an isomorphism
of S'®gS’-modules S’@s M’ = M'®5S5’, satisfying a certain cocycle condition.
Given a descent datum, we have a pair of morphisms of S-modules M’ —
M' ®g S’, namely the obvious morphism and the composite of the obvious
morphism M’ — S’ ®g M’ with the descent datum isomorphism. We let K
denote the S-module given by the kernel of the difference of these two maps.
We refer to the functor M’ — K, from the category of S’-modules with descent
data to the category of S-modules, as the kernel functor. (If S — S’ is faithfully
flat, then the theory of faithfully flat descent shows that M’ is the extension of
scalars from S to S’ of K.)

Proof. We first treat the case when A and B are k-algebras. In this case, the
category of finite type A &g C-modules (resp. finite type B ® r C-modules) is
equivalent to the category of coherent sheaves on the affinoid rigid analytic
space Max Spec(A&r C) (resp. Max Spec(B®p C)) over the field Gr'C, and
the statement follows from faithfully flat descent for rigid analytic coherent
sheaves [BG98, Thm. 3.1].

We reduce the general case of R-algebras to the case of k-algebras via the
usual graded arguments. To ease notation, we let F' : C — D denote the base-
change functor M — M ®,5 ¢ (B®g C) from the category C of finite type

A ®p C-modules to the category D of finite type B &z C-modules equipped with
descent data, and let G : D — C denote the kernel functor. There are evident
natural transformations

GoF —ide and FoG — idp, (B.40)

which we claim are natural isomorphisms (so that G provides a quasi-inverse to
F'| proving in particular that F' induces an equivalence of categories).

We let C denote the category of finite type GrO(A Rr C)-modules, and let D
denote the category of finite type Gr’(B ® g C')-modules equipped with descent
data to Gr’(A®rC). We let F : C — D denote the base-change functor
~ @G0 (4G, 0) Cr'(B®g C), and let G : D — C denote the kernel functor. The
case of k-algebras that we have already treated shows that there are natural
isomorphisms
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~ We think of passage to the associated graded Gr*® as inducing functors C —
C and also D — D. It follows from Lemmas B.8 and B.10, together with
Proposition B.36, that there is a natural isomorphism

Gr* o F = FoGr®;
there is also an evident natural isomorphism
Gr* oG = GoGr®

furthermore, these natural isomorphisms are compatible with the natural trans-
formations (B.40) and (B.41). Since the natural transformations (B.41) are iso-
morphisms, the same is true of the natural transformations (B.40), by Lemma B.7.
This completes the proof that F' is an equivalence. O



Appendix C

Topological groups and
modules

In this appendix we recall some more-or-less well-known facts regarding topo-
logical groups and modules, for which we haven’t located a convenient reference.
We found the note [Kay96] to be a useful reference for the basic facts regarding
Polish topological groups.

Recall the following definition.

C.1 Definition. A topological space is called Polish if it is separable (i.e.
contains a countable dense subset) and completely metrizable. A topological
group is called Polish if its underlying topological space is Polish. Similarly, a
topological ring is called Polish if its underlying topological space is Polish.

Our interest in Polish groups is due to the following lemma and corollary;
see also [Sta, Tag 0CQW] for a more algebraic proof of a closely related result.

C.2 Lemma. If ¢ : G — H is a continuous homomorphism between two Polish
topological groups, then the following are equivalent:

1. ¢ is open.
2. ¢(G) is not meagre in H.

Proof. If (1) holds, then ¢(G) is a non-empty open subset of the Polish, and
hence Baire, space H, and so is not meagre. Thus (1) implies (2). For the
converse, see e.g. [Kay96, Thm. 18]. O

C.3 Corollary. A continuous surjective homomorphism of Polish topological
groups is necessarily open.

Proof. A completely metrizable space is Baire, and hence is not a meagre subset
of itself. The corollary thus follows from the implication “(2) = (1)” of
Lemma C.2. O
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Any metrizable space is first countable (i.e. each point contains a countable
neighbourhood basis). Recall that, conversely, if G is a topological group, then
G is first countable if and only if the identity element 1 admits a countable
neighbourhood basis, and in this case, if (the underlying topological space of) G
is Hausdorff then it is in fact metrizable (this is the Birkhoff-Kakutani theorem),
and even admits a (left or right) translation invariant metric. In particular, (the
underlying topological space of) a Hausdorff topological group is separable and
metrizable if and only if it is second countable (i.e. admits a countable basis for
its topology).

Recall also that a topological group G admits a canonical uniform structure,
so that it makes sense to speak of G being complete. For the sake of complete-
ness, we note that the underlying topological space of G being Polish forces G
to be complete.

C.4 Lemma. If G is a Polish topological group, then G is complete.

Proof. Since G is metrizable, it is Hausdorfl, and so we may consider the canon-
ical embedding of topological groups G < G of G into its completion. Since GG
is separable and dense in G we see that G is separable. Also, Gisa complete
metric space (it may be identified with the metric space completion of G with
respect to any invariant metric inducing the topology on G). Thus G is Polish.
Any Polish subset of a Polish space is Gs (i.e. a countable intersection of open
sets), and so in particular G is Gy inside G. Since G is Polish, and thus Baire,
we find that G is not meagre in G. Tt follows from Lemma C.2 that the inclusion
G — G is open, and thus that G is an open subgroup of its completion G. Since
an open subgroup of a topological group is also closed, we find that G closed,
as well as dense, in GG, and thus that G = G, which is to say, G is complete, as
claimed. O

C.5 Remark. 1t follows from Lemma C.4 and the discussion preceding it that a
topological group is Polish if and only if it is complete and second countable.

We next recall a result about Noetherian and Polish topological rings, which
is inspired by a result of Grauert and Remmert in the theory of classical Banach
algebras [GR71, App. to §1.5]. (See [BGR84, Prop. 3, §3.7.3] for the analogous
result in the context of non-archimedean Banach algebras.)

C.6 Proposition. Let A be a Polish (or, equivalently, a (Hausdorff) complete
and second countable) topological ring which is Noetherian (as an abstract ring),
and which contains an open additive subgroup that is closed under multiplication,
and consists of topologically nilpotent elements. Then any finitely generated A-
module M has a unique completely metrizable topology with respect to which it
becomes a topological A-module. Furthermore, M is complete with respect to this
topology, any submodule of M is closed, and any morphism of finitely generated
A-modules is automatically continuous, has closed image, and induces an open
mapping from its domain onto its image.

Proof. To begin with, suppose that M is a finitely generated A-module which
is furthermore endowed with a completely metrizable topology which makes it
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a topological A-module. We claim first that M is in fact complete, and that
any surjection of A-modules A™ — M (for some n > 1) is continuous and open.
It then follows that M is endowed with the quotient topology via this map,
and thus the completely metrizable topology on M is uniquely determined (if
it exists).

To see the claim, note that since M is a finitely generated A-module, we may
choose a surjective homomorphism of A-modules A™ — M for some n > 1.
Furthermore, since M is a topological A-module, any such surjection is contin-
uous. Since A is separable as a topological space by assumption, we see that M
is as well. (The image of any countable dense subset of A™ is a countable dense
subset of M.) Thus M is Polish, as is A", and it follows from Lemma C.4 that
M is complete (as a topological module), while it follows from Corollary C.3
that the given surjection A™ — M is open, as claimed.

We next claim that any A-submodule of M is closed. To see this, let N
be a submodule of M, and let N denote its closure. Since A is Noetherian
by assumption, so is its finitely generated module M, and thus N is finitely
generated, say by the elements z1,...,z,. Applying the results proved above
for M to its closed (and hence completely metrizable topological) submodule
N, we find that the surjection A™ — N given by (a1,...,a,) = > i, a;z; is
an open mapping. Consequently, if we let I be an open additive subgroup of
A which satisfies I? C I, and which consists of topologically nilpotent elements
(such an I exists by assumption), then Iz + -+ + Iz, is an open subset of
N. Since N is dense in N, we conclude that N + Ixy + --- + Iz, = N, and
consequently we may write

n
Ty = E aijTj + Yi
i=1

for each 1 <¢ < n, for some y; € N and a;; € I. Rearranging, we find that

l—an1  —ai2 -+ —ain Ty n
—azr l—axp -+ —ag, T2 Y2
—Qn1 —Aa2n T 1—- Ann Tn Yn
l—an —a12 - —ain
. . —a1  l—ap -+ —ag o
The determinant of the matrix . . ) . lies in 141,
—Qn1 —Qa2n e 1- Ann

and thus is a unit (since A is complete and I consists of topologically nilpotent
elements). Thus we find that z1,...,z, lies in the A-span of y1,...,yn, so that
in fact N C N. Thus N is indeed closed, as claimed.

Applying the preceding result to A™, we find that any A-submodule of A™
is closed, and hence that any finitely generated A-module M is isomorphic to a
quotient A™/N, where N is a closed submodule of A™. The quotient topology
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on A"™/N makes it into a complete and metrizable topological A-module, and
thus M does indeed admit a complete and metrizable topological A-module
structure. We have already seen that this topology is unique, and that any A-
submodule of M is closed. Finally, we see that homomorphisms between finitely
generated A-modules are necessarily continuous and that their images (being
A-submodules of their targets) are necessarily closed, and a final application of
Corollary C.3 shows that they induce open mappings onto their images. O



Appendix D

Tate modules and
continuity

In this appendix we study continuity conditions for group actions on modules
over Laurent series rings. We begin with some results on the topology of such
modules, before introducing group actions and related notions.

