Simons Symposia

p-adic
Hodge Theory

N Springer



Simons Symposia

Series Editor

Yuri Tschinkel, Courant Institute of Mathematical Sciences and Simons
Foundation, New York University, New York, NY, USA



Working to foster communication and enable interactions between experts, volumes
in the Simons Symposia series bring together leading researchers to demonstrate the
powerful connection of ideas, methods, and goals shared by mathematicians,
theoretical physicists, and theoretical computer scientists.

Symposia volumes feature a blend of original research papers and comprehensive
surveys from international teams of leading researchers in thriving fields of study.
This blend of approaches helps to ensure each volume will serve not only as an
introduction for graduate students and researchers interested in entering the field,
but also as the premier reference for experts working on related problems.

The Simons Foundation at its core exists to support basic, discovery-driven
research in mathematics and the basic sciences, undertaken in pursuit of
understanding the phenomena of our world without specific applications in mind.
The foundation seeks to advance the frontiers of research in mathematics and the
basic sciences by creating strong collaborations and fostering cross-pollination of
ideas between investigators, leading to unexpected breakthroughs and a deeper
understanding of the world around us.

More information about this series at http://www.springer.com/series/15045


http://www.springer.com/series/15045

Bhargav Bhatt - Martin Olsson
Editors

p-adic Hodge Theory

@ Springer



Editors

Bhargav Bhatt Martin Olsson

Department of Mathematics Department of Mathematics
University of Michigan University of California, Berkeley
Ann Arbor, MI, USA Berkeley, CA, USA

ISSN 2365-9564 ISSN 2365-9572  (electronic)

Simons Symposia

ISBN 978-3-030-43843-2 ISBN 978-3-030-43844-9  (eBook)

https://doi.org/10.1007/978-3-030-43844-9
Mathematics Subject Classification (2010): 14F20, 14F30, 14F40, 14D10, 14G20, 14G22, 11G25

© Springer Nature Switzerland AG 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-43844-9

Preface

The basic theme of p-adic Hodge theory is to understand the relationship between
various p-adic cohomology theories associated to algebraic varieties over p-adic
fields. In the standard formulation, it is concerned with comparisons between alge-
braic de Rham cohomology, p-adic étale cohomology, and crystalline cohomology.
Each of these cohomology theories carry additional structure: de Rham cohomology
comes equipped with a filtration, étale cohomology with a Galois action, and crys-
talline cohomology with a semi-linear Frobenius operator. Comparisons between
these theories shed light on each of these individual structures, and the package of all
of these cohomology theories and the comparison isomorphisms between them is a
very rich structure associated to algebraic varieties over p-adic fields.

In recent years, there has been a surge of activity in the area related to integral
p-adic Hodge, non-Abelian phenomena, and connections to notions in algebraic
topology. The basic comparison isomorphisms of p-adic Hodge theory are defined
rationally and don’t directly provide information about the integral structures pre-
sent in the cohomology theories, and there have been recent developments in the
area to understand integral and torsion phenomena. Non-abelian phenomena can be
understood on several levels, but the most basic one is the development of theories
with coefficients. The connections with algebraic topology arise from the strong
relationship between crystalline cohomology and topological Hochschild homol-
ogy. This is also closely tied to the theory of the de Rham—Witt complex.

This proceedings volume contains chapters related to the research presented at
the 2017 Simons Symposium on p-adic Hodge theory. This symposium was
focused on recent developments in p-adic Hodge theory, especially those con-
cerning integral questions and their connections to notions in algebraic topology.

The volume begins with the chapter of Morrow on the A ;-cohomology theory
which was introduced in the earlier fundamental paper of Bhatt, Morrow, and
Scholze on integral p-adic Hodge theory. The present chapter contains a detailed
presentation of the Aj,r-cohomology theory, largely self-contained. The author
focuses, in particular, on de Rham—Witt theory and the p-adic analogue of the
Cartier isomorphism.
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The chapter of Colmez and Niziol is concerned with a fundamental computation
of the pro-étale cohomology of the rigid analytic affine space in any dimension.
Contrary to the standard results for étale cohomology of algebraic varieties, these
pro-étale cohomology groups are nonzero and the authors describe them using
differential forms.

The third chapter by Chung, Kim, Kim, Park, and Yoo is concerned with a certain
invariant attached to representations of the fundamental group of the ring of
S-integers Op[1/S] of a number field F, for some finite set of primes S. The authors
describe a theory of the “arithmetic Chern-Simons action”, inspired by the topo-
logical theory. The main result is a formula relating an invariant of a torsor over
Or[1/S] to locally defined data. The authors also give several interesting applica-
tions of this formula.

Throughout the subject of p-adic Hodge theory various large rings play a central
role. The chapter of Kedlaya discusses various key basic algebraic properties of the ring
Ajnr, which is the ring of Witt vectors of a perfect valuation ring in characteristic p.
This ring is, in particular, fundamental for the Aj,r-cohomology developed by Bhatt,
Morrow, and Scholze, and in integral p-adic Hodge theory. This ring is quite
different from the ones occurring in classical algebraic geometry: for example, it is
not Noetherian. Nevertheless, the author discusses several favorable properties,
e.g., those related to vector bundles.

A fundamental result in complex Hodge theory is the Simpson correspondence
relating local systems and Higgs bundles. An analogue of this theory was developed
in characteristic p by Ogus and Vologodsky. The chapter of Gros is concerned with
the problem of lifting this characteristic p correspondence to a mixed characteristic
correspondence via a g-deformation.

The final chapter of Tsuji concerns the study of integral p-adic Hodge theory with
coefficients. Early in the development of p-adic Hodge theory, Faltings constructed a
theory of coefficients for integral p-adic Hodge theory. The present chapter refines this
theory and generalizes the work of Bhatt, Morrow, and Scholze to this context. The
chapter contains a detailed exposition of the many technical aspects of the theory and
contains many improvements in this regard to the existing literature as well.

Ann Arbor, MI, USA Bhargav Bhatt
Berkeley, CA, USA Martin Olsson
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Notes on the Aj,r-Cohomology of Integral )
p-Adic Hodge Theory

updates

Matthew Morrow

Abstract We present a detailed overview of the construction of the A;,¢-cohomology
theory from the preprint Integral p-adic Hodge theory, joint with Bhatt and Scholze.
We focus particularly on the p-adic analogue of the Cartier isomorphism via relative
de Rham—Witt complexes.

Keywords p-adic Hodge theory * Prismatic cohomology * Perfectoid -
de Rham—Witt complex

Extended abstract

These are expanded notes of a mini-course, given at 1’Institut de Mathématiques de
Jussieu—Paris Rive Gauche, 15 Jan.—1 Feb. 2016, detailing some of the main results
of the article

[5] B. Bhatt, M. Morrow, P. Scholze, Integral p-adic Hodge theory, Publ. Math.
Inst. Hautes Etudes Sci. 128 (2018), 219-397.

