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La simplicité est la réussite
absolue. Aprés avoir joué une
grande quantité de notes, toujours
plus de notes, c’est la simplicité qui
émerge, comme une récompense
venant couronner l’art.
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ABSTRACT. This work is motivated by the search for an ”explicit” proof of the
Bloch-Kato conjecture in Galois cohomology, proved by Voevodsky in [Vo]. Our
concern here is to lay the foundation for a theory that, we believe, will lead to
such a proof- and to further applications.

Let p be a prime number. Let k be a perfect field of characteristic p. Let m be a
positive integer. Our first goal is to provide a canonical process for ”lifting” a mod-
ule M, over the ring of Witt vectors W, (k) (of length m), to a W, 11 (k)-module,
in a way that deeply respects Pontryagin duality. These are our big, medium and
small Omega powers (cf. Definitions 8.17 and 12), each of which naturally occurs
as a direct factor of the previous one. In the case where M is a k-vector space,
they come equipped with Verschiebung and Frobenius operations (cf. section 10).
If moreover the field k is finite, Omega powers are endowed with a striking extra
operation: the Transfer, to shifted Omega powers of finite-codimensional linear
subspaces (cf. section 13). To show how this formalism fits into Galois theory, we
first offer an axiomatized approach to Hilbert’s Theorem 90 (or more precisely, to
its consequence for cohomology with finite coefficients: Kummer theory). In the
context of profinite group cohomology, we thus define the notions a cyclotomic G-
module (Definition 14.9), and of a smooth profinite group (Definition 14.18). We
bear in mind that the fundamental example is that of an absolute Galois group,
together with the Tate module of roots of unity. We then define the notion of
exact sequences of G-modules of Kummer type- see Definition 14.30.

To finish, we give applications of this formalism. The first ones are the Stable Lift-
ing Theorems (Theorems 16.2 and 16.3), enabling the lifting to higher torsion in the
cohomology of smooth profinite groups, with p-primary coeflicients. To illustrate
their meaning, we translate the second one in the concrete context of Galois co-
homology, with values in two-dimensional Galois representations (Corollary 16.4).
We finish by an application to p-adic deformations. We state and prove a (perhaps
unusual) general descent statement, for the quotient map Z/p*Z — Z/pZ. 1t is
Proposition 17.9.

1Florence was partially supported by the French National Agency
(Project GeoLie ANR-15-CE40-0012).
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1. INTRODUCTION.

The main goal of this paper is to define and study a very low level smoothness
notion. By ”low level”, we mean that most of our constructions just depend on a
given prime number p. In a subsequent paper, we plan to strenghten the Stable
Lifting Theorems for Galois cohomology that we present here, in order to achieve
an explicit proof of the Bloch-Kato conjecture. This was our starting motivation.
Let us simply say that, tough we did not achieve a full proof yet, we are confident
that the present approach will eventually be successful- when the foundations are
solid enough.

It is folklore that mod p cohomology often encodes subtle phenomena in higher p-
primary torsion. For instance, section 6.2 presents a mod p Hochschild 2-cocycle,
canonically attached to a mod p? algebraic object. The general philosophy of
this paper is, whenever possible, to lift mod p algebraic data to higher p-primary
torsion in a natural way. This data may be a module, an algebra, a Hopf algebra,
a cohomology class, etc... We try to do so using, as a basic algebraic tool, divided
powers of finite modules over the ring of Witt vectors W (k). It is often enlightening
to think of these modules as the coefficients of some cohomology theory. Hence, in
practice, the field k£ will often be finite- a seemingly crucial requirement to define
the Transfers (see Section 11).

We now wish to share some ideas which motivated this work. In what follows, &
is a perfect field of characteristic p, and F' is a field of characteristic not p. Let
Fyep/F be a separable closure of F'. We put G := Gal(F,/F). We denote by
d = p® a power of the prime p.

1.1. FIRST IDEA. Let us start by giving a purely Galois-theoretic statement of
the Norm-Residue Isomorphism Theorem, proved by Rost, Suslin and Voevodsky.
Our point here is to make clear that this Theorem presents a deep connection with
the general notion of smoothness.

For each integer i > 0, denote by H® the Galois cohomology group H'(F, ugﬁ).