D.1 Topologies and lattices

We fix a finite extension E/Q, with ring of integers O, uniformizer w, and
residue field F, and we also fix a finite extension k/F,. If A is a p-adically
complete O-algebra, we write AY := (W (k) ®z, A)[[T]], and we let A 4 be the

p-adic completion of A%[1/T7.

D.2 Remark. Any finitely generated projective A 4-module M has a natural
topology. Indeed, we may write M as a direct summand of A"} for some n > 1.
We then endow this latter module with its product topology, and endow M with
the subspace topology. More intrinsically, since A is p-adically complete (by
assumption), we may write M = @a M/p*M. Each of the quotients M /p*M
is then a projective (A/p®A)((T))-module, and so has natural topology, making
it a Tate A/p®A-module in the sense of [Dri06]. The topology on M is then the
projective limit of these Tate module topologies. We note that multiplication
by T is topologically nilpotent on M.

Similarly, any Zariski locally finite free Az-module 2 has a natural topology.
We may describe this topology in an analogous manner to the case considered
in the preceding paragraph. Namely, such a module is a finitely generated
and projective A{-module, and thus is a direct summand of (A%)" for some
n > 0. If we endow this latter module with its product topology then the natural
topology on 91 is its corresponding subspace topology. In this case, though, this
topology admits a more intrinsic and succinct description: it is the (p, T)-adic
topology on 9.

251
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We remind the reader that a topological group G is said to be Polish if its
underlying topological space is Polish, i.e. is separable and completely metriz-
able. As explained in Remark C.5, this is equivalent to G being complete (as a
topological group) and second countable (as a topological space).

D.3 Lemma. If A is a p-adically complete O-algebra for which A/p is count-
able, then A 4 is Polish, and consequently any finitely generated projective A -
module is Polish, when endowed with its canonical topology.

Proof. We will use the fact that a countable product of Polish spaces is Polish,
as is a closed subspace of a Polish space. It follows from these facts, and from
the description of the natural topology on a finitely generated projective A 4-
module given in Remark D.2, that the canonical topology on any such module
is Polish, provided that that A 4 itself is Polish.

We may write Ay = l'&la A j/pea, so that Ay is a closed subset of the
(countable) product of the various spaces A 4/pe4. It suffices, then, to show
that each of these spaces is Polish; in other words, we reduce to the case when
A is a countable Z /p“®-algebra for some a > 1.

Since A is countable, so is each of the quotients A /T™. Choose a subset
X, C Aj which maps bijectively onto Aj/T”, and write X := Umm T-"X,.
Then X is a countable dense subset of A 4, and thus A 4 is separable.

The topology on Ajg is the T-adic topology, and thus is metrizable (as is
any I-adic topology on a ring). Since Ajg is T-adically complete, it is in fact
completely metrizable. The same is then evidently true for

Ay =AL[/T) =T A} O

D.J Remark. Clearly TAX is an open subgroup of A 4 that is closed under
multiplication and consists of topologically nilpotent elements. Thus if A/p is
countable, then A 4 satisfies the conditions of Proposition C.6, and thus the
canonical topology on finitely generated projective A 4-modules constructed in
Remark D.2 is a particular case of the canonical topology constructed on any
finitely generated A 4-module in Proposition C.6.

We now present some additional facts related to the preceding concepts
which will be needed in the sequel.

D.5 Lemma. A finitely generated Aj{—module is projective of rank d if and only
if for each a > 1, the quotient IM/p*IM is projective of rank d as an AZ/p“A_
module. Similarly, a finitely generated A o-module M is projective of rank d if
and only if for each a > 1, the quotient M /p*M is projective of rank d as an
A 4 /pa a-module.

Proof. This is immediate from [GD71, Prop. 0.7.2.10(ii)], applied to the p-
adically complete rings Aj and A 4. O

D.6 Definition. If M is a finitely generated A s-module, then a lattice in M
is a finitely generated A{-submodule M C M whose A 4-span is M.



D.1. TOPOLOGIES AND LATTICES 253

Note that any finitely generated A 4-module contains a lattice. (If f : A7 —
M is a surjection from a finitely generated free A 4-module onto the finitely
generated A 4-module M, then the image of the restriction of f to (A%)" is a
lattice in M.)

We record some additional lemmas and a remark which apply in the case
when A is an O/w®-algebra for some a > 1.

D.7 Lemma. Let A be an O/w®-module for some a > 1, and let M be a finitely
generated A 4-module.

1. If M and N are two lattices contained in a finitely generated A o-module M,
then there exists n > 0 such that T™9N C O C T~ "IN.

2. If in addition either A is Noetherian or M is projective, then any lattice
in M is T-adically complete.

8. If A is Noetherian, if 9 is a lattice in M, and if N is an Az-submodule
of M such that T"IN C N C T~ "M for some n > 0, then N is a lattice
in M.

Proof. To prove (1), it suffices to prove one of the inclusions; the reverse inclu-
sion may then be obtained (possibly after increasing n) by switching the roles
of 9 and M. Since Ay = A%[1/T], we find that 0 C M[1/T] = o, T~ "IM.
Since 91 is finitely generated as an Aj—module, we obtain that 9t C T~"91 for
some sufficiently large value of n, as required.

To prove (2), we note that if A is Noetherian, than Az is also Noetherian,
and thus any finitely generated A:—module is T-adically complete, since AX
itself is. If M is projective, then we write M as a direct summand of a finitely
generated free A 4-module, so that 9t may then be embedded into a finitely
generated free Aj—module. Thus 9 is T-adically separated, and hence the
kernel of any surjection (A})" — 9 is T-adically closed. Since (A)" is T-
adically complete, we conclude that the same is true of 91.

Suppose now that A is Noetherian, and that we are in the situation of (3).
The inclusion 779 C N shows that M = M[1/T] C N[1/T], so that N gen-
erates M as an A 4-module. We must show that 91 is furthermore finitely
generated over Ajg. For this, we first note that, since 9 is T-adically complete
(by (2)), the inclusion T79Mt C M C T~ "M shows that N is also T-adically
complete. It also shows that 91/T91 is a subquotient of the finitely generated
A-module T~"9M /TN, and thus is a finitely generated A-module (as A is
Noetherian). Since 2N is T-adically complete, an application of the topological
Nakayama lemma shows that 91 is finitely generated over Aj, as required. [

D.8 Remark. By [EG21, Thm. 5.1.14] (a theorem of Drinfeld), if A is an O/w?-
algebra for some a > 1, then we may think of a finitely generated projec-
tive A g-module as a Tate A-module M together with a topologically nilpotent
automorphism 7. In this optic a lattice in our sense is precisely a lattice in the
Tate module M which is also an A{-submodule (by definition, a lattice L C M
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is an open submodule with the property that for every open submodule U C L,
the A-module L/U is finitely generated), as the following lemma shows.

D.9 Lemma. If A is an O/w®-algebra for some a > 1, and if M is an Ajg-
submodule of a finitely generated projective A s-module M, then the following
conditions on M are equivalent:

1. M is a lattice in M (in the sense of Definition D.6)

2. M is open in M, and for every AZ—submodule U of M which is open in M,
the quotient M/U is finitely generated over A.

3. M is open in M, and for every A-submodule U of I which is open in M,
the quotient M /U s finitely generated over A (i.e. M is a lattice in M,
when M is thought of as a Tate module over A in the sense of Remark D.8).

Proof. Suppose that 9 is a lattice in M, in the sense of Definition D.6. If we
choose a surjection (A})" — M for some n > 0, then the induced surjection
A’y — M is a continuous and open map, and so 9 is open in M, since (Ajg)’”
is open in A”,. Furthermore, since the submodules T"(A%)" (n > 0) form
a neighbourhood basis of 0 in (A¥)", we see that their images 79 form a
neighbourhood basis of 0 in 9. Thus if U is any open A-submodule of 9%, then
M/U is a quotient of M/T™IM for some n > 0, and thus is finitely generated
over A. Thus (1) implies (3).

Clearly (3) implies (2), and so we suppose that (2) holds. Let 91 be an
A}submodule of M that is a lattice in the sense of Definition D.6, so that
M =N1/T)=U,>o T "N. Then M = J,,», MNT~"N, and thus

m/MAN) = | J@AT ) /(M0 N).

But 2t/ (9 NN) is finitely generated over A by assumption, and thus
M/MNN=MNT"N)/(MNN),

for some sufficiently large value of n, implying that 9t C T~"N. In particular
M is T-adically complete, being open (and hence closed) in the lattice -,
which is T-adically complete by Lemma D.7 (2). Since T is an automorphism
of M, we find that T9 is an open submodule of 9, so that 9/TMN is finitely
generated over A. As 91 is T-adically complete, the topological Nakayama
lemma implies that 90 is finitely generated over A7.

Since T is topologically nilpotent and 91 is finitely generated over Aj, we
also find that 779 C 9t for some sufficiently large value of n. Thus MM[1/T] =
MN[1/T] = M. This completes the proof that 9 is a lattice in M in the sense of
Definition D.6, showing that (2) implies (1). O

D.10 Remark. It follows from Lemmas D.7 and D.9 that if A is a O/w®-algebra,
and M is a finitely generated projective A 4-module, then the lattices in M form
a neighbourhood basis of the origin in M.
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We also note the following technical lemma.