More precisely, the goal of these notes is to give a detailed, and largely self-contained,
presentation of the construction of the Aj,r-cohomology theory from [5], focussing
on the p-adic analogue of the Cartier isomorphism via relative de Rham—Witt com-
plexes. By restricting attention to this particular aspect of [5], we hope to have made
the construction more accessible. However, the reader should only read these notes
in conjunction with [5] itself and is strongly advised also to consult the surveys [2,
26] by the other authors, which cover complementary aspects of the theory. In par-
ticular, in these notes we do not discuss g-de Rham complexes, cotangent complex
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2 M. Morrow

calculations, Breuil-Kisin(—Fargues) modules, or the crystalline and de Rham com-
parison theorems of [5, Sect. 12—-14], as these topics are not strictly required for the
construction of the Aj,r-cohomology theory.1 Moreover, we refer to [5] for several
self-contained proofs to avoid verbatim repetition.

Section 1 is an introduction which begins by recalling some classical problems and
results of p-adic Hodge theory before stating the main theorem of the course, namely
the existence of a new cohomology theory for p-adic schemes which integrally
interpolates étale, crystalline and de Rham cohomologies.

Section 2 introduces the décalage functor, which modifies a given complex by a
small amount of torsion. This functor is absolutely essential to our constructions, as
it kills the “junk torsion” which so often appears in p-adic Hodge theory and thus
allows us to establish results integrally. An example of this annihilation of torsion,
in the context of Faltings’ almost purity theorem, is given in Sect.2.2.

Section 3 develops the necessary elementary theory of perfectoid rings, empha-
sising the importance of certain maps 6,, 6, which generalise Fontaine’s usual map
0 of p-adic Hodge theory and are central to the later constructions.

Section4 is a minimal summary of Scholze’s theory of pro-étale cohomology for
rigid analytic varieties. In particular, in Sect.4.3 we explain the usual technique by
which the pro-étale manifestation of the almost purity theorem allows the pro-étale
cohomology of “small” rigid affinoids to be (almost) calculated in terms of group
cohomology related to perfectoid rings.

Section 5 revisits the main theorem and defines the new cohomology theory as
the hypercohomology of a certain complex A£2x. In Theorem 4 we state a p-adic
Cartier isomorphism, which identifies the cohomology sheaves of the base change
of A2y along 6, with Langer—Zink’s relative de Rham—Witt complex of the p-adic
scheme X. We then deduce all main properties of the new cohomology theory from
this p-adic Cartier isomorphism.

Section 6 reviews Langer—Zink’s theory of the relative de Rham—Witt complex,
which may be seen as the initial object in the category of Witt complexes, i.e.,
families of differential graded algebras over the Witt vectors which are equipped
with compatible Restriction, Frobenius, and Verschiebung maps. In Sect.6.2 we
present one of our main constructions, namely building Witt complexes from the
data of a commutative algebra (in a derived sense), equipped with a Frobenius, over
the infinitesimal period ring A;n¢. In Sect. 6.3 we apply this construction to the group
cohomology of a Laurent polynomial algebra and prove that the result is precisely the
relative de Rham—Witt complex itself; this is the local calculation which underlies
the p-adic Cartier isomorphism.

Finally, Sect. 7 sketches the proof of the p-adic Cartier isomorphism by reducing
to the final calculation of the previous paragraph. This reduction is based on various
technical lemmas that the décalage functor behaves well under base change and

I'To be precise, there is one step in the construction, namely the equality (dimy) in the proof of
Theorem 7, where we will have to assume that the p-adic scheme X is defined over a discretely
valued field; this assumption can be overcome using the crystalline comparison theorems of [5].
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taking cohomology, and that it transforms certain almost quasi-isomorphisms into
quasi-isomorphisms.

The appendices provide an introduction to Fontaine’s infinitesimal period ring A;,¢
and state a couple of lemmas about Koszul complexes which are used repeatedly in
calculations.

1 Introduction

1.1 Mpysterious Functor and Crystalline Comparison

Here in Sect. 1.1 we consider the following common situation:

e K acomplete discrete valuation field of mixed characteristic; ring of integers Ok ;
perfect residue field k.
e X a proper, smooth scheme over O.

For ¢ # p, proper base change in étale cohomology gives a canonical isomor-
phism . A
H (Xg, Ze) = Hy (X, Ze)

which is compatible with Galois actions.? Grothendieck’s question of the mysterious
functor is often now interpreted as asking what happens in the case £ = p. More pre-
cisely, how are H. (Xy) := H/ (X, Z,) and Hy (X0) 1= Hipy (i) W (k)) related?
In other words, how does p-adic cohomology of X degenerate from the generic to
the special fibre?

Grothendieck’s question is answered after inverting p by the Crystalline Com-
parison Theorem (Fontaine—Messing [15], Bloch—Kato [7], Faltings [12], Tsuji [28]

Niziot [23], ...), stating that there are natural isomorphisms
Hcirys (}:k) ®W(k) IEBcrys = Hét(:{f) ®Z,, IB3crys

which are compatible with Galois and Frobenius actions (and filtrations after base
changing to Bygr ), where Be.ys and Bqr are Fontaine’s period rings (which we empha-
sise contain 1/ p; they will not appear again in these notes, so we do not define them).
Hence general theory of period rings implies that

Hcfrys(xk) I:%] = (Hét(%f) ®Z,, Bcrys)GK

2To be precise, the isomorphism depends only on a choice of specialisation of geometric points
of Spec Ok A consequence of the compatibility with Galois actions is that the action of Gg on
Hef[(ff, Zy¢) is unramified.
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(i.e., the crystalline Dieudonné module of Hét(%f)[%], by definition) with ¢ on
the left induced by 1 ®  on the right. In summary, (H; (Xf)[%], G k) determines
(HC’;ys (X0 [%], ). Similarly, in the other direction, (H; (.’{7)[%], G k) is determined
by (Hzys (0151, ¢, Hodge fil.).

But what if we do not invert p? There are various partial results in the literature,
including [8, 13], and a simplifying summary would be to claim that “everything
seems to work integrally if ie < p — 1”,® where e is the absolute ramification degree
of K. With no assumptions on ramification degree, dimension, value of p, etc., we
prove in [5] results of the following form:

(i) The torsion in H. ét(?{f) is “less than” that of Hciws(%k). To be precise,

length;, H. (Xg)/p" <lengthy,, Hcilys(%k)/p’

for all » > 1, as one would expect for a degenerating family of cohomologies.
In particular, if Hcirys(%k) is torsion-free then so is H (Xg).

i) If Hc*rys(%k) is torsion-free for x = i,i + 1, then (Hé[ (X%), Gk) determines
(i (X0). 9.