Then the cup-product operation, being F,-multilinear, yields a homomorphism of
graded [Fj,-algebras

Py — PH,
=0 =0

where T (H!) = ®ﬁ7p H! is the i-th fold tensor power of H! (note that this map
actually factors through the exterior power Aﬁ«p (HY), if p is odd or if p = 2 and

(—1) is a square in F'). Then the Norm-Residue Isomorphism Theorem states that
h is surjective, and that its kernel is generated, in degree two, by all pure tensors

a®beH @, H',
such that a Ub =0 € H2.

Indeed, pure tensors arising from Steinberg’s relation are a particular instance of
these, and it is not too hard to show directly that all pure quadratic tensors in
Ker(h) are combinations of pure tensors arising from Steinberg’s relation.

Now, let (A, M) be the local ring of variety X over [Fp, at a smooth rational point
x € X(F,). Then the natural homomorphism of graded F,-algebras

D1 (M. /M7) — D (M /M),
i=0 i=0

is surjective, with kernel generated by degree two tensors of the shape a®b—b®a.

It is clear that these two results present strong similarities- though the second one,
of commutative nature, is much easier to prove...

What is more, it is known to expert that the hard part of the Bloch-Kato conjecture
is to show that the natural map

is surjective, for every i and every field F, of characteristic not p. Thinking
(abusively) of

H(F, p)
as points modulo p® of some algebraic object defined over Z,, the surjectivity in
question is, again, the definition of (formal) smoothness. Note that, for i = 1,
surjectivity is given by usual Kummer theory. Our Smoothness Conjecture 14.25

states, in particular, that surjectivity for ¢ arbitrary should ”formally” follow from
the ¢ = 1 case.

Let us now briefly explain how one can hope to apply general lifting results
in Galois cohomology, to prove the Bloch-Kato conjecture. For simplicity, we
concentrate on surjectivity part, in the ¢ = 2 case (the Merkurjev-Suslin Theorem).

Let e be a class in H2(F, /lf,w)- By a general fact from group cohomology, one can
find a finite discrete G-module V', which is an [Fp-vector space, classes

a€ H' (F,V ®x, pip) and b € H' (F, V" ®5, p1p,),

such that
e=aUb,



where the cup-product is relative to the canonical pairing
(V ®F, pp) ¥ v ®F, Hp) — U?Q-

(here VY = Homg, (V,F,)).

This may seem obscure at first. Assuming that u, = I, for simplicity -which is
a harmless assumption- it becomes clear if we adopt the viewpoint of (Yoneda)
extensions. Indeed, a 2-extension in Ext%FP,G)(Fp,Fp) (= H?(G,F,)) can always
be seen as the cup-product of two 1-extensions.

Ifv = IF;V was equipped with the trivial G-action, then e would be a sum of
N? symbols, and the job would be done. More generally, imagine we can find a
surjective morphism of (F,, G)-modules

W —1V
such that the following two conditions hold.

1) the induced map HY(G,W) — H(G,V) is onto.
2) the (F,, G)-module W is permutation, i.e. has an F,-basis which is permuted
by G.

Using Shapiro’s Lemma, we see that the (projection) formula

file)Ub=cU(f").(b),
valid for any ¢ € H'(G,W), would then present e as a sum of corestrictions of
symbols. An input from Milnor K-theory (namely, the existence of the norm, and
its compatibility with the norm-residue homomorphism), shows that a corestriction
of a symbol (in Galois cohomology) is a sum of symbols, and we would be done.
A map f with the properties above does, as one may guess, not exist in general.
Meanwhile, our Stable Lifting Theorem 16.3 (for k =T,) does a very similar job.
However, it applies only in higher p-primary torsion. Indeed, note that the module

| (1))
LeP(V)

is not a fearsome beast at all: it is a honest module which is induced from dimension
one (in the sense of Definition 2.6, with the H;’s being the stabilizers of lines of V).
For example, if n = 0 and G is a pro-p-group, it is a permutation (F,, G)-module
in the sense of 2) above.

Note that the Stable Lifting Theorem can nonetheless apply to lift our cohomology
classes a and b, but only after pushing them by a power of the Verschiebung

Ver" : V. — Q"(V).

In Exercise 16.1, we explain why the Stable Lifting Theorems do not hold for
n = 0, using Manin’s R-equivalence (in the context of Galois cohomology).