D.11 Lemma. If A C B is an inclusion of O/w®-algebras for some a > 1,
with A Noetherian, if M is a projective A o-module M with extension of scalars
Mp :=Ap®a, M to B, and if Mp is a lattice in Mg, then M := MNMp (the
intersection takes place in Mp) is a lattice in M, having the additional property
that M NT™Mp = T™IM for any integer n.

Proof. Choose a projective complement to M, i.e. a finitely generated projective
A p-module N such that M @ N is free over A 4, and let 9tp be a lattice in Np.
Then it suffices to prove the lemma with M replaced by M & N and with Mg
replaced by MM p @ Np; thus we may and do suppose that M is free over A 4.
Choose a lattice MM’ in M which is free over A, and note that Mz := AL
is a lattice in Mp, and that M NT"My = TN’ for any integer n.

Lemma D.7 (1) shows that T"9; C Mp C T "M, for some sufficiently
large value of n. Intersecting with M, we find that 779 C M C TN, so
that 9 is a lattice in M, by Lemma D.7 (3). Finally, by the definition of 90,
we find that M NT"9Mp = T"IMN for any integer n. O

D.12 Group actions

We now prove some lemmas which allow us to check whether the action of a
topological group on a Tate module is continuous, and to extend such an action
from a group to its completion.

D.13 Lemma. Let G be a topological group acting on a Tate module M, and
assume that G admits a neighbourhood basis of the identity consisting of open
subgroups. Then the following are equivalent:

1. The action G x M — M 1is continuous.
2. (a) For each m € M, the map G — M, g — gm is continuous at the
identity of G,
(b) for each g € G, the map M — M, m — gm is continuous, and
(¢) for any lattice L in M, there is an open subgroup H of G that pre-

serves L.

Furthermore, if these equivalent conditions hold, then the following stronger
form of condition (2)(a) holds:

(2)(a’) For each m € M, the map G — M, g — gm is equicontinuous at the
identity of G.

D.14 Remark. The assumption in Lemma D.13 that G admits a neighbourhood
basis of open subgroups holds in particular if G is a profinite group, or if G is
a subgroup of a profinite group with the subspace topology. In particular, it
holds for the groups Z, and for Z C Z,,.
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Proof of Lemma D.13. Suppose first that (1) holds; then clearly conditions (2)(a)
and (2)(b) hold. Let L be alattice in M. Since the action morphism GxM — M
is continuous, we may find an open subgroup H of G and an open submodule
U of M, such that HU C L. Replacing G by H, we may thus suppose that
GU C L. Now consider the morphism G x L/U — M/L induced by the action
morphism. Since L is a lattice, the A-module L/U is finitely generated. Let
{m;} be a finite generating set. Since M/L is discrete, for each generator m,,
there is an open subgroup H; of G such that H;m; is constant, and thus equal
to zero, modulo L. If we write H := (), H;, then H is an open subgroup of G
such Hm; C L for every i. Consequently, HL C L, verifying that (2)(c) holds
as well.

Suppose conversely that (2) holds. We first note that we may strengthen (2)(a)
as follows: if m € M, then the orbit map g — gm is a continuous map G — M.
Indeed, if gg € G, then we may write this map as the composite of the contin-
uous automorphism g — gga1 of G and the orbit map g — ggom. The latter
orbit map is continuous at the identity of G, by (2)(a), and so the orbit map of
m is continuous at gg.

We now wish to prove that the action map G x M — M is continuous.
Let (g,m) € G x M. Any neighbourhood of the image gm € M contains a
neighbourhood of the form gm + L, where L is a lattice in M. Given a lattice
L, then, we must find a neighbourhood of (g, m) whose image lies in gm + L.

Since g is a continuous automorphism of M, by (2)(a), we may find a lattice
L’ such that gL' C L. By (2)(c), we may find an open subgroup H' C G that
preserves L'. Then H' acts on M/L’, and since this quotient is discrete, and
since the orbit maps for the action are continuous (by what we proved above),
it follows that the action of H' on M/L’ is smooth, and so we may find an
open subgroup H of H' that fixes the image of m in M/L’. Then we find that
(gH)(m+ L") C gm+ L, and since gH X (m + L') is an open neighbourhood of
(g,m) € G x M, we have proved the required continuity.

Finally, suppose that conditions (1) and (2) hold; we must show that the
continuity condition of (2)(a) can be upgraded to the equicontinuity condition
of (2)(a’). To do this, we need to show that for any two lattices L, L’ C M, there
is an open subgroup H of G such that for each m € L, we have Hm C m + L.

Replacing L' by L N L', we can assume that L' C L. By (2)(c), we can
choose H such that HL' C L' and HL C L, so that we have an induced
continuous map H x (L/L’) — L/L'. Since L/L’ is a finitely generated A-
module and is discrete, after replacing H by an open subgroup we can assume
that H acts trivially on L/L’, as required. O

D.15 Lemma. Let G be a Hausdorff topological group, which admits a neigh-
bourhood basis of the identity consisting of open subgroups, and suppose further-
more that for any open subgroup H of G, the quotient G/H is finite; equivalently,
suppose that the completion G of G is profinite.

If M is a Tate module, endowed with a continuous action G x M — M, then
the action G x M — M extends to a continuous action G x M — M.
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Proof. We have to show that the continuous action G x M — M extends (nec-
essarily uniquely, since G is dense in é) to a continuous map GxM — M. (The
fact that this map will induce a é—acAtion on M follows from the corresponding
fact for G, and the density of G in G.) Since M is the union of its lattices, it
suffices to show that the induced map G x L — M extends to a continuous map
G x L — M, for each lattice L C M. For this, it suffices to show that the map
G x L — M is uniformly continuous, for each lattice L. That is, for any lattice
L' C M, we have to find an open subgroup H C G and a sublattice L C L
such that gHm + HL"” C gm + L' for all g € G and all m € L.

By Lemma D.13, the conditions (2)(a)-(c) of that lemma hold. We begin by
showing that we may find a sublattice L of L such GL"” C L’. For this, we first
note that, by (2)(c), we may find an open subgroup H C G such that HL' = L.
If let {g;} denote a (finite!) set of coset representatives for H\G, then since
each g; induces a continuous automorphism of M, we may find a lattice L; such
that g;L; € L’. Taking into account Remark D.10, we may then find a lattice
L" C L'N(; Li, and by construction GL"” C L'.

Condition (2)(a’) allows us to choose an open subgroup H C G such that
Hm Cm+ L"” for all m € L. We then find that

gHm +HL" Cgm+GL" Cgm+ L'

for all g € GG, as required. O

D.16 T-quasi-linear endomorphisms

In order to apply the preceding results to the case of interest to us (the semilinear
action of T on (¢, I')-modules), we now introduce and study the notion of a T-
quasi-linear endomorphism of a finite projective A 4-module. The relevance of
this notion to (¢, I')-modules is explained in Lemma D.27 below.

D.17 Definition. If M is a finite projective A 4-module, then a T-quasi-linear
endomorphism of M is a morphism f : M — M which is W (k) ®z, A-linear, and
which furthermore satisfies the following (7-quasi-linearity) condition: there
exist power series a(T) € (A})* and b(T) € (p,T)A} such that

f(Tm) =a(T)YTf(m)+b(T)T'm
for every m € M.
D.18 Lemma. If f is T-quasi-linear, then for all n € Z, we may write
f(Tm) =a(T)"T" f(m) + b, (T)T"m
for allm € M, where a(T) € (A})* and b,(T) € (p,T)A%.

Proof. Note that the case n = 0 is trivial (taking by(7") = 0), while if the claim
holds for some n > 1, then we may write

f(T™"m) =a(T)""T7 " f(m) —a(T)""b,(T)T " "m.
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It therefore suffices to prove the result for n > 1. This may be proved by
induction on n, the case n = 1 being the definition of T-quasi-linearity. Indeed,
if the claim holds for n, then we have

F(T"m) = f(T™(Tm))

a(T)"T" f(T'm) 4 b, (T)T™(T'm)
a(T)"T™(a(T)T f(m) + b(T)T'm) + b, (T)T"+*m
a(T)" 2T f(m) 4 (b (T) + b(T)a(T)™) T+ m,

as required. O

D.19 Lemma. Let A be an O/w*-algebra for some a > 1, and let M be a
finite projective A g-module. Let [ be a T-quasi-linear endomorphism of M,
and let M be a lattice in M. Then there is an integer m > 0 such that for
each s € Z and n > 0 we have f™(T*M) C T~ ™"9N.

Proof. Choose a finite set {m; } of generators for 90t as an A{-module. Choose m
sufficiently large that we have T f(m;) € 9 for each i. Then by Lemma D.18
and the W (k)®z, A-linearity of f, we see that for each s € Z we have f(T5t™9) C
T*M, which gives the result in the case n = 1. The general case follows by in-
duction on n. O

As noted in Remark D.2; any finite projective A 4-module M has a natural
topology, so it makes sense to speak of an endomorphism of M being continuous,
or topologically nilpotent.

D.20 Lemma. If A is an O/w*-algebra for some a > 1, and M is a finite pro-
jective A o-module, then any T-quasi-linear endomorphism of M is necessarily
continuous.