It really is possible that additional torsion appears when degenerating the p-adic
cohomology from the generic fibre to the special fibre, as the following example
indicates (which is labeled a theorem as there seems to be no case of an X as above
for which H ét (Xg) ®z, W(k) and Hcirys(%) were previously known to have non-
isomorphic torsion submodules):

Theorem 0 There exists a smooth projective relative surface X over Z, such that

H é"t(fff) is torsion-free for all i > 0 but such that chrys(.'fk) contains non-trivial

2-torsion.*

Proof We do not reproduce the construction here; see [5, Proposition 2.2].

1.2 Statement of Main Theorem and Outline of Notes

The following notation will be used repeatedly in these notes:

e C is a complete, non-archimedean, algebraically closed field of mixed character-
istic?; ring of integers O; residue field k.

30ur results can presumably make this more precise.

“4In[5, Theorem 2.10] we also give an example for which H 621 X ors = Z/ pzZ and chrys (Xi)tors =
k®k.

SMore general, most of the theory which we will present works for any perfectoid field of mixed
characteristic which contains all p-power roots of unity.
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o« O = Llny O/ pO is the tilt (using Scholze’s language [24]—or R » in Fontaine’s

original notation [14]) of O; so O” is a perfect ring of characteristic p which is
the ring of integers of C := Frac ©@°, which is a complete, non-archimedean,
algebraically closed field with residue field k.

o Ay := W(O") is the first period ring of Fontaine®; it is equipped with the usual
Witt vector Frobenius ¢. There are three key specialisation maps:

W(C")

étalej\
de Rham crystalline

Ajne W (k)

Fontaine’s map 6

where Fontaine’s map 6 will be discussed in detail, and in greater generality, in
Sect. 3.

The goal of these notes is to provide a relatively detailed overview of the proof of the
following theorem, establishing the existence of a cohomology theory, taking values
in Aj,r-modules, which integrally interpolates the étale, crystalline, and de Rham
cohomologies of a smooth p-adic scheme:

Theorem 1 For any proper, smooth (possibly p-adic formal) scheme X over O,
there is a perfect complex RI'y(X) of Ains-modules, functorial in X and equipped
with a p-semi-linear endomorphism @, with the following specialisations (which are
compatible with Frobenius actions where they exist):

(i) Etale: RTW(X) @ W(C) = RIw(X, Zy) ®5 W(C), where X = Xc is
the generic fibre of X (viewed as a rigid analytic variety over C in the case that
X is a formal scheme)
(ii) Crystalline: RI'y(X) ®HA§M W(k) = RIwys(Xy/ W (k)).
(iii) de Rham: RT4(X) ®) O =~ RIuwr(X/0).

The individual cohomology groups
Hi(X) := H'(RTL(X))

have the following properties:

(iv) H A(.’{) is a finitely presented A c-module;

(v) HA(%)[%] is finite free over Ainf[%];

(vi) H A (%) is equipped with a Frobenius-semi-linear endomorphism ¢ which
becomes an isomorphism after inverting any generator £ € Ay of Ker 6, i.e.,

p: Hy(OIH = Hi®DI55);

6 A brief introduction to ©” and Aj,+ may be found at the beginning of Appendix 1.
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(vii) Etale: H{(X) ®n,, W(C") = H. (X, Z,) ®z, W(C), whence

(Hi(X) ®a,, W(C))?=' = H (X, Z)).
(viii) Crystalline: there is a short exact sequence

0 — HL(X) @aye W) — Hi(Xk/ W (k) —> Tors™ (HI! (%), W(k)) — 0,

crys
where the Tory term is killed by a power of p.
(ix) de Rham: there is a short exact sequence

0 — Hi(X) ®a,, O — Hip(X/0) — HF'(X)[¢] — 0,

inf
where the third term is again killed by a power of p.

(x) If Hcirys(%k/W(k)) or HéR(.’{/O) is torsion-free, then HA(.’{) is a finite free
Ajpe-module.

Corollary 1 Let X be as in the previous theorem, fix i >0, and assume
HC"W,S(%/< / W(kA)) is torsion-free. Then H 6,ft(X , L) is also torsion-free. If we assume
further that H' X1 (X, ) W (k)) is torsion-free, then

crys

H(X) ®a, W) = Hly (Xi/W ()  and  Hy(X) ®u,, O = Hp(X/O).

Proof We first mention that the “whence” assertion of part (vii) of the previous
theorem is the following general, well-known assertion: if M is a finitely generated
Zp-module and F is any field of characteristic p, then (M ®z, W(F Ne=l =M
(where ¢ really means 1 ® ).

Now assume Hcirys(%k / W (k)) is torsion-free. Then part (x) of the previous theo-
rem implies that H A (%) is finite free; so from part (vii) we see that H ét (X, Z,) cannot
have torsion. If we also assume Hc’ﬁyfsl (X /W(k)) is torsion-free, then H ‘f;l(.’{) is
again finite free by (x), and so no torsion terms appear in the short exact sequences
in parts (viii) and (ix) of the previous theorem.

Having stated the main theorem, we now give a very brief outline of the ideas
which will be used to construct the A;,¢-cohomology theory.

(1) We will define RIy(X) to be the Zariski hypercohomology of the following
complex of sheaves of Aj,r-modules on the formal scheme X:

ARy = Ln, (RV@,X))

where:

o Ayt x is a certain period sheaf of A;,;-modules on the pro-étale site X ¢ of
the rigid analytic variety X (note that even if X is an honest scheme over O,
we must view its generic fibre as a rigid analytic variety);
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(ii)

(iii)

(iv)

o U Xpost —> Xzar is the projection map to the Zariski site of X;

e the hat indicates the derived p-adic completion of Rv, (Aiy x) (see also the
end of item (iv));

e Lnisthe décalage functor which modifies a given complex by a small amount
of torsion (in this case with respect to a prescribed element p € Ajyr).

Parts (ii) and (iii) of Theorem 1 are proved simultaneously by relating A2y to
Langer—Zink’s relative de Rham—Witt complex W, £25 »; indeed, this equals
2% )0 if r =1 (which computes de Rham cohomology of X) and satisfies
W, 2% 0 ®w,0) W, (k) = WrQa‘ek Jk (where W, 'Qa.ek Jk is the classical de Rham—
Witt complex of Bloch-Deligne—Illusie computing crystalline cohomology of
Xk).

If Spf R is an affine open of X (so R is a p-adically complete, formally smooth
(-algebra’) which is small, i.e., formally étale over O(Tlﬂ, R Tdil) (:=the
p-adic completion of (’)[TljEl s TdjEl 1), then we will use the almost purity the-
orem to explicitly calculate R, (Spf R, A§2%) in terms of group cohomology
and Koszul complexes. These calculations can be rephrased using “g-de Rham
complexes” over Aj,¢ (=deformations of the de Rham complex), but we do not
do so in these notes.