1.2. SECOND IDEA. The theory of Witt vectors associates, to every perfect field
k of characteristic p, a discrete valuation ring W (k), whose basic properties we
shall recall in the next section. We develop here the theory of divided powers
for torsion modules over Witt vectors, whose purpose is, somehow, to categorify
Witt’s construction. To do so, we use the divided powers functors I‘f;(k), applied
to torsion W (k)-modules. We view them as representing polynomial laws (cf. [Ro],
or the nice and short paper [Fe]). Note that truncated Witt vectors themselves,
through a simple recursive process, can be defined just using I'), see Proposition
6.8.



We try to proceed as functorially as possible. We eventually offer three ways of
lifting a W, (k)-module to a W, 1, (k)-module: the big, medium and small Omega

powers (respectively, Q", Q" and Q™). The composition formula O =0 e
only holds for big Omega powers. However, we prove (cf. Propositions 8.17 and
12.10) that medium (resp. small) Omega powers canonically embed, in a duality-
preserving way, in big (resp. medium) Omega powers. In the course of the proofs
of these two Propositions, mysterious p-adic constants appear- see Definition 8.14
and Lemma 12.4. We do not know understand their meaning. Do they have one?
Note that, in dimension one, small, medium and big Omega powers all coincide,
and are indeed a ”categorification” of the multiplicative Teichmiiller section

Tk — W(k)*.

In the recent preprints [K1] and [K2], related constructions are proposed, in a
different language. It would be interesting to explore the connections.

When the field % is finite, we introduce a W (k)-linear map ”in the wrong direc-
tion”: the Transfer, notably for small Omega powers. We believe that it presents
connections to the (algebraic) Steenrod algebra, as defined in [Sm]. Indeed, our
formula for the hyperplane Transfer (cf. Lemma 11.15), is very close to the
formula defining P(£)(l), in Smith’s paper.

In section 14, we spend some time to axiomatize Kummer theory- a consequence
of Hilbert’s Theorem 90 for (Galois) cohomology with values in roots of unity.
In the general context of profinite group cohomology, we define the notion of a
smooth profinite group G, of a cyclotomic G-module and of a Kummer-type exact
sequence. We state the Smoothness Conjecture 14.25, implying the Bloch-Kato
conjecture.

Combining our formalism with classical techniques from group cohomology (re-
striction, corestriction and Shapiro’s Lemma), we are finally able to prove very
general results for the cohomology of smooth profinite groups: the Stable Lifting
Theorems (Theorem 16.2 and Theorem 16.3). They are not yet sufficient to prove
the Smoothness Conjecture, but we strongly believe that they will- after some
improvement.

The formalism we develop here presents potential for applications to other topics.
We now venture to list five of these. On this matter, we deeply welcome comments,
(constructive) criticism, suggestions and collaborative work.

1) The first one is p-adic deformation theory. The descent statement that we
offer in Proposition 17.9 is most likely an explicit description of an abstract non
linear (degree p) descent statement for algebraic structures mod p™. It would be
interesting to identify it.

To illustrate what we mean by ”explicit”, we proceed with an analogy in the
classical context. This analogy is for sure well known to many experts- though the
explicit computations that make it precise are hard to find in the litterature.
Grothendieck’s faithfully flat descent theory for Modules (say, for simplicity, in the
affine case) has many concrete incarnations. For G-Galois algebras, it specializes to
Galois descent (this is Speiser’s Lemma, cf. [GS], Lemma 2.3.8). In characteristic
p, for purely inseparable field extensions of height one, it specializes to Cartier’s
descent (loc. cit., Theorem 9.3.6). If X = Spec(A) is an affine smooth variety over
any field k of chacteristic p, then the Frobenius morphism

Frob : A Qo b — A,



TR N+ AP

is finite and flat, and Cartier’s Frobenius descent is, again, an explicit geometric
description of faithfully flat descent.

2) The second one concerns the question of lifting (mod p) Galois representations to
mod p? Galois representations- and perhaps even to higher torsion. This important
topic has already been investigated by many authors, notably in the context of
local or global fields. We already have some (new) results for arbitrary fields, and
plan to publish them in a dedicated paper.