Proof. This is immediate from Lemma D.19. O

D.21 Lemma. If A is an O/w-algebra for some a > 1, and M is a finite
projective A q-module, and if f is a T-quasi-linear endomorphism of M, then
the following are equivalent:

~

. [ is topologically nilpotent.
2. There exists a lattice M in M and some n > 1 such that f™(9) C T
3. There exists a lattice M in M and somen > 1 such that f*(IN) C (p, T)IM.

4. There exists a lattice M in M such that for any m > 1, there exists ng
such that for any s € Z and any n > ng, we have f*(T*IM) C TSTMIN.

5. For any lattice M in M and any m > 1, there exists ng such that for
any s € Z and any n > ng, we have f*(TIM) C TSTIN.
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Proof. By Lemma D.7 (1), we see that (4) = (5) = (1) = (2) = (3),
so we only need to that (3) = (4). To this end, note firstly that it follows
from Lemma D.18 and the Z-linearity of f that for each 7,5 > 0 and s € Z we
have

Fp, YT F1(O) C (p, TYT* fHHON) + (p, TY T £1 ().

It follows (by induction on m) that for each m > 0 and s € Z we have
ST C Y (p, T)™ T ().
i=0

In particular, if we take m = n and recall that f™(9) C (p, T)9 by hypothesis,
we find that

JRTO) C (0, TYT + 3 (p, T T (). (D.22)

i=1

The same argument shows that if 91 is an A:—submodule of M with the
property that

|
—

NC ) (pT)"T*f (M)

%

Il
o

for non-negative integers ag, . .., a,—1, then
n—1
FOUC Y (0, 7T (M)
i=0

where bg = min(ag + 1, a,—1 + 1), and b; = min(a; + 1,a;_1) if i > 0. It follows
by an easy induction on N (with the base case being given by (D.22)) that for
all N > n, if we write N +1 = (¢ + 1)n + r with 0 < r < n, then we have

n—1

ST M) C Y (. T)T* f1(M)

i=0
where

(cn-1,---y¢0) = (¢,q,---,q)+ (r,r+1,....,n—1,1,2,...,7).
In particular we see that for all N > n we have

n—1
FN(TEM) C (p, T)LNFD/I=As N pi (o)
1=0

Now, by Lemma D.19, for any sufficiently large ¢ we have f/(90) C T~
for 0 <i <n —1, so it follows that for N > n we have

fN(Tsm) C (p’ T) [(N+1)/nj—1Ts—t9ﬁ.
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Since p® = 0 in A, we also have (p,T)"t=1 C (T™) for all n > 0, so that if
N > an — 1 then we have

fN(Tsm) - TS+L(N+1)/"J7a7t9ﬁ,
Since [(N +1)/n] —a—1t — oo as N — oo, we have (4), as required. O

D.23 Corollary. Suppose that A is an O/w®-algebra for some a > 1. If M
18 a finite projective A o-module, and if f is a T-quasi-linear endomorphism of
M, then the following are equivalent:

1. f is topologically nilpotent.
2. The action of f on M ®¢ e F is topologically nilpotent.

Proof. Obviously (1) = (2). Conversely, if (2) holds, then by the equivalence
of conditions (1) and (2) of Lemma D.21 for the action of f on M ®p,xa F,
we see that condition (3) of Lemma D.21 holds (for the action of f on M), and
therefore condition (1) of Lemma D.21 holds, as required. O

The following lemmas provide the key examples of T-quasi-linear endomor-
phisms, and explain our interest in the concept.

We suppose that A 4 is endowed with a continuous action of Z,, by A-algebra
automorphisms which preserve Aj;, and suppose further that, for some topo-
logical generator v of Z,, that

YT)-T € (p, T)TAT,. (D.24)

D.25 Lemma. If (D.24) holds, then v preserves the ideals (T') and (p,T)
of Aj. Furthermore for each integer n > 1 we have

Y(T)—T € (p,T)TAT. (D.26)

Proof. The first claim follows immediately from (D.24), which shows that v(7")
is a unit multiple of T, together with the fact that v preserves A¥. Then (D.26)
follows by induction on n (the case n = 1 being (D.24)). O

D.27 Lemma. If M is a finite projective A 4-module which is endowed with an
action of the subgroup () of Z, which is semi-linear with respect to the given
action of this group on A 4 (obtained by restricting the Z,-action), then for any
integer n > 1, f:=~" — 1 is a T-quasi-linear endomorphism of M.

Proof. We have f(T'm) =~™(T)f(m) + (+"(T) — T)m, so it follows from D.26
that f is T-quasi-linear. O

D.28 Lemma. Suppose that A is an O /w®-algebra for some a > 1, and that A 4
is endowed with an action of Z, satisfying (D.24). Let M be a finite projective
A 4-module, equipped with a semi-linear action of (y) C Z,. Then the following
are equivalent:
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1. The action of () extends to a continuous action of Z,.

2. The action of (y) on M ®¢/z« F extends to a continuous action of Z,,.

o

For any lattice M C M, and any n > 1, there exists s > 0 such that
(7" = 1)} (M) C (p, T)"M for all i > 1.

4. For any lattice M C M, there exists s > 0 such that (Wps —1)(9M) C T.
5. For some lattice M C M and some s > 0, we have (v*" —1)(9) C (p, T)M.
6. The action of v —1 on M ®¢ e F is topologically nilpotent.

7. The action of v — 1 on M is topologically nilpotent.

Proof. Noting that if n > a then (p,T)" C (T'), we see that (3) = (4), and
by Lemma D.21 and Corollary D.23 we have (4) = (5) = (6) = (7). (For
(5) = (6), we also use that (y — 1)?" = (%" — 1) (mod @).)

We next show that (7) = (3). Suppose that (7) holds. Recalling again
that for each s > 0 we have (y — 1)P" = (v*" — 1) (mod w), it follows from
Corollary D.23 and Lemma D.27 that the action of (y?"—1) on M is topologically
nilpotent for each s > 0. We now argue by induction on a, noting that for a = 1,
the implication (7) = (3) is immediate from Lemma D.21. We may therefore
assume that

(" = 1)*(M) C (p, T)"M+ = ' M

for all i > 1. Tt follows in particular that p(y?" —1)*(9) C (p, T)"9M for all i > 1,
so that for any ¢ > 0 and any ¢ > 1, we have

(7

(To see this, write (’y”SH —1) = ((v*" =1) + 1) — 1 and use the binomial
theorem.) Tt therefore suffices to show that there is some ¢ > 1 for which (77" —
1)7"(9M) C (p, T)"M for all i > 1; but we have already seen that (77" — 1) acts
topologically nilpotently on M, so by Lemma D.21 we can even arrange that
(y*" —1)®"(9M) C T"9M for all i > 1.

We have shown the equivalence of conditions (3)—(7). Suppose now that (1)
holds. Then Lemma D.13 shows that, for each lattice M C M, we have v7" (91) C
N for all sufficiently large s > 0, and that furthermore, for each m € 9, there is
some ¢(m) such that if ¢ > t(m), then v*' (m) € m~+(p, T)M. Letting my, ..., my
be generators for M as an Af-module, we see that if s is sufficiently large, then
(v?" —1)(m;) € (p, T)IM for each i. Then if \; € A, we have

(7" — 1)(2 Aim;) = ZVPS(Ai)(WpS —1)(m;) + Z(Wps = DAa)mi.

s+t . s

—1)" = (47" = 1) )(M) C (p, T)"M.

It follows from (D.26) that (v?" —1)(\;) € TA}; hence (v2" —1)(9M) C (p, T)M,
and so (5) holds.

Suppose now that the equivalent conditions (3)—(7) hold. We will show
that (1) holds. By Lemma D.15 (taking the group G there to be (y) = Z
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endowed with its p-adic topology, so that G =~ Z,), it is enough to show that
the conditions of Lemma D.13 (2) hold.

We begin with Lemma D.13 (2)(b), the condition that any g € () acts
continuously on M. It is enough to show that if 9t C M is a lattice, then
there is a lattice M with g(M) C M. This is in fact a general property of
semilinear automorphisms of A 4 which preserve AX. Indeed, let mq,...,m,
be generators of M as an Az—module7 and let 91 be the AX-module generated
by g~t(m1),...,g *(m,). This is a lattice, because g is an automorphism
of M, and it follows easily from the semi-linearity of the action of g on M that
g(9) C M, as required.

We now check Lemma D.13 (2)(c). Let 9T C M be some lattice, fix a
choice of n > 1, and then choose s as in (3). It suffices to show that the
subgroup H = (y7°) of (v) preserves M. Since (47" — 1)(IM) C (p, T)"M C M,
we certainly have v*"(9%) C 90, so it suffices to show that 47" (9) C M.
For this, note that since (as recalled above) it follows from the congruence
(y=1)P" = (y*" —=1) (mod w) that v*" — 1 acts topologically nilpotently on M,
and preserves 91, we see that for any m € 9t we have

s

AP m) = (1= (1=~ )" m) =m+ (1 =" )m)+ (1=~ ) (m) +--- € M,

as required.