Some remarks on the history and development of the results:

e Early motivation for the existence of R4 (X) (e.g., as discussed by Scholze
at Harris’ 2014 MSRI birthday conference) came from topological cyclic
homology. These notes say nothing about that point of view, which may now
be found in [6].

e Atthe time of writing the announcement of our results [4], we only knew that
the definition of R4 (X) in part (i) of the remark almost (in the precise sense
of Faltings’ almost mathematics) had the desired properties of Theorem 1,
so it was necessary to modify the definition slightly; this modification is no
longer necessary.

e Further simplifications of some of the proofs were explained in [2], some of
which are also taken into account in these notes.

e The definition of A% continues to make sense for any p-adic formal O-
scheme X, not necessarily smooth, and in particular the comparison isomor-
phisms of Theorem 1 have been extended to case of semi-stable reduction
by Cesnavitus and Koshikawa [9].

e In late 2018 the authors of [5] realised that the period sheaf Ajnr x on Xpros
might not be derived p-adically complete, though this had been implicitly
used in the construction. This is easily fixed, without changing any of the

"Throughout these notes we follow the convention that formally smooth/étale includes the condition
of being topologically finitely presented, i.e., a quotient of O(Ty, ..., Tyy) by a finitely generated
ideal. Under this convention formal smoothness implies flatness. In fact, according to a result of
Elkik [11, Theorem7] (see Rmgq. 2 on p. 587 for elimination of the Noetherian hypothesis), a p-
adically complete O-algebra is formally smooth if and only if it is the p-adic completion of a smooth
O-algebra.
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ensuing arguments, either by replacing A, x by its derived p-adic com-
pletion (which is then a complex of sheaves) or else by derived p-adically
completing all occurrences of Rv, (A, x) and R s (—, Aint,x) in the the-
ory. In the published version of [5] the former approach is adopted, but in
these notes we will follow the latter route which has the conceptual advan-
tage that Aj,¢ y remains an honest sheaf of rings. Unfortunately this leads to
a notation inconsistency: the Ay x of these notes is HO(—) of the complex
of sheaves Aiys x of [5].

e Most recently, a site theoretic definition of the A;,¢-cohomology is now avail-
able through the prismatic theory of Bhatt—Scholze [3].

2 The décalage Functor Ln: Modifying Torsion

For aring A and non-zero divisor f € A, we define the décalage functor which was
introduced first by Berthelot—Ogus [1, Chap. 8] following a suggestion of Deligne.
It will play a fundamental role in our constructions.

Definition 1 Suppose that C is a cochain complex of f-torsion-free A-modules.
Then we denote by 1,C the subcomplex of C [%] defined as

(n;C) :={x € fiC" :dx e fH'C'™h)

i.e., nyC is the largest subcomplex of C [%] which in degree i is contained in f!C'
foralli € Z.

It is easy to compute the cohomology of n,C:

Lemma 1 The map on cocycles Z'C — Z'(n;C) given by m — f'm induces a
natural isomorphism

H'(C)/H'(O)[f]1 = H'(1;C).

Proof 1t is easy to see that the map induces H'(C) — H i(77fC ), and the kernel
corresponds to those x € C’ such that dx = 0 and fx € d(C'™"),ie., H (C)[f].

Corollary 2 IfC S Clisa quasi-isomorphism of complexes of f-torsion-free A-
modules, then the induced map nyC — nyC' is also a quasi-isomorphism.

Proof Immediate from the previous lemma.

We may now derive 7)¢. There is a well-defined endofunctor L7, of the derived
category D(A) defined as follows: if D € D(A) then pick a quasi-isomorphism
C = D where C is a cochain complex of f-torsion-free A-modules (e.g., pick a
projective resolution, at least if D is bounded above) and set
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LnsD :=n;C.

This is well-defined by the previous corollary and standard formalism of derived
categories.

Warning: L7, does not preserve distinguished triangles! For example, if A =Z then
Lny(Z/pZ) = 0 but an(Z/pZZ) = Z/pZ.

The general theory of the functor L7, will be spread out through the notes (see
especially Remarks 7 and 9); now we proceed to two important examples.

2.1 Example 1: Crystalline Cohomology

The following proposition is the origin of the décalage functor, in which A = W (k)
and f = p; it is closely related to the Cartier isomorphism for the de Rham—Witt
complex.

Proposition 1 Let k be a perfect field of characteristic p and R a smooth k-algebra.
Then

(i) (lllusie 1979) The absolute Frobenius ¢ : W‘Q;e/k — W'Q[.mc is injective and
has image 1, W §2 ., thus inducing a Frobenius-semi-linear isomorphism

D WRp e = npWR2% -
(ii) (Berthelot—Ogus 1978) There exists a Frobenius-semi-linear quasi-isomorphism
@ : Rl uys(R/ W (K)) = Ln,RIeys(R/ W (K)).

Proof Obviously (i)=(ii), but (ii) was proved earlier and is the historical origin of
Ln: see [1, Theorem 8.20] (with the zero gauge). Berthelot—Ogus applied it to study
the relation between the Newton and Hodge polygons associated to a proper, smooth
variety over k.

(1) is a consequence of the following standard de Rham—Witt identities:

e  has image in 7, W2} . since ¢ = p'F on WQ;e/k and dyp = pd.

e (pisinjective since FV = VF = p.

o theimage of pis exactly 7, W2}, sinced ' (pW 2§71) = F(W 2% ,) [18, Equa-
tion1.3.21.1.5].



10 M. Morrow

2.2 “Example 2”’: An Integral Form of Faltings’ Almost
Purity Theorem

We now present an integral form of (the main consequence of) Faltings’ almost
purity theorem; we do not need this precise result, but we will make use of Lemma 2
and the “goodness” of the group cohomology established in the course of the proof
of Theorem 2. Moreover, readers familiar with Faltings’ approach to p-adic Hodge
theory may find this result motivating. To recall Faltings’ almost purity theorem we
consider the following situation:

e C is a complete, non-archimedean, algebraically closed field of mixed character-
istic; ring of integers O.

e Risa p-adically complete, formally smooth O-algebra, which we further assume
is connected and small, i.e., formally étale over O(Zil) = O(Tlil, A Ta,jEl ). As
usual in Faltings’ theory, we associate to this the following two rings:

o Ry := R®p+1,O(T*"/7™ )—this is acted on by I' := Z,(1)? via R-algebra
automorphisms in the usual way: given y € I' = Homzp((Qp/Zp)d, fp~) and
ki, ... kq € Z[ L], the action is - TR TN =k, .. k)T TS

e R := the p-adic completion of the normalisation of R in the maximal (ind)étale
extension of R [é]—this is acted on by A := Gal(R [%]) via R-algebra automor-
phisms, and its restriction to R, gives the I"-action there.