3) We believe that Omega powers could perhaps be used in modular representation
theory- of finite groups, or of algebraic groups. For instance, if V is a finite-
dimensional k-vector space, the quotient

Q" (V)/p

is a k-linear representation of the algebraic group GLx (V') (in the sense of [J]). We
believe that it cannot, in general, be obtained as a subquotient of a tensor power
of V. In other words, divided powers over W (k) are required in its construction-
though, in the end, it is a mod p object.

4) Tt is likely that our ”gentle” machinery can help to say something about reso-
lution of singularities. A strong reason for this fact is the following. The W (k)-
module

Pl iy (Won(B) (= Wi ()

is an elementary algebraic blowup of W, (k), that lifts (the exponent of) its torsion
by one. Forming Omega powers of W,,(k)-algebras (cf. section 9.2) is thus a
way of performing a vast amount of these small blowups. This point of view is
connected to the notion of Rees algebra of a module, as investigated in the recent
paper [St].

5) Last, but not least, let us remark that our approach here is purely local, at
a given prime p. Once polished, it could be fruitfully globalized, considering all
functors I'}, at once...

The paper is organized as follows. We first recall some classical facts about profi-
nite groups, representation theory and cohomology. We then explain, in section
3, a categorical formulation of the induction process from open subgroups and of
Shapiro’s Lemma. Though elementary, it plays an important role in this paper,
where most properties concerning a profinite group G (eg. n-surjectivity) involve
all open subgroups of G at once. We then emphasize the importance of Pontryagin
duality (in algebra). Though invisible, it is omnipresent in all cohomological the-
ories: the injective Abelian group Q/Z naturally occurs when building canonical
injective resolutions of sheaves. After that, it is (unfortunately...) often disre-
garded or forgotten. In section 4, we begin with recalling that Pontryagin duality
does not commute to the tensor product- even in the category of (Z/p"Z)-modules,
for n > 2. Note that, if it did, the topological issue of tensor completions would
be much simpler. We make a short attempt to define the ” Tense Product”, a sym-
metric monoidal operation on the category of (Z/p"Z)-modules, that commutes
to Pontryagin duality. It behaves well with the Omega power functors, that we
define later on.

In section 5, we recall (mostly well-known) facts about divided powers. We see
them as representing homogeneous polynomial laws- as explained in [Ro]. We



mainly concentrate on the case of modules over Witt vectors. Along the way, we
give a simple presentation of truncated Witt vectors themselves, as a quotient of
a divided power module over Z (cf. Proposition 6.8). In section 7, we introduce
the Frobenius and Verschiebung operators, for divided powers. In section 8.7,
we investigate the lack of commutation between Pontryagin duality and divided
powers- reminiscent of Section 4. We introduce (big and medium) Omega powers,
as the ”correct” quotients of divided powers, commuting to duality. We show
that medium Omega powers occur as a direct factor of big Omega powers. We
study their first functorial properties. In section 11, we define the Transfer, a
fundamental gadget to prove Lifting Theorems in cohomology, by induction on
the dimension of the coefficients. In section 12, we introduce small Omega powers.
We show that they are a direct factor of medium Omega powers. Small Omega
powers enjoy rich functorial properties (notably through the Transfer) which
we begin to investigate in Section 13. See, in particular, Proposition 13.7. We
prove the Integral Formulas for the Frobenius and the Verschiebung. They are,
perhaps, connected to motivic integration. In Section 14, we present a possible
axiomatization of Kummer theory. We define the notions of cyclotomic module,
of smooth profinite group and of Kummer-type extension. We bear in mind that
the fundamental example of a smooth profinite group is that of an absolute Galois
group, equipped with the Tate module of roots of unity. Section 15 is a short
digression, to stress the importance of Hilbert’s Theorem 90 in our approach-
perhaps the purest of all descent statements. In section 16, we prove two first
applications of our formalism to Galois theory: the Stable Lifting Theorems. We
present a concrete corollary of the second one (Corollary 16.4).

We conclude by an application of our point of view to deformations: Proposition
17.9, which is a descent statement for the quotient map Z/p?Z — Z/pZ.

This paper contains numerous remarks and exercises, the goal of which is to help
the reader getting familiar with our approach- especially for those wishing to read
it ”linearly”. Note that, though we decided to treat the case of an arbitrary perfect
field k of characteristic p when possible, the case k = [, is the essential one.