To complete the verification of the conditions of Lemma D.13 (2), we need
to show that for any lattice 9 C M, the orbit maps {v) — M, for the various
m € M, are (equi)continuous at the identity of (). It is enough to show that for
each n > 1, we can find s sufficiently large such that H = (y*") satisfies Hm C
m ~+ (p, T)"M, for each m € M, or equivalently, that (h — 1)() C (p, T)"IN,
for all h € H. We accomplish this by choosing s as in (3).

It then suffices to prove the stronger claim that (42" — 1)(9M) C (p, T)"M
for all 7 € Z. We have already seen that 4™ (%) C 9. If r > 1 we may
write (YP" — 1) = (v*" — 1)(1 + 4" + --- +4=DP") " and since (1 + 47" +
S D) @) C M, we have (777 — 1)) C (4 — 1)(M) < (p, T)"M,
as required. If 7 < 0, then the result follows by writing (y~"" — 1) = —(y"?" —
D).

Finally, applying the equivalence of (1) and (6) with M replaced by M ®¢ /e
F, we see that (2) and (6) are equivalent, as required. O

The following lemmas will allow us to reduce the problem of investigating
the topological nilpotency of a T-quasi-linear endomorphism from the projective
case to the free case.

D.29 Lemma. If M; and Ms are Tate modules over a ring A, endowed with
continuous endomorphisms f1 and fo respectively, then fi and fo are both topo-
logically nilpotent if and only if the direct sum [ := f1 & fo is a topologically
nilpotent endomorphism.

Proof. This is immediate from the definitions. O
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D.30 Lemma. If M is a finite projective A o-module endowed with a T-quasi-
linear endomorphism f, then we may find a finite projective A o-module N,
endowed with a T-quasi-linear endomorphism g which is furthermore topologi-
cally nilpotent, such that M & N is a free A 4-module.

Proof. By definition, there is a A 4-module N such that M & N is free. We
may then take g to be the zero endomorphism of N; this is evidently both
T-quasi-linear and topologically nilpotent. O

If Ais an O/w*-algebra for some a > 1, and M is a finite projective A 4-
module, equipped with a T-quasi-linear endomorphism f, and if A — B is a
morphism of O/w®-algebras, then we have a base-changed W (k) ®z, B-linear
endomorphism of B® 4 M. This base-changed endomorphism is T-adically con-
tinuous (by Lemma D.19) and it therefore induces an endomorphism fg of the
base-changed projective A g-module Mp (which by definition is the completion
of B®a M for the T-adic topology). The endomorphism fp is evidently also
T-quasi-linear. (Note that since f is not necessarily A[[T]]-linear, we do not
define fp by viewing Mp as B[[T]] @)y M.) If f is furthermore topologically
nilpotent, then so is fg (for example, by Lemma D.21).

D.31 Lemma. Let {A;}icr be a directed system of O/w®-algebras, with A =
li%miel A;, and suppose that I admits a least element ig. Let M be a finite
projective A a, -module, let f be a T-quasi-linear endomorphism of M, and
suppose that the base-changed endomorphism fa is topologically nilpotent. Then
for some i € I, the base-changed endomorphism fa, is topologically nilpotent.

Proof. By Lemma D.30, we may choose a finite projective A 4, -module N,
endowed with a topologically nilpotent T-quasi-linear endomorphism g, such
that M@ N is free. By Lemma D.29, the base-changed endomorphism fs®ga =
(f ®g)a of My & N4 is topologically nilpotent, and it suffices to show that
fa, ® ga, = (f ® g)a, is topologically nilpotent for some i« € I. Thus we
may reduce to the case when M is free, in which case we may also choose a
free lattice 9t contained in M. Taking into account Lemma D.21, for some
sufficiently large n we have f}(M4) C T4, and it suffices to show that

fa,(M4,) CTMa, (D.32)

for some ¢ € I. Lemma D.19 shows that f™(T"9) C T9 for some r > 0, and
that f™(9t) C T~*9M for some s > 0. Thus f™ induces a morphism M /T"IM —
T /T of finite rank free A, -modules, which, by assumption, vanishes
after base-change to A. Thus this morphism in fact vanishes after base-change
to some A;, and consequently (D.32) does indeed hold for this choice of A;. O
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Appendix E

Points, residual gerbes, and
isotrivial families

Recall that if X is an algebraic stack, then the underlying set |X| of points of
X is defined as the set of equivalence classes of morphisms Spec K — X, with
K being a field; two such morphisms are regarded as equivalent if they may be
dominated by a common morphism Spec L — X.

If X is a scheme (regarded as an algebraic stack), then the set of underlying
points |X| is naturally identified with the underlying set of points of X in the
usual sense, and the equivalence class of morphisms representing a given point
x € |X| has a canonical representative, namely the morphism Speck(z) —
X, where k(z) is the residue field of z. More abstractly, this morphism is
a monomorphism, and this property characterizes it uniquely, up to unique
isomorphism, among the morphisms in the equivalence class corresponding to x.

If X is an algebraic space, then it is not the case that every equivalence
class in | X| admits a representative which is a monomorphism (see e.g. [Sta,
Tag 0277]). However, under mild assumptions on X, the points of | X| do admit
such representatives (which are then unique up to unique isomorphism); this
in particular is the case if X is quasi-separated. See e.g. the discussion at the
beginning of [Sta, Tag 03I7].

If X' is genuinely an algebraic stack, then it is not reasonable to expect the
equivalence classes in |X| to admit monomorphism representatives in general
(even if X is quasi-separated), since points of X typically admit non-trivial
stabilizers. The aim of the theory of residual gerbes is to provide a replacement
for such representatives.

We recall the relevant definition [Sta, Tag 06MU]):

E.1 Definition. Let X be an algebraic stack. We say that the residual gerbe
at a point z € |X| exists if we may find a monomorphism Z, < X such that
Z, is reduced and locally Noetherian, | Z,| is a singleton, and the image of | Z,|
in |X| is equal to z. If such a monomorphism exists, then Z, is unique up to
unique isomorphism, and we refer to it as the residual gerbe at x.

265
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In the case that X is an algebraic space, the residual gerbe Z, exists at
every point € |X| [Sta, Tag 06QZ], and is itself an algebraic space, called the
residual space of X at x [Sta, Tag 06R0]. However, as already noted, in this
case, if X is furthermore quasi-separated, then the residual space at a point is
simply the spectrum of a field.

If X is an algebraic stack with quasi-compact diagonal (e.g. if X is quasi-
separated), then the residual gerbe exists at every point of |X| [Sta, Tag 06RD]).

If X is a scheme, then a finite type point of X is a point z € X that is locally
closed. Equivalently, these are the points for which the morphism Spec k(x) —
X is a finite type morphism, and may be characterized more abstractly as those
equivalence classes of morphisms Spec K — X which admit a representative
which is locally of finite type. This latter notion makes sense for an arbitrary
algebraic stack, and allows us to define the notion of a finite type point of an
algebraic stack (see e.g. [EG21, 1.5.3]).

We then have the following results, which provide analogues of the topolog-
ical characterization of the finite type points of a scheme as being those points
that are locally closed.

E.2 Lemma. Suppose that X is an algebraic space, and that x € |X| is a finite
type point with the property that for any étale morphism U — X whose source
is an affine scheme, the fibre over x is finite. Then, if Z, denotes the residual
space at x in X, the canonical monomorphism Z, — X is an immersion.

Proof. Consider the construction of Z, given in [Sta, Tag 06QQZ]: we choose a
surjective étale morphism U — X, form the union

U = H Spec k(u),

ueU lying over x

and then realize Z, < X as a descent of the monomorphism U’ < U. In
making this construction, we may replace U by any open subscheme containing
z in its image, and thus we may assume that U is affine. By assumption, there
are then only finitely many points u in U lying over x, these points are all finite
type points of U, and furthermore, none of these points are specializations of
any of the others [Sta, Tag 03IM]. Thus U’ < U is in fact an immersion, and
thus the same is true of 7, — X. O

E.3 Lemma. If X is an algebraic stack whose diagonal is quasi-compact, if
x € |X| is a finite type point, and if Z, is the residual gerbe of X at x, then the
canonical monomorphism Z, — X is in fact an immersion.

Proof. We prove this by examining the construction of Z, carried out in the
proof of [Sta, Tag 06RD]. The first step of the proof is to replace X by the
closure of x in |X], regarded as a closed substack of X with its induced reduced
structure. The assumption that X has quasi-compact diagonal implies that
the morphism Zy — X is quasi-compact, and thus that we may find a dense
open substack U of X over which this morphism is flat and locally of finite
presentation. Since z is dense in |X|, we find that = € |U/|, and so replacing X
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by U, we may assume that Ty — X is flat and locally of finite presentation.
By [Sta, Tag 06QQJ], this implies that X is a gerbe over some algebraic space X.
If we let Z, denote the residual space at (the image in |X| of) x in |X|, then
Z, is obtained as the base-change of Z, over the morphism X — X.

Note that, in the various reduction steps undertaken in the preceding argu-
ment, we replaced X’ by an open substack of a closed substack; it thus suffices to
verify that Z, — X is an immersion after making these reductions. Note that
since immersions are monomorphisms, the diagonal of the stack obtained after
these reductions are made is the base-change of the diagonal of the original stack
X, and thus continues to be quasi-compact. Consequently, we may assume that
we are in the case where X' is a gerbe over X. Since Z, — X is then obtained
as the base-change of Z, — X, it suffices to show that this latter morphism is
an immersion. For this, if we take into account Lemma E.2, it suffices to show
that X can be chosen to be quasi-separated (as every étale morphism from an
affine scheme to a quasi-separated algebraic space has finite fibres over every
point of |X|; see the discussion at the beginning of [Sta, Tag 0317]).