Faltings’ almost purity theorem states R is an “almost étale” Ro.-algebra, and the
main consequence of this is that the resulting map on continuous group cohomology

RTcon(I", Rog) —> RIon(A, R)

is an almost quasi-isomorphism (i.e., all cohomology groups of the cone are killed
by the maximal ideal m C ). This is his key to calculating étale cohomology in
terms of de Rham cohomology; indeed, R ¢y (A, R)isa priori hard to calculate and
encodes Galois/étale cohomology, while R I (I, Rx) is easy to calculate using
Koszul complexes (as we will see in the proof of Theorem 2) and differential forms.

The following is our integral form of this result, in which we apply L7 with respect
to any element f e m C O:

Theorem 2 Under the above set-up, the induced map
L1y RTeon(I", Roo) —> L1 Reont(A, R)

is a quasi-isomorphism (not just an almost quasi-isomorphism!) for any non-zero
fem.

Remark1 (i) The proof of Theorem 2 requires knowing nothing new about
RI o (A, R): a key remarkable property of Ly is that it can transform almost
quasi-isomorphisms into actual quasi-isomorphisms, having only imposed
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hypotheses on the domain, not the codomain, of the morphism; this will be
explained in the next lemma.

(i) The theorem implies that the kernel and cokernel of H! (I, R) — H!
(A, F) are killed by f; since f is any element of m, the kernel and cokernel are
killed by m. Thus Theorem 2 is a family of on-the-nose integral results which
recovers Faltings’ almost quasi-isomorphism R I'uon (I, Rog) = RTeoni(A, R).

Lemma 2 Let 9 C A be an ideal of a ring and f € 9 a non-zero-divisor. Say that
an A-module M is “good” if and only if both M and M /f M contain no non-zero
elements killed by 9. Then the following statements hold:

(i) If M — N is a homomorphism of A-modules with kernel and cokernel killed
by M, and M is good, then M/M|[ f]1 — N/N[f]is an isomorphism.

(ii) If C — D is a morphism of complexes of A-modules whose cone is killed by
M, and all cohomology groups of C are good, then LnyC — Ln¢D is a quasi-
isomorphism.

Proof Clearly (ii) is a consequence of (i) and Lemma 1. So we must prove (i).

Since the kernel of M is killed by 9%, but M contains no non-zero elements killed
by 9, we see that M — N is injective, and we will henceforth identify M with
a submodule of N. Then M[f]= M N N[f] and so M/M[f] — N/N[f]is also
injective.

Since the quotient N /M is killed by 901, there is a chain of inclusions M f N C
fM C fN € M.But M/fM contains no non-zero elements killed by 9, so f M =
f N, and this completes the proof: any n € N satisfies fn = fm for some m € M,
whence n = m mod N[ f].

Proof (Proof of Theorem 2). To prove Theorem 2 we use Faltings’ almost purity
theorem and Lemma 2 (in the context A = O, f € 9t = m): so it is enough to
show that H! (I, Rx) is “good” for all i > 0. This is a standard type of explicit
calculation of H!  (I', Rx) in terms of Koszul complexes. For the sake of the reader
unfamiliar with this type of calculation, the special case that R = O(T*!) is presented
in a footnote®; here in the main text we will prove the general case. Both there and

8In this footnote we carry out the calculation of the proof of Theorem 2 when R = O(T*y, in
which case Roo = O(TEV/P™). To reiterate, we must show that H! .(I', Ryo) is good for all i > 0.
First note that Ry, admits a I"-equivariant decomposition into O-submodules

_ M k
Reo = @ksz[ﬂOT
(where the hat denotes p-adic completion of the sum), with the generator v € I" acting on the rank-

k-1
one free O-module OT* as multiplication by Ck. Thus RIcon(Zp, oTk ~ [0 <—> O] (since
the group cohomology of an infinite cyclic group with generator vy is computed by the invariants
and coinvariants of -y, and similarly in the case of continuous group cohomology), and so

—

RTeom(Zp. Ro) = @MH[O Lo
V4
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here we pick a compatible sequence (,, (p2, ..., € O of p-power roots of unity to
get a generator v € Z,(1) and an identification I" = Z%; as a convenient abuse of

notation, we write (¥ := C;/ whenk =a/p’/ € Z[%].
First note that O(T*!/7”) admits a I"-equivariant decomposition into O(T*!)-

modules: A
O(Zil/poo) — O<Zi1> ® O<Zi1>non-mt’

where

L —

O<Zﬂ:1>non—int = @ O(Zil)lel e Tdkd

not all zero

(where the hat denotes p-adic completion of the sum), with the generators vy, .. .,
~4 € I' acting on the rank-one free O-module Ole‘ e T; “ respectively as multipli-
cation by ¢%, ..., (k.

Base changing to R we obtain a similar I"-equivariant decomposition of R, into
R-modules

o —

_ non-int non-int ,__ ki ka
Roo = R @ RO™M,  Rrovint.— P RT{ ... T),
not all zero

and 50 R eont(Z%, Roo) =~ RIcont(Z%, R) ® RIcont(Z4, RI™M), where

-

R Feon (Z3, RIS™M) ~ P RO RT...T

not all zero

(where the hat now denotes the derived p-adic completion of the sum of complexes).
Now we must calculate H/  (Z,, ?) for ? = R or RT) ... T;".
In the first case, the action of Z‘l’, on R istrivial and so a standard group cohomology

fact says that H! (Z¢, R) = /\’R R?. In the second case, another standard group

(where the hat now denotes the derived p-adic completion of the sum of complexes), which has
cohomology groups

How(Zp Re) =), 0®0.  Hi(Zp. R) =P, 00 G 0/t -no

keZ[%]\Z

(once some care is taken regarding the p-adic completions: see footnote 9).

We claim that both cohomology groups are good. Since O has no non-zero elements killed
by m, it remains only to prove that the same is true of ©/a®, where a = f or ¢*¥ — 1 for some
ke Z[l] \ Z. But this is an easy argument with valuations: if x € O is almost a multiple of a, then
vp(x) +¢€ = vp(a) forall € > 0, whence v, (x) > v, (a) and so x is actually a multiple of a.
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cohomology fact says that R ot (Z2, Rle‘ ... T; ) can be calculated by the Koszul

complex Kz(¢k — 1, ..., ¢% — 1); then Lemma 23 reveals (crucially using that not
all k; are zero) that

. d—1
H! (Z¢ RTY ... Ty = R/(¢,r — HRGA

where r := —min;<;<4 v,(k;) > 1 is the smallest integer such that (, — 1|§k" -1
foralli =1,...,d.
Assembling® these calculations yields isomorphisms

i
. d—1
HiW(I' R) = \ R @ ) R/(Cyrimicicampiy — DR,

R

not all zero

which we claim is good for each i > 0. That is, we must show that R, R/f R, and
R/((, — )R, for r > 1, contain no non-zero elements killed by m. This is trivial
for R itself since it is a torsion-free (J-algebra, so it remains to show, for each
non-zero a € m, that R/aR contains no non-zero elements killed by m; but R is a
topologically free O-module [5, Lemma 8.10] and so R/aR is a free O /aO-module,
thereby reducing the problem to the analogous assertion for O /aO, which was proved
in the final paragraph of footnote 8.