2. NOTATION AND BASIC FACTS.

Throughout this paper, p is a prime number. For obvious historical reasons,
we could have chosen to denote p by [: the prime ”p” here is the ”I” of [-adic
cohomology. A few months ago, we thus made an attempt to replace p by [
everywhere in the text. The resulting formulae were esthetically questionable (if
not ugly), and we decided to go back to the previous notation...

For any integer n, we denote by v,(n) the p-adic valuation of n. We denote by S,
the symmetric group on n letters.

If M is an Abelian group and n > 1 is an integer, we denote by M|[n] the n-torsion
of M. Let A be a ring. If M is an A-module, we denote by

M* = Hom(M, A)
the A-dual of M. We denote by

Sym, (M) = P Symiy (M)
i=0



the symmetric algebra of M. We denote by
oo

Aa(M) = P AL (M)
i=0

the exterior algebra of M. We have pairings
ALY (M) x Ay (M*) — A,
(xl ANPVAN S RAAN (m) — det(¢b($a>)1§a,b§i7
and ‘ .
A (M) x Ny (M) — A7 (M),
(z,y) =z Ay.
These are perfect if M is a finite locally free A-module of (constant) rank d, and
i+ j = d. In that case, we put

Det (M) := A4 (M);

it is an invertible A-module.
If the A-module M is locally free of finite rank, we denote by

A (M) := Spec(Sym 4 (M™))

the affine space of M; it is an affine variety over Spec(A). On the level of the
functor of points, we have

Aa(M)(B) = M ©a B,
for every commutative A-algebra B.

Let k be a field. Let V be finite-dimensional k-vector space. We denote by §(V)
the dimension of V. We denote by P (V') the projective space of V', consisting of
lines L C V (when needed, these shall be identified with hyperplanes in V*). It
can, of course, be viewed as a k-variety. However, in this work (where in most
cases k and V will be finite), it will only be considered as a set. Note that, if V' is a
linear representation of a group G, P (V) is naturally endowed with an action of G.

2.1. WITT VECTORS. If k is a perfect field of characteristic p > 0, we denote by
W (k) the ring of Witt vectors built out from k. It is, up to isomorphism, the
unique complete discrete valuation ring whose maximal ideal is generated by p,
and with residue field k. Its construction is functorial in k. For any positive integer
n, we denote by

W (k) :== W(k)/p"
the truncated Witt vectors of size n.
Note that a simple (and perhaps new) recursive formula, presenting W, 11 (k) as
a quotient of the p-th divided power of the Z-module W,,(k), shall be given later
on (Proposition 6.8).
We put

K := Frac(W(k)).

We shall often use the natural arrow

W (k) — K/W(k),

1

= —
p
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to identify the p™-torsion in K/W (k) with W, (k). However, one has to be careful
in doing so- see for instance section 4.
For any W (k)-module M, we put

MY := Homwy ) (M, K/W (k));

it is the Pontryagin dual of M. Note that Pontryagin duality extends the linear
duality of k-vector spaces to all W (k)-modules. More precisely, if M is seen as a
W,,(k)-module, one has a canonical isomorphism

MY ~ Homvy, (1) (M, W, (k)) = M.

The Frobenius morphism

k— k&

7

T+ xP

lifts to a ring homomorphism
frob : W (k) — W (k).

For any W (k)-module M, and any integer ¢ > 0, we put
M® .= M @w ) W(k);

where the tensor product is taken with respect to frob’.

2.2. PROFINITE GROUPS AND COHOMOLOGY. Let G be a profinite group. By
definition, a G-set is a set X, equipped with a continuous action of G (i.e. such
that the stabilizer of every element of X is open in G).

Let M be a discrete G-module; that is, an Abelian group M, equipped with the
structure of a G-set, for which the action of G is Z-linear. We then denote by
H™(G, M) the cohomology groups, defined by Serre in [Se]. At our disposal, we
have the restriction maps

Res: H"(G,M) — H"(G', M),
for any closed subgroup G’ C G, and the corestriction maps
Cor: H"(G',M) — H"(G, M),

for any open subgroup G’ C G.
If G’ C G is an open subgroup, of index n in G, then CoroRes equals multiplication
by n.