If we examine the proof of [Sta, Tag 06QJ], we see that X is constructed
as follows: We choose a smooth surjective morphism U — X whose source is
a scheme, and write R = U xy U, so that X = [U/R]. We then factor the
morphism R — U Xgpecz U through a morphism R’ — U Xgpecz U, where
R’ — U Xgpecz U is a flat and locally of finite presentation equivalence relation,
and set X = U/R’. We note one additional aspect of the situation, namely that
the morphism R — R’ is surjective. The assumption that X has quasi-compact
diagonal then implies that R — U Xgpecz U is quasi-compact, and since R
surjects onto R’, we find that R’ — U Xgpecz U is again quasi-compact. Thus
X =U/R’ is quasi-separated, as required. O

E.4 Ezxample. We note that quasi-separatedness (or some such hypothesis) is
necessary for the truth of Lemma E.3. To illustrate this, let G be an alge-
braic group of positive dimension over an algebraically closed field k, and let
X := G/G(k). Then X contains a unique finite type point & — namely, the
equivalence class of the monomorphism Speck = G(k)/G(k) — G/G(k) — and
this monomorphism realizes Spec k as the residual space Z,. This monomor-
phism is not an immersion, since its pull-back to G induces the monomorphism
G(k) < G, which is not an immersion.

Traditionally, in the theory of moduli problems, a family of some objects
parameterized by a base scheme T is called isotrivial if the isomorphism class of
the members of the family is constant over T'. From the view-point of morphisms
to a moduli stack X, this corresponds to the image of T in |X| being a singleton,
say . We would like to conclude that the morphism T — X factors through the
residual gerbe Z,. In practice, we often verify the “constancy” of the morphism
T — X only at finite type points. The following result gives sufficient conditions,
under such a constancy hypothesis on the finite type points, for a morphism to
factor through the residual gerbe.


http://stacks.math.columbia.edu/tag/06QJ
http://stacks.math.columbia.edu/tag/03I7
http://stacks.math.columbia.edu/tag/06QJ
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E.5 Lemma. Let X be an algebraic stack, and let © € |X| be a point for
which the residual gerbe Z, exists, and for which the canonical monomorphism
Z, — X is an immersion. If f : T — X is a morphism whose domain is a
reduced scheme, and for which all the finite type points of T map to the given
point x, then f factors through Z,..

Proof. Consider the fibre product T' xy Z,. By assumption, the projection
from this fibre product to T is an immersion whose image contains every finite
type point of T. A locally closed subset of T that contains every finite type
point is necessarily equal to T', and thus, since T is reduced, this immersion is
in fact an isomorphism. Consequently the morphism f factors through Z,, as
claimed. O

We end this discussion by explaining how the preceding discussion generalizes
to certain Ind-algebraic stacks. Let {X;}icr be a 2-directed system of algebraic
stacks, and assume that the transition morphisms are monomorphisms. Let
X = h_r)mz X; be the Ind-algebraic stack obtained as the 2-direct limit of the
X;. We may define the underlying set of points |X| as equivalence classes of
morphisms from spectra of fields in the usual way, and since any such morphism
factors through some X;, we find that |X| = lim, | ]

Now suppose that X has quasi-compact diagonal, or, equivalently (since
the transition morphisms are monomorphisms) that each X; has quasi-compact
diagonal. If x € |X|, then = € |X;| for some i, and the residual gerbe Z, at x
in X; exists. The composite monomorphism Z, — X; < X realizes Z, as the
residual gerbe at x in X/, for any i/ > 4, and so we may regard Z, as being
the residual gerbe at z in X. Lemmas E.3 and E.5 immediately extend to the
context of such Ind-algebraic stacks X



Appendix F

Breuil-Kisin—Fargues
modules and potentially

semistable representations
(by Toby Gee and Tong
Liu)

In this appendix we briefly discuss the relationship between Breuil-Kisin—Fargues
modules with semilinear Galois actions, and potentially semistable Galois rep-
resentations. As explained in Remark F.12 below, we do not expect our results
to be optimal, but they suffice for our applications in the body of the book.
The results of this appendix were originally inspired by [Carl3]; the recent pa-
per [Gaol9] corrects a mistake in [Carl3] and independently proves related (and
in some cases stronger) versions of some of our results, by different methods.
We do not make any use of the arguments of either [Car13, Gaol9], but instead
combine [Liul8] with a result of Fargues ([BMS18, Thm. 4.28]).

We use the notation introduced in the body of the book, in particular in
Section 2.1. The kernel of the usual ring homomorphism 6 : A — O¢ is a
principal ideal (£); one possible choice of € is /=t (1), where u = [¢] — 1 (for
some compatible choice of roots of unity € = (1,(p, (p2,...) € Obc) Recall that
B, is the ker(f)-adic completion of Ainf[%] and that ¢ := logle] € Bl is a
generator of ker(6) in B;.

As usual, we let K be a finite extension of Q, with residue field k. Recall
that for each choice of uniformizer 7 of K, and each choice 7° € Obc of p-power
roots of m, we write &, for & = W (k)[[u]], regarded as a subring of Aj,s via
u +— [1°]. Write E,(u) for the Eisenstein polynomial for 7, and E, for its image
in Aj,; then E» € (£), because 6(E,») = Er(m) = 0. Indeed (E ) = (£) (this

269
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follows for example from the criterion given in [BMS18, Rem. 3.11] and the
definition of an Eisenstein polynomial).

In contrast to the body of the book, we do not use coefficients in most of
this appendix (we briefly consider O-coefficients at the end). Accordingly, we
have the following definitions.

F.1 Definition. An étale (p, G )-module is a finite free W(C”)-module M
equipped with a y-semilinear map ¢ : M — M which induces an isomorphism
©*M = M, together with a continuous semilinear action of G'x which com-
mutes with ¢.

There is an equivalence of categories between the category of étale (p, Gk )-
modules M of rank d and the category of free Z,-modules T" of rank d which
are equipped with a continuous action of Gx. The Galois representation corre-
sponding to M is given by T(M) = M¥=!. (See Section 3.6.4.)

F.2 Definition. Fix a choice of 7”. We define a Breuil-Kisin module of height
at most h to be a finite free & ,-module M equipped with a -semi-linear
morphism ¢ : MM — M, with the property that the corresponding morphism
Dop 1 *M — M is injective, with cokernel killed by Efr‘b.

F.3 Definition. A Breuil-Kisin—Fargues module of height at most h is a finite
free Ajyr-module 9™ equipped with a (-semi-linear morphism ¢ : 9Minf —
IMnf with the property that the corresponding morphism ®gpine @ @* 9N —
Mt is injective, with cokernel killed by &".

F.J Remark. If M is a Breuil-Kisin module we write 9™ for the Breuil Kisin—
Fargues module Aj.¢ ®s_, M (this is indeed a Breuil-Kisin—Fargues module,
because &, — Ajys is faithfully flat, and (E») = (£)). As noted in Re-
mark 4.1.1, we are not twisting the embedding & — Aj,¢ by ¢, and accordingly,
in Definition F.3, we demand that the cokernel of ¢ is killed by a power of &,
rather than a power of p(§) as in [BMS18].

Leaving this difference aside, our definition of a Breuil-Kisin—Fargues mod-
ule is less general than that of [BMS18], in that we require ¢ to take 9 to itself;
this corresponds to only considering Galois representations with non-negative
Hodge—Tate weights. This definition is convenient for us, as it allows us to make
direct reference to the literature on Breuil-Kisin modules. The restriction to
non-negative Hodge-Tate weights is harmless in our main results, as we can
reduce to this case by twisting by a large enough power of the cyclotomic char-
acter (the interpretation of which on Breuil-Kisin—Fargues modules is explained
in [BMS18, Ex. 4.24]). (We are also only considering free Breuil-Kisin-Fargues
modules, rather than the more general possibilities considered in [BMS18].)

F.5 Definition. A Breuil-Kisin—Fargues Gx-module of height at most h is
a Breuil-Kisin—Fargues module of height at most h which is equipped with a
semilinear G g-action which commutes with .

F.6 Remark. Note that if 9™ is a Breuil-Kisin-Fargues G g-module, then
W(C") @a,,, M is naturally an étale (o, Gk )-module in the sense of Defini-
tion F.1.
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Recall that for each choice of 7 and each s > 0 we write K , for K (r/?"),
and K » o, for UsK s .

F.7 Definition. Let 9™ be a Breuil Kisin-Fargues G g-module of height at
most h with a semilinear G i-action. Then we say that 9™ admits all descents
if the following conditions hold.

1. For every choice of 7 and n°, there is a Breuil-Kisin module 901, of height

. inf\ G . . .
at most h with 9, C () ">, for which the induced morphism
At ®s , M — ot is an isomorphism.

2. The W (k)-submodule M, /[7°]M,.» of W (k) @a,,, D™ is independent of
the choice of 7 and 7.

3. The Ok-submodule ¢*IM ., /E0* M of Oc @ A, @ MM is indepen-
dent of the choice of  and 7.

F.8 Remark. In fact condition (2) in Definition F.7 is redundant; see Re-
mark F.20 below. However, we include the condition as it is useful when con-
sidering versions of the theory with coefficients and descent data.