9This step requires some care about p-adic completions: the following straightforward result is
sufficient. Suppose (C)), is a family of complexes satisfying the following for all i € Z: the group
H'(C)) is p-adically complete and separated for all A, with a bound on its p-power-torsion which

is independent of A\. Then H! (é; NSV @ WH i(Cy), where the left hat is the derived p-adic
completion of the sum of complexes, and the right hat is the usual p-adic completion of the sum of

cohomology groups. Proof. Set Cgisc := @), C and C = Ed; (derived p-adic completion); then
the usual short exact sequences associated to a derived p-adic completion are

0

|

lim! H' (Caise)[p"]

|

0 —— Exllzp (Qp/Zp, H' (Caise)) H'(C) Homz, (Q,/Zy, H' (Caise)) — 0

v

H (Caie) = @, HI (Cy)

|

0

Our assumption that ), H i(Cy) has bounded p-power-torsion implies that the right and top terms
vanish.
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3 Algebraic Preliminaries on Perfectoid Rings

Fix a prime number p, and let A be a commutative ring which is m-adically complete
(and separated) for some element m € A dividing p. Denoting by ¢ : A/pA —
A/ pA the absolute Frobenius, we have:

o the tilt A’ := 1(1r_n*j A/pA of A, which is a perfect IF ,-algebra, on which we also

denote the absolute Frobenius by (. We sometimes write elements of A” as x =
(x0, X1, ...), where x; € A/pA and x/ = x;_; for all i > 1, and unless indicated
otherwise the “projection A”> — A/pA” refers to the map x — xo.

e the associated “infinitesimal period ring” W(A") of Fontaine, which is denoted
by Ainr(A) in [5]. Note that, since A” is a perfect ring, W(A") behaves just like
the ring of Witt vectors of a perfect field of characteristic p: in particular p is
a non-zero divisor of W(A"), each element has a unique expansion of the form
[x]+ plyl + p?lz] +-- -, and W(A®)/p" = W,(A") for any r > 1.

The goal of this section is to study these constructions in more detail, in particular
to introduce ring homomorphisms

0,.0, : W(A") — W,(A)

which play a fundamental role in the paper, and to define perfectoid rings.

3.1 The Maps 6,, 5,

The following lemma is helpful in understanding A” and will be used several times;
we omit the proof since it is relatively well-known and based on standard p-adic or
m-adic approximations:

Lemma 3 The canonical maps

lim A — A" =limA/pA — limA/7A
<— <— <—

xX=>xP © ©
are isomorphisms of monoids (resp. rings).

Before stating the main lemma which permits us to define the maps 6,, we recall
that if B is any ring, then the associated rings of Witt vectors W, (B) are equipped
with three operators:

R, F: W, (B)—> We(B) V:W.(B)—> Wiy (B),

where R, F are ring homomorphisms, and V is merely additive. Therefore we can
take the limit over r in two ways (of which the second is probably more familiar):
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l(in W.(B) or W(B)= l(ln W, (B).

r wrt F r wrt R

Lemma 4 Let A be as above, i.e., a ring which is w-adically complete with respect
to some element w € A dividing p. Then the following three ring homomorphisms
are isomorphisms:

WA =lim W, (A") <——1Lim W, (A"
<—r wit R (@) <—rwit F

(ii)l

lim W,(A) — > lim W, (A/mA)
<—r wrt F (iii) <—r wrt F

where

(i) o™ is induced by the homomorphisms " : W,(A”) — W, (A") forr > 1;
(ii) the right vertical arrow is induced by the projection A — A/pA — A/TA;
(iii) the bottom horizontal arrow is induced by the projection A — A/TA.

There is therefore an induced isomorphism
W(A") — lim W, (A)
r wrt F
making the diagram commute.

Proof We refer the reader to [5, Lemma 3.2] for the elementary proofs of the iso-
morphisms.

Qeﬁnition 2 Continue to let A be as in the previous lemma, and r > 1. Define
6, : W(A*) — W,(A) to be the composition

b, : W(A) = lim W,(A) — W,(4),

rwrt F

where the first map is the isomorphism of the previous lemma, and the second map
is the canonical projection. Also define

0, =06, 00 : W(A") — W,(A).

‘We stress t~hat the Frobenius maps F : W, (A) — W, (A) need not be surjective,
and thus 6,, 6, need not be surjective; indeed, such surjectivity will be part of the
definition of a perfectoid ring (see Lemma 7).

To explicitly describe the maps 6, and 5,, we follow the usual convention of
exploiting the isomorphism of monoids of Lemma 3 to denote an element x € A”

- _ : — (@ (D : .
eltheraSX—(xo,M,---)El(lglwA/PAorx—(x X, €lim A
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Lemma 5 For any x € A” we have 0,([x]) = [x©] € W.(A) and @([x]) =[x™]
forr > 1.

Proof The formula for 5, follows from a straightforward chase through the above
isomorphisms, and the corresponding formula for 6, is an immediate consequence.

In particular, Lemma 5 implies that 6 := 6§, : W(A®) — A is the usual map of
p-adic Hodge theory as defined by Fontaine [14, Sect. 1.2], and also shows that the
diagram

W(A") — ~ W.(A)

L

W, (A?) —— W, (A/pA)

commutes, where the left arrow is the canonical restriction map and the bottom arrow
is induced by the projection A” — A/pA. _

The following records the compatibility of the maps 6, and 6, with the usual oper-
ators on the Witt groups; though it is probably the first set of diagrams which initially
appears more natural, it is the second set which we we will use when constructing
Witt complexes:

Lemma 6 Continue to let A be as in the previous two lemmas. Then the following
diagrams commute:

b 9r+l b 6r+l b 6r+l
W(A”) —= W, (4)  W(A) —— W,.1(4) W(A”) —— W,11(A)

W(A") —> W,(A)  W(A") — = W,(4) W(A") ——= W,(A)

where the third diagram requires an element \,; € W(A®) satisfying 0,1 (\r41) =
V(1) in W,11(A). Equivalently, the following diagrams commute:

WA L W (A WA~ Wi (A) WA Wy (A)
wl lR idJ« lF xw‘me Tv
WA —" e w4 WA e WA W(A") —" = W, (A)

Proof See [5, Lemma 3.4] for the short verification.