Remark 2.1. In the course of proving results involving a profinite group G,
we shall often reduce to the case where G is pro-p-group, using the standard
”restriction-corestriction” argument. More precisely, imagine that the discrete
G-module M is of p-primary torsion, and that we have to show that a class in
H"(G,M) is zero. Then, it is enough to show that its restriction to H"(G,, M)
vanishes, where G, is a pro-p-Sylow of G.
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2.3. CATEGORIES OF REPRESENTATIONS. Let G be a profinite group. Let k£ be a
perfect field of characteristic p, often finite in our applications.

DEFINITION 2.2. A (W (k), G)-module is a torsion W (k)-module M of finite-type,
endowed with a continuous W (k)-linear action of G (i.e. factoring through a
nontrivial open subgroup of G). A (k,G)-module is a (W (k), G)-module which is
a k-vector space.

Remark 2.3. Assume that k is finite, and that Fi.,/F is a separable closure of a
field F. Then a (k, Gal(Fi.p/F))-module is nothing but a Galois representation
over the field k.

Remark 2.4. if G is a pro-p-group, we shall, in many places, use the following
classical facts.

(i) Every one-dimensional (k, G)-module is trivial, i.e. isomorphic to k, equipped
with the trivial action of G.

(ii) Let V' be a nonzero (k,G)-module. Then, it admits a one-dimensional sub-
(k, G)-module. Equivalently, we have V& # {0}.

DEFINITION 2.5. We denote by M(W(k),G) (resp. M(k,G)) the category of
(W(k), G)-modules (resp. of (k,G)-modules), with morphisms being W (k)-linear
maps respecting the action of G. These categories are Abelian. They come equipped
with a tensor product

® = Owk):

They are, moreover, equipped with a perfect duality

M — MY = Hom () (M, K /W (k)).

Among (W (k), G)-modules, the simplest are those who come from an action of G
on a finite set- the permutation modules. Let us give a precise Definition.

DEFINITION 2.6. Let M be a (W(k), G)-module. It is said to be induced from rank
one if it is isomorphic to a finite direct sum

@ Indgi (Li),

where H; C G are open subgroups, and L; are (W (k), H;)-modules, which are
(free) W, (k)-module of rank one, for some positive integers n,;.

If moreover all L; ’s are equipped with the trivial H;-action, M is said to be a
permutation module.

Remark 2.7. If G is a p-group, all one-dimensional (k,G)-modules are trivial.
Hence, a (k, G)-module is induced from rank one if and only if it is permutation.
Through the usual ’restriction-corestriction’ argument, for G arbitrary, (k,G)-
modules which are induced from rank one may often be assumed to be permutation.

3. ON INDUCTION FROM SUBGROUPS, AND SHAPIRO’S LEMMA.
Shapiro’s Lemma is a fundamental basic tool in group cohomology. We now briefly
explain how we can view it.

DEFINITION 3.1. Let G be a profinite group. Let X be a finite G-set. A discrete
G-module over X is the data of

M= (va ¢g,x)a
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consisting of an Abelian group M, for each x € X, and of additive maps
d)g,z M, — Mgzv

for each x € X and g € G, subject to the following conditions.
(i) For all x € X, and all m € My, the map

G — |_| Mz,
geG
g+ dg(m),
is continuous (=locally constant).
ii) For all x € X, we have

¢e,x = Id.
(iii) For all x € X and g,h € G, we have
¢g,hz ° ¢h,z = ¢gh,m«
Remark 3.2. In the particular case of a one-element set, it is clear that a discrete

G-module over {x} is simply a discrete G-module.

Remark 3.3. Discrete G-modules over X form an Abelian category in the obvious
way. More precisely, a morphism

M = (Mm7¢g,m) — M = (M!C,(ﬁ/ )

g,T
is the data of additive maps
fo: My — M.,
one for each z € X, such that

¢_;,gc © fw = fgw o (bg,am
for all x € X and all g € G.

If M = (M, ¢g.) is a discrete G-module over X, we can form the direct sum
NM) = @ M,;
zeX
it is a G-module in an obvious way, given by applying the ¢, ,’s. The association
M= N(M)
is a functor, from the category of discrete G-modules over X to that of discrete

G-modules. It plays the role of a trace map, and is a categorical formulation of
the usual induction process, from open subgroups of G. We now explain why.