F.9 Definition. Let 92 be a Breuil-Kisin—Fargues G x-module which admits
all descents. We say that 9" is furthermore crystalline if for each choice of 7
and 7°, and each g € Gk, we have

(9= D(Mp) C ™" ()] (F.10)

Definitions F.7 and F.9 are motivated by the following result, whose proof
occupies most of the rest of this appendix.

F.11 Theorem. Let M be an étale (o, G )-module. Then V(M) is semistable
with Hodge—Tate weights in [0, h] if and only if there is a (necessarily unique)
Breuil-Kisin-Fargues G g -module Y™ which is of height at most h, which ad-
mits all descents, and which satisfies M = W(C®) @a,,, 9",

Furthermore, V(M) is crystalline if and only if M is crystalline.

F.12 Remark. As already noted in Remark F.8, condition (2) of Definition F.7
is redundant, and it is plausible that condition (3) is redundant as well (i.e. that
both condition condition (2) and condition (3) in Definition F.7 are consequences
of condition (1)); but this does not seem to be obvious. Note though that it is
not sufficient to demand the existence of a descent for a single choice of m, as
there are representations of finite height which are potentially semistable but
not semistable (see for example [Liul0, Ex. 4.2.1]).

We begin with some preliminary results. The following proposition and its
proof are due to Heng Du, and we thank him for allowing us to include them
here.

F.13 Proposition. Let M™ be o Breuil-Kisin-Fargues G -module with the
property that C®g a,,, 0 I has a basis consisting of G i -fized vectors. Let M =
W(C) ®a,,, I, then the G -representation V(M) is de Rham.
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F.14 Remark. Using the equivalence of categories of [BMS18, Thm. 4.28] (a the-
orem of Fargues), one can easily check that Proposition F.13 admits a converse:
namely that if M is an étale (p, Gk )-module with the property that T (M) is
a Zy-lattice in a de Rham representation of G with non-negative Hodge-Tate
weights, then there is a Breuil-Kisin-Fargues module 9t with the properties
in the statement of Proposition F.13.

Proof of Proposition F.15. By [BMS18, Thm. 4.28] (and our assumption that
e(Min) C Mnf), we have injections

BIR ®Ainf w*mlnf — B:R ®Ainf mlnf — BdR ®Zp T(M)'

To show that V(M) is de Rham, we need to show that the Bqg-vector space
Bar ®z, T(M) has a basis consisting of G -fixed vectors, so it suffices to show
that the Bj-lattice B ®a,,, ¢* 9" has a basis consisting of G x-fixed vectors.
Since BIR is a complete discrete valuation ring with maximal ideal (£), it is
enough to show that there are compatible bases of BI; /(£") ®a,,, @ M for
all n > 1, consisting of G k-fixed vectors.

In the case n = 1, since & generates the kernel of 6, we have such a basis

B:;R (gn) O At @*minf’ and let {,é,z{nJrl)}i:L---,d be any basis of Bji_R (£n+1) O A
oMt lifting {ez(-n)}. Recall that t = log[e] € B, is a generator of (€), and for
each g € Gi, write

g G ) = G, B

PICIR

where we can view B§"+1) as an element of My(BJ;/(€)) = M4(C).

A simple calculation shows that g — Bé”H) is a continuous 1-cocycle valued
in M4(C(n)). Since n > 1, the corresponding cohomology group H' (G g, My(C(n)))
vanishes, because H'(Gx, C(n)) = 0 by a theorem of Tate-Sen. There is there-
fore some A € My(C) such that for all g we have

n+1l) _ . n
B = x"(g)g(A) — A,
where x is the p-adic cyclotomic character. Then

(€§n+1) e(n+1)) _ (ggnJrl)7 . ,génJrl))(ld . tnA)

sy
is the required basis of BJ /(£" ) ®a,,, ¢* M consisting of G i-fixed vectors
lifting {e(™}. O

F.15 Lemma. There is no proper closed subgroup of G containing all of the
subgroups Gk |, .

Proof. Let s be the greatest integer with the property that K contains a primi-
tive pth root of unity; equivalently, it is the greatest integer with the property
that K» /K is Galois over K (for one, or equivalently every, choice of 7 and 7).
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Then K , depends only on 7 if s’ < s, and so we write Ko = K. o for
such s’.

The subgroups G , . for any fixed choice of 7 topologically generate G, ..
It therefore suffices to show that as 7 varies, the various normal subgroups G Kn s
of Gk collectively generate Gi. Let H be the normal subgroup that they
generate; then for every uniformizer 7, Gx/H is a quotient of Gx /G, ,, a
cyclic group of order p°. If H were a proper subgroup of G, then necessarily
s > 1, and the subgroups G, would coincide for every 7 (since they would
coincide with the unique index p subgroup of H). Thus the extensions K, 1/K
would have to all coincide. By Kummer theory, this would imply that the ratio
of any two uniformizers of K is a pth power in K, which is nonsense (for example,
consider the uniformizers 7 and 7 + 72). O

Proof of Theorem F.11. We begin with the semistable case. If V(M) is semistable
then the existence of 9 is a straightforward consequence of the results of [Liu18].
In particular, the existence of a unique 9™ satisfying condition (1) of Defini-
tion F.7 follows from [Liul8, Thm. 2.2.1].

The proofs that conditions (2) and (3) hold are implicit in the proof of [Liul8,
Prop. 4.2.1], as we now explain. Write M, = M /[7"]M . Since W (k) @y (1)
M., = W (k) @a,, M is independent of 7°, it suffices to show that the Ko-
vector space D := M, [%] is independent of 7°. Let S,» be the p-adic comple-
tion of &[4, i > 1]. By [Bre97, Prop. 6.2.1.1] and [Lin12, §2], D, admits a
section s, : D» — Sﬂ.b[%] @p,&_, My so that

1 1
S o [5] QKo Spv(Dyp) = Sﬂ.b[g] ®%67b M. (F.16)

In particular, we may regard s, (D,») as a submodule of BT, ®, &
Bl ®z, T(M).

Cris
Write u = log([7’]) € B = B!, [u]. Note that the set B does not
depend on the choice of 7, because, if @’ is another choice and we write
W = log([”]), then B}, '] = B, [u]. Indeed, we have log([’]) = log([x"])+ A
with A = log([%:]) € B}, In particular, Dy (T(M)) := (B ®z, T(M))9" is
independent of 7°. Furthermore, [Liul2, Prop. 2.6] shows that we have a com-
mutative diagram (where i, is a Ko-linear isomorphism)

M, C

b

Dyt(T (M) By; @k, Dsy(T(M))—— B ®z, T(M)

Zliwb i mod u i mod u

Spb (Dfr")(—> Bz_ris ®4P767,b SUtﬂ'b B+ ®Zp T(M)

cris
To show (2), it therefore suffices to show that the image of the composite

Dy (T(M)) = Bl @5, De(T(M)) 2242 BF

cris

®<p,6ﬂ_b My — W(E)[l/p} D, Asns i
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is independent of 7”. Here the last map is induced by v : Bf, — W(E)[%]
which extends the natural projection Aj,s — W (k). It suffices in turn to show

that the composite BJ; mod kgt “ W(E)[%] is independent of 7”. This

cris

follows from the fact that A = log([f—:]) is in ker(v) (see the proof of [Liul2,
Lem. 2.10]).

To prove (3), it again suffices to prove the statement after inverting p. For
any subring A C B, set F1A = AN¢BY;. It is easy to see that F1& , =
E &, and also that S,,/F'S._, = Og. (Note that the inclusion E .S, C
F1S_, is strict.) Now we again use the isomorphism (F.16). By reducing modulo
F1S_, on the both sides of this identification, we conclude that

1
K ®K, D = K ®k, (Sﬂ'b<D7r"> mod [ﬂ-b]) = W*mw"/Eﬂ'b@*mw"[};]'

On the other hand, by tensoring A;,¢ via S, to (F.16), we obtain the isomor-
phism B, ®, 5, (D) = BL, @4, oM. Modulo F'B,_ on both sides, a
similar argument to the above shows that C®g, D,.» = (cp*fminf/fgo*fminf)[%] =
C ®yy 5y P, where we write @It = W(k) @a,,, @M. In summary
we see that
(@*mwb /Eﬂ'b@*gﬁwb)[%] =K R K, ow ccC ®W(E) (p*minf = ((p*minf/ggo*minf)[%].
Since we have shown that D_, C o*9inf is independent of 7°, it follows that
©*M 1 /B 0*M s is independent of 7°, as required. o
Suppose conversely that we are given 9™ as in Definition F.7. Write 90
for the W (k)-module of Definition F.7 (2), and M for the Ox-module of Def-
inition F.7 (3). Since for each 7” the action of Gk_, _ on My is trivial by

assumption, it follows from Lemma F.15 that Gk acts trivially on 9t and .

Since C®a, ;.0 M = Cxo, ga*ﬁ/, we see that the hypotheses of Propo-
sition F.13 are satisfied, so that V(M) is de Rham, and consequently potentially
semistable. To show that V(M) is semistable, we may replace K with an (in-
finite) unramified extension and assume that K is a complete discretely valued
field with residue field & = k. In particular, we now have 9t = W (k) ®4,,, 00,
and we claim that ﬁ[%} with its Gx-action is isomorphic to Dpst (V(M)). If the
claim holds, then since G acts trivially on 9, G acts trivially on Dy (V (M),
so that V(M) is semistable, as required.