Notes on the Aj,s-Cohomology of Integral p-Adic Hodge Theory 17

3.2 Perfectoid Rings

The next goal is to define what it means for A to be perfectoid, which requires
discussing surjectivity and injectivity of the Frobenius on A/pA. We do this in
greater generality than we require, but this greater generality reveals the intimate
relation to the map 6 and its generalisations 6,, 6,.

Lemma 7 Let A be a ring which is w-adically complete with respect to some element
m € A such that w? divides p. Then the following are equivalent:

(i) Every element of A/mwpA is a p™-power.

(ii) Every element of A/ pA is a p™-power.

(iii) Every element of A/7P A is a p™-power.

(iv) The Witt vector Frobenius F : W,1(A) — W, (A) is surjective for all r > 1.
(v) 6. : W(A") — W,(A) is surjective for all r > 1.

(vi) 0: W(A") — A is surjective.

Moreover, if these equivalent conditions hold then there exist u,v € A* such that
um and vp admit systems of p-power roots in A.

Proof The implications (i)=(ii)=(iii) are trivial since 71pA C pA C 7P A. (V)=
(vi) is also trivial since 6 = 6.

(iii)=(1): a simple inductive argument allows us to write any given elementx € A
as an infinite sumx = ) oo x/ 7" forsome x; € A;butthenx = (3~ x;7')” mod
pTA.

(iv)=-(ii): Clear from the fact that the Frobenius F : W>(A) — W;(A) = A is
explicitly given by (ag, 1) — af + paj.

(iv)=(v): The hypothesis states that the transition maps in the inverse system
1(i£1r it F W, (A) are surjective, which implies that each map 6, is surjective, and
hence that each map 6, is surjective.

(vi)=>(ii): Clear since any element of A in the image of 6 is a p""-power mod p.

It remains to show that (ii)=>(iv), but we will first prove the “moreover” assertion
using only (i) (which we have shown is equivalent to (ii)). Applying Lemma 3 to both
A and A/mpA implies that the canonical map l(in p A — hm ,A/mpAisan
isomorphism. Applying (i) repeatedly, there therefore exists w € hm o A such that
w® =7 mod mpA (resp. = p mod wpA). Writing @ =7 + 7rpx (resp. w© =
p + mpx) for some x € A, the proof of the “moreover” assertion is completed by
noting that 1 + px € A* (resp. 1 + mx € AX).

(i1)=(iv): By the “moreover” assertion, there exist 7’ € A and v € A satisfying
7'P = vp. Note that A is 7’-adically complete, and so we may apply the implication
(i1))=(i) for the element 7’ to deduce that every element of A/7'pA is a p‘h-power;
it follows that every element of A/Ip is a p"-power, where I is the ideal {a € A :
a? € pA}. Now apply implication “(xiv)’ =(ii)” of Davis—Kedlaya [10].

Lemma 8 Let A be aring which is w-adically complete with respect to some element
T € A such that ©?7 divides p, and assume that the equivalent conditions of the
previous lemma are true.
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(i) IfKer 0 is a principal ideal of W (A), then

(a) ®:A/mA — A/mPA, a — a’, is an isomorphism;

(b) any generator of Ker 8 is a non-zero-divisor'®;

(c) an element £ € Ker 0 is a generator if and only if it is “distinguished”,
i.e., its Witt vector expansion & = (&, &1, . . .) has the property that &1 is a
unit of A®.

(d) any element £ € Ker 0 satisfying 0,(€) = V(1) € W,.(A) for some r > 1
is distinguished (and such an element exists for any givenr > 1).

(ii) Conversely, if  is a non-zero-divisor and @ : A/mA — A/nP A is an isomor-
phism (which is automatic if A is integrally closed in A[%]), then Ker 6 is a
principal ideal.

Proof Rather than copying the proof here, we refer the reader to Lemma 3.10 and
Remark 3.11 of [5]. The only assertion which is not proved there is the parenthetical
assertion in (ii), for which we just note that if A is integrally closed in A[}T], then @ is
automatically injective: indeed, if a” divides 77, then (a/7)” € A andsoa/7 € A.

We can now define a perfectoid ring!!:

Definition 3 A ring A is perfectoid if and only if the following three conditions
hold:

e A is m-adically complete for some element m € A such that 77 divides p;

e the Frobenius map ¢ : A/pA — A/pA is surjective (equivalently, § : W(A") —
A is surjective);

e the kernel of # : W(A”) — A is principal.

Remark 2 The first condition of the definition could be replaced by the seemingly
stronger, but actually equivalent and perhaps more natural, condition that “A is p-
adically complete and there exists aunitu € A* such that pu is a p™-power.” Indeed,
this follows from the final assertion of Lemma 7.

We return to the maps 6,, describing their kernels in the case of a perfectoid ring:

Lemma 9 Suppose that A is a perfectoid ring, and let £ € W(A) be any element
generating Ker 6 (this exists by Lemma 7). Then Ker 0, is generated by the non-
zero-divisor

101p all our cases of interest the ring A will be an integral domain, in which case it may be psycho-
logically comforting to note that A” and W (A) are also integral domains. Proof. The ring W (A®) is
p-adically separated, satisfies W(A”)/p = A”, and p is a non-zero-divisor in it (these properties all
follow simply from A” being perfect). So, once we show that A” is an integral domain, it will easily
follow that W(A) is also an integral domain. But the fact that A’ is an integral domain follows
at once from the same property of A using the isomorphism of monoids l(ir_anvp A S A® which
already appeared in Lemma 4. o

perhaps “integral perfectoid ring” would be better terminology to avoid conflict with the more
common notion of perfectoid algebras in which p is invertible.
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& =807 ...o7"D©)

for any r > 1, and so Ker 0, is generated by the non-zero-divisor

& = (&) =) ... ).

Proof 1t is enough to prove the claim about &,, since the claim about E, then follows
by applying ¢". The proof is by induction on r > 1, using the diagrams of Lemma
6 for the inductive step; we refer to [5, Lemma 3.12] for the details.

We finish this introduction to perfectoid rings with some examples:

Example 1 (Perfect rings of characteristic p) Suppose that A is a ring of character-
istic p. Then A is perfectoid if and only if it is perfect. Indeed, if A is perfect, then it
is 0-adically complete, the Frobenius is surjective, and the kernel of 6 : W(A) — A
is generated by p. Conversely, if A is perfectoid, then Lemma 8(i)(c) implies that
the distinguished element p € Ker(f : W(A”) — A) must be a generator, whence
W(A")/p = A;but W(A")/p = A” is perfect.

In particular, in this case A’ = A and the maps 0, : W(A") — W,(A) are the
canonical Witt vector restriction maps.

Example 2 If C is a complete, non-archimedean algebraic closed field of residue
characteristic p > 0, then its ring of integers O is a perfectoid ring. Indeed, if C has
equal characteristic p then O is perfect and we may appeal to the previous lemma.
If C has mixed characteristic (our main case of interest), then O is p'/?-adically
complete, integrally closed in (’)[#] = C, and every element of O/pQ is a p®-
power since C is algebraically closed, so we may appeal to Lemma 8(ii); in this
situation the ring W (O") will always be denoted by Ajy;.