Assume that
X =G/H,
for H C G a nontrivial open subgroup. Denote by xg € X the class of the neutral
element.
Then we have a functor

M= (Ma:ad)g,:r) — Mwoa

from the category of discrete G-modules over X to that of discrete H-modules,
where My, is considered as an H-module via the maps ¢, 5, for h € H = Stab(x).
It is not hard to see that this functor is an equivalence of categories. The proof is
left to the reader as an exercise.
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Remark 3.4. What precedes is a concrete example of the following philosophical
statement: if X = G/H, a G-equivariant structure over the base X is nothing but
an H-equivariant structure.

Now, let M = (M, ¢4.) be a G-module over X. Put M := M, , seen as a
discrete H-module. Then
N(M) =P M,
reX

is canonically isomorphic to the induced module Ind% (M). Note that, since H
has finite index in G, this induced module can be defined either by the formula

Indg(M) = M ®z) Z[G],
or by

Ind$ (M) = Maps (G, M),
the group of H-equivariant maps from G to M (’induction=coinduction’ in this
case).
Now, recall Shapiro’s Lemma -which is elementary but of crucial importance in this
paper- asserting that the cohomology groups H"(G, Indg(M)) and H"(H, M) are

canonically isomorphic. Putting what we just said together, we get the following
statement.

PROPOSITION 3.5. Put
X =G/H,
for H C G a nontrivial open subgroup. Denote by xo € X the neutral class.
Let M = (My, ¢g.0) be a discrete G-module over X. Then M, is canonically a
discrete H-module, and Shapiro’s lemma yields canonical isomorphisms
HY(G, P M,) = H"(H, M,,),
zeX
for each n > 0.
Remark 3.6. If X is an arbitrary finite G-set and M = (M, ¢4 ) is a discrete

G-module over X, we can adapt the preceding Proposition, yielding canonical
isomorphisms

m

H(G, P M.) = @ H™(Gi, M),
zeX i=1

where the x/s form a system of representatives of G-orbits in X, and where G; is

the stabilizer of x;.

To finish this section, let us give a typical example of how this Remark will be
applied.
Let k be a finite field of characteristic p. Let V' be a (k, G)-module. Put

X =PV);

it is obviously a finite G-set.
There is a 'tautological’ discrete G-module over X, which is M, defined by

ML = V/L,
for each line L € X, and where the map
¢g,L 2 V/L — V/g(L)



14

is induced by the linear map v — g.v. Shapiro’s Lemma then yields canonical
isomorphisms

H™(G,N(M)) =H"(G, @ V/L)= @ H"(G:,V/Ly),
LeP(V) i=1
like we just discussed in the Remark above. This fundamental fact will be crucial
in the proof the Stable Lifting Theorems.

4. THE TENSE PRODUCT.

In this section, we elaborate on the lack of commutation between the (usual)
tensor product, and Pontryagin duality. This phenomenon is at the heart of our
approach. We thus chose to introduce some related notions (the valuation of a
module, its trace and its Chern character) that we find colorful- though they will
not be used in the rest of this paper.

Let k be a perfect field of characteristic p > 0. We denote by {W,,(k) — Mod}
the category of (arbitrary) W, (k)-modules. In what follows, the symbol ® means
EW, (k)
Recall that, for any W, (k)-module M, we have an ’equality’

MY = Homwy ) (M, K/W (k) = Homw, ) (M, W (k).

We will now see that it strongly depends on n.
Let M and N be two W,,(k)-modules. Through the preceding identification, we
have a pairing

PN (M@N)x (MY @NY) — W, (k),

((m@n), (¢ @1)) = ¢(m)(n).

It is perfect if (and only if) M or N is a finite and free W,,(k)-module. What
is more, it is somewhat badly behaved, in the sense that it strongly depends on
n: if m > n is another integer, viewing M and N as W,,(k)-modules yields the
formula

QN =" "0 M N,
as pairings with values in K/W (k). In particular, if M and N are actually k-
vector spaces, the pairing ®5 s, n is zero!
Thinking further, we see that the category of W, (k)-modules is actually equipped
with (at least) two tensor product structures: the usual one, and the one given by
the formula

M&N = (MY ® NY)V.
If n > 2, there is no canonical isomorphism (of bifunctors) M@N ~ M ® N. This
fact is a simple algebraic analogue of Grothendieck’s theory of tensor products of
topological vector spaces. Note that the Tense Product defined shortly will be
ubiquitous later, when we mod out the kernel of Pontryagin duality for divided
powers (see for instance Proposition 8.12).