We now prove the claim. Let L/K be a finite Galois extension so that
V(M)|g, is semi-stable, and let 9%y, be the Breuil-Kisin module attached to
T(M)|g, for some choice of . By [Liul2, (2.12)], Ay ®s_, ¢ M injects into

"L

At ®z,T(M). Furthermore, by [Liul2, Lem. 2.9], oMt = A Re |, @M
L
is stable under the Gg-action on Ay ®z, T(M), and by [Liul2, Cor. 2.12],
W(k)®s , M = W(k)®a,,, ¢ I (vecall that k = k) together with its G -
L
action is isomorphic to a W (k)-lattice inside Dy, (T(M)) = (B @z, T(M))%~.



275

In summary, W (k) ®a,,, @*9MP[1/p] is isomorphic to Dy r(T(M)) as Gk-
modules.

It remains to show that ¢*IMf = p*ominf. By [BMS18, Thm. 4.28], it
suffices to show that B ®a,. ¢* MR = BY; ®a,., ¢* M. By the proof of
Proposition F.13, we see that

Bir @A 9" =Bl @k Dar(T(M)). (F.17)
Since T'(M) is semi-stable over L, it is well-known that
B ®s,, @My, = B, @w (k) Dst(T(M)]c,)- (F.18)

(This can be easily seen from the proof of [Kis06, Cor.1.3.15], or see [Liul2, §2]

for a more detailed discussion; the key point, in terms of the diagram above, is

that [Liul2, §2] shows that Ko[u] ®k, Dst(T(M)) = Ko[u] @k, Sx0 (Db ).)
From (F.18) we obtain

Bi: Ve, ©*M, =B @ Dar(T(M)|c,). (F.19)

Comparing (F.17) and (F.19) we have Bl ®a,, ¢* 0 = Bl ®a,,, @M,
as required.

Finally, we turn to the crystalline case. Given the above, the result is
a consequence of [Ozel8, Thm. 3.8], as we now explain. In our case, f(u)
in [Ozel8] is equal to uP, so the assumptions of [Ozel8, Thm. 3.8] are au-
tomatically satisfied (as noted at the beginning of [Ozel8, §3.2]). More pre-
cisely, fix some 7, and let K be the Galois closure of K,». There is a subring
R C Aunr (constructed in [Ozel8]) such that &, C R and G acts on R
through G := Gal(Uy>1 K (G, 7'/P")/K). When T(M) is crystalline, [Ozel8,
Thm. 3.8] shows that T(M) admits a (¢, G)-module, which by definition consists
of the following data:

e The Breuil-Kisin module 9, attached to T'(M)|q , _
o A G-action on Mt := ﬁ@gﬂb @*IM_» which commutes with the action of ¢

and satisfies (F.10).

o« (W(C")®z 53\?)‘P:1 =T (M) as Gx-modules.

(In fact [Ozel8] uses contravariant functors, which can be easily translated to
the covariant functors used here.) This proves that if T'(M) is crystalline then
ot satisfies (F.10). Conversely, if 9™ satisfies (F.10) for one fixed n°, then
[Oze18, Lem. 3.15] shows that s, (D) C (BL, ®e , "M )9%. Hence T(M)
is crystalline, as required. " O]

F.20 Remark. Note that condition (2) in Definition F.7 is redundant for proving
Theorem F.11. In fact, if we remove (2) from Definition F.7 then the necessity
part of Theorem F.11 of course still holds. For the sufficiency, note that in the



276 APPENDIX F. BKF MODULES AND G k-REPRESENTATIONS

above proof, we extended K so that the residue field is k; so we only use that
G (the inertia subgroup in this situation) acts trivially on W (k) ®a, , D",
and we do not need that 9., /[7°]M,., € W (k) ®a,,, 9™ is independent of 7.

However, it is not immediately clear that the analogous condition is redun-
dant in the version of the theory with coefficients that we consider in the body
of the book (see Definition 4.2.4), and this condition is used in defining our
moduli stacks of potentially semistable representations of given inertial type, so

we include it here.

F.21 Potentially semistable representations

It will be convenient for us to have a slight refinement of these results, allowing
us to discuss potentially semistable (and potentially crystalline) representations.
To this end, fix a finite Galois extension L/K.

F.22 Definition. Let 9™ be a Breuil Kisin-Fargues G g-module of height at
most h. Then we say that 9™ admits all descents over L if the correspond-
ing Breuil-Kisin—Fargues G -module (obtained by restricting the G-action
on M to G1) admits all descents (in the sense of Definition F.7).

F.23 Corollary. Let M be an étale (p, Gk )-module. ThenV(M)|q, is semistable
with Hodge—Tate weights in [0, h] if and only if there is a (necessarily unique)
Breuil-Kisin-Farques G g -module O™ which is of height at most h, which ad-
mits all descents over L, and which satisfies M = W(C") @a,,, M. Further-
more T(M)|q, is crystalline if and only if ™ is crystalline as a Breuil-Kisin—
Fargues G1,-module.

Proof. The sufficiency of the condition is immediate from Theorem F.11. For

the necessity, by Theorem F.11 there is a Breuil-Kisin—Fargues G -module Smi}jf

which admits all descents and satisfies M = W (C®) @a,,, My, so we need only

show that MM is G g-stable. This follows from [Liul2, Lem. 2.9], or one can

argue as follows: note that the proof of Theorem F.11 shows that the Breuil—

Kisin-Fargues module 9 := A ¢ ®g , 9y, corresponds via [BMS18, Thm.
L

4.28] to the pair (T'(M),Bjx ®1 Dar(T(M)|c,)). This pair has a G g-action,
because V(M) is de Rham, hence M is G g-stable by [BMS18, Thm. 4.28]. O

F.24 Hodge and inertial types

We finally recall how to interpret Hodge—Tate weights and inertial types in terms
of Breuil-Kisin modules. Fix a finite extension E/Q, with ring of integers O,
which is sufficiently large that E contains the image of every embedding o :
K< Qp. The definitions above admit obvious extensions to the case of Breuil—-
Kisin-Fargues modules with O-coefficients (see Definition 4.2.4), and since O is
a finite free Z,-module, the proofs of Theorem F.11 and Corollary F.23 go over
unchanged in this setting.
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Suppose that 9™ is as in the statement of Corollary F.23; so it is a Breuil—
Kisin—Fargues G g-module of height at most h, which admits all descents over L.
Write [ for the residue field of L, write 3 for the W (I)-module 90, /[7°]DMN,»
of Definition F.7 (2), and M for the Or-module ©*M o [E @ M of Defi-
nition F.7 (2). These modules are independent of the choice of 7 (which now
denotes a uniformizer of L) and of 7°, by definition.

The semilinear Gx-action on Minf induces semilinear actions on 9 and
on 9, and as noted in the proof of Theorem F.11, the action of G on
both modules is trivial. Furthermore, by [Liul2, Cor. 2.12], the inertial type
Dys(V(M))|1,c is given by 9[1/p] with its action of Iy x. More precisely,
[Liu12, §2.3] shows that W (k)[1/p] @, »* M is isomorphic to Dyt (T(M)) =~
W (k) ®w ) Dst(T(M)|c,) as W (k)[1/p][Gk]-modules. Furthermore, this iso-
morphism is compatible with the isomorphism (from the proof of Theorem F.11)

b

[Z ﬁ[%] = ‘Dﬂ'b = Sﬂ'b(D‘rrb) %DSt(T(M)lGL) :

Hence ﬁ[%] C W(k)[1/p] @A, ¢ 9™ is endowed with an action of I,/ and
is isomorphic to Dy (V (M)).

We now turn to the Hodge-Tate weights. We have a filtration on the
L ®q, E-module Dy, = M[1/p], which is defined as follows. For each 7° we
write ®on , 1 @M — My and fr @*Wwb[%] — Dp. For each i > 0 we
define Fil' o*0,, = ' (EL,M) and Fil' Dy = fr(Fil' *M,.). Consid-
ering the isomorphism Lw: : Dy (V(M)|g,) ~ D,», we obtain an isomorphism
Dar(V(M)|g,) ~ L Dw )1 Dy (V(M)|g,) ~ Dr. By [Liu08b, Cor. 3.2.3,
Thm. 3.4.1], this isomorphism respects the filtrations on each side. In particu-
lar, Fil’ Dy, is independent of the choice of 7.

By Hilbert 90, Dy, and its filtration descend to a filtration on a K ®q, E-
module Dy ~ Dgr(V(M)). Then for each o : K — E, and each i € [0, h], the
multiplicity of ¢ in the multiset HT, (V' (M)) is the dimension of the i-th graded
piece of e, Dk, where e, € (K ®q, F) is the idempotent corresponding to o.

We summarise the preceding discussion in the following corollary.

F.25 Corollary. In the setting of Corollary F.23, the inertial type and Hodge
type of V(M) are determined as follows: the inertial type Dpst(V(M))|1, s
given by IM[1/p] with its action of Iy, K, while the Hodge type of V(M) is given
by the jumps in the filtration on Dy described above.
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