Example 3 Let A be a perfectoid ring which is m-adically complete with respect to
some non-zero-divisor m € A such that 77 divides p. Here we offer some construc-
tions of new perfectoid rings from A:

(i) Therings A(T/””, ..., T}/"")and A(Tﬁ‘i{’“, . Tdi;/ P, which are by def-
inition the 7-adic completions of A[Tll/p el le/p ] and A[T]il/p e,
Tdil/ r w] respectively, are also perfectoid.

(i) Any m-adically complete, formally étale A-algebra is also perfectoid.

Proof Since the m-adic completeness of the given ring is tautological in each case,
we only need tocheckthat @ : B/mrB — B/n”B,b + b? is anisomorphism in each
case. This is clear for B = A(Zil/”x) and A(Z'/pm), and it hold for and A-algebra
B as in (ii) since the square

B/W—W>B/7r

]

A/ﬂ'T>A/7r
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is a pushout diagram (the base change of the Frobenius along an étale morphism in
characteristic p is again the Frobenius).

3.3 Main Example: Perfectoid Rings Containing Enough
Roots of Unity

Here in Sect.3.3 we fix a perfectoid ring A which has no p-torsion and which
contains a compatible system ¢, (,2, ... of primitive p-power roots of unity (to
be precise, since A is not necessarily an integral domain, this means that (,- is a
root of the p'™ cyclotomic polynomial), which we fix. The simplest example is
O itself, but we also need the theory for perfectoid algebras containing O such as
O(T,il/px, Tdil/pm).

In particular we define particular elements ¢, &, (, . . ., which will be used repeat-
edly in our main constructions, and so we highlight (or rather box) the primary
definitions and relations. Firstly, set

ei=(,(p (pyo) €A, pi=lel—1e WA,

and

=14+ [eVP1+ VPP + - 4+ [P e w(A).

Lemma 10 £ is a generator of Ker 0 satisfying 6,(§) = V(1) forall r > 1.

Proof By Lemma 8(i)(d) it is sufficient to show that 8,(£) = V(1) for all r > 1.
The ghost map gh : W, (A) — A’ is injective since A is p-torsion-free, and so it is
sufficient to prove that gh(6,(£)) = gh(V (1)). But it follows easily from Lemma 5
that the composition gh of), : W(A”) — A’ is given by (0, ¢, ..., 0¢ "), and so
in particular that

gh(0,(©) = (0, 0p(&), ..., 0" (©)).

Since 6#(§) =0 and gh(V (1)) = (0, p, p, p, ...), it remains only to check that
0o (€) = p forall i > 1, which is straightforward:

00 () =01+ " T+ P+ +[e” P =141+ +1=p.

It now follows from Lemma 9 that Ker 6, is generated by

pr—1
& =807 OO = Y IEVT,
i=0

and that Ker 9~, is generated by
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~

& =0 () =0 ...¢" &) |

Proposition 2 11 is a non-zero divisor of W (A") which satisfies

p=607" (W, W =5m 0w =[] — 1€ W, (A)

forallr > 1.

Proof The final identity is immediate from Lemma 5. It is clear that . = £~ (p),
whence the identity p = &, (1) follows by a trivial induction on r, and the central
identity then follows by applying . To prove that y is a non-zero-divisor, it suffices
to show that 6, (1) = [(,r] — 1 is a non-zero-divisor of W, (A) for all r > 1 (since
W(A") = 1<ir_nr it F W, (A)). Since A is p-torsion-free the ghost map is injective and
so we may check this by proving that

gh([Cp'] -1 = (Cp’ -1, Cp”‘ —-1,... Cp -1

is a non-zero-divisor of A”; i.e., we must show that {,» — 1 is a non-zero-divisor in
Aforallr > 1. But (,r — 1 divides p, and A is assumed to be p-torsion-free.

Remark 3 The reader may wish to note that the Teichmiiller lifts [(,], [(p2], ...
are not primitive p-power roots unity in W, (A) in any reasonable sense. Indeed, it
follows from its ghost components gh([(,]) = ({,, 1, 1, ..., 1) that [(,] is not a root
of XP~' 4 ... 4+ X+ 1whenr > 1.

However, the element [(,-] — 1 € W, (A) will play a distinguished role in our
constructions and so we point out that it is a non-zero-divisor whose powers define
the p-adic topology. Indeed, it follows from the ghost component calculation of the
previous proposition that [(,-] — 1 is a root of the polynomial

(X+D" =D/X=X"""4pX(-)+p.,

whence p divides ([(,-] — 1)? ~!, and [(,-] — 1 divides p". A particularly important
consequence of this is that Ln¢,j—1 commutes with derived p-adic completion, by
[5, Lemma 6.20].

4 The Pro-étale Site and Its Sheaves

In this section we review aspects of pro-étale cohomology following [25, Sects. 3—4],
working under the following set-up:

e C is a complete, non-archimedean, algebraically closed field of mixed character-
istic; ring of integers O with maximal ideal m; residue field k.
e X is a quasi-separated rigid analytic variety over C.
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In particular, we will introduce various pro-étale sheaves on X which will play an
essential role in our constructions, and explain how to calculate their cohomology
via affinoid perfectoids and almost purity theorems.

4.1 The Pro-étale Site X proét

We will take for granted that the reader is either familiar with, or can reasonably
imagine, étale morphisms and coverings of rigid analytic varieties, and we let X
denote the associated étale site of X. To define coverings in X¢ (and soon in X prog) it
is useful to view X as an adic space,'? and we therefore denote by | X | the underlying
topological space of its associated adic space X*: for example, if T is an affinoid
C-algebra, then | Sp T'| denotes the topological space of (equivalences classes of)
all continuous valuations on 7', not merely those factoring through a maximal ideal
(which correspond to the closed points of the adic space).

We now define (a countable version of) Scholze’s pro-étale site X ¢ in several
steps:

e An object of X4 is simply a formal inverse system U = * 1(11_11 ”i U; in X of the
form

Us
i/ﬁn. ét. surj.
U,
i/ fin. ét. surj.
U,

i,ét.

X

In other words, U{ is the data of a tower of finite étale covers of U;, which is étale
over X. The underlying topological space of I is by definition |U/]| := l(ir_ni |U;|.

12There is an equivalence of categories between quasi-separated rigid analytic varieties over C and
those adic spaces over Spa(C, O) whose structure map is quasi-separated and locally of finite-type
[16, Proposition 4.5]. A collection of étale maps {f) : Uy — U} in X is a cover if and only if it
is jointly “strongly surjective”, which is equivalent to being jointly surjective at the level of adic
points [17, Sect.2.1].