DEFINITION 4.1. (Tense Product.) Let M and N be two W, (k)-modules. We put
M®,N := (M @ N)/Ker(®, am,n),
where

Ker((I)n,MﬁN) = {$ €EM®N, cI)n,M,N(l'ay) =0, Yy € MY ®Nv}.
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It is a W, (k)-module, called the Tense Product of the W, (k)-modules M and
N. If the dependence in n is clear from the context, we shall denote it simply by
M®N.
Remark 4.2. Assume that M = W, (k) and N = Wy(k), with 1 < a,b < n. We
then have

M ®Wn(k}) N = Wmin(a,b)(k)a
whereas

M®nN = Wa—i—b—n(k)>

with the convention that W;(k) = 0 for negative .

LEMMA 4.3. The category {W, (k) — Mod}, equipped with the Tense Product, is
a symmetric monoidal category, with coherence axioms inherited from those of the
usual tensor product. The Tense Product commutes with Pontryagin duality of
finite modules: for two finite W,,(k)-modules, we have a canonical isomorphism

(M@N)Y ~ MY®NVY.
Proof. This is routine check. Let us perhaps explain why the Tense Product

is (bi)functorial. Let f : M — N and f' : M’ — N’ be morphisms between
W.,,(k)-modules. Then, for m € M, m' € M', ¢ € NY and ¢’ € N"V. one has

Dy v (f(m) @ (M), 0 @ ¢') = o(f(m))¢' (f'(m))
= S0 (m@m, fY(9) @ f7(¢).
This adjunction formula shows that
feoff - MeM — NoN’
passes to the quotient by the kernel of the duality ®,,, yielding a linear map
fef : M®@M' — N@N'.
O

We can now state the following definition.

DEFINITION 4.4. We will denote by W, the symmetric monoidal category of
W, (k)-modules, with monoidal structure given by the Tense Product. It is equipped
with the perfect duality M — MY, induced by Pontryagin duality.

As one may guess, reducing mop p" yields a (lax monoidal) functor from W, 11 to
W,
LEMMA 4.5. Let M and N be Wy,1(k) -modules. Then the natural map
(M/p") @w,, k) (N/p") — (M @w,, k) N)/p"
induces by passing to the quotient a W, (k)-linear map
(M/p")@n(N/p") — (M®n11N)/p".
Proof. To check this, one may assume that M = W, (k) and N = Wy(k) are of
rank one, and use Remark 4.2.
(|
DEFINITION 4.6. The functor
Wn+1 — Wn

M — M/p"
will be denoted by ©. Thanks to the previous Lemma, it is a lax monoidal functor.
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DEFINITION 4.7. (Tense Algebra, Tense Symmetric Powers, Tense Exterior Pow-
ers.)

Let M be a W, (k)-module. For every nonnegative integer i, we put
M®n = M8, MS, ... B, M.

% times

We set -
Tp(M) := @M@;;
i=0
it is naturally a W, (k)-algebra, the Tense Algebra of M. We define

Sym,, (M) := €D Sym, (M)
1=0

to be the largest commutative quotient of T, (M). As usual, it is obtained by
modding out the ideal spanned by the elements

TRQY -y,
for x,y € M. It is the Tense Symmetric Algebra of M. Similarly, we define

Ka(M) = A, (M)
1=0

to be the quotient of T,(M) obtained by modding out the ideal spanned by the
elements
rRx,

for x € M. It is the Tense Exterior Algebra of M.
DEFINITION 4.8. A tense algebra is an algebra in the category W,,. In other words,
it is a W, (k)-algebra, such that the multiplication map

e A QW (k) A— A
factors through the natural quotient map

A W, (k) A — AR, A.

Ezample 4.9. The tense symmetric (resp. exterior) algebra of an arbitrary W, (k)-
module is of course a tense algebra.

If A isis a usual W, (k)-algebra which is flat (=free) as a W, (k)-module, it is
automatically tense.

Ezercise 4.10. Let A € W, be a tense W, (k)-algebra. Show that the unit 1 € A
has (additive) order p™. In other words, it spans a free direct summand of rank
one of A, as a W,,(k)-module.

DEFINITION 4.11. Let M be a (finite) W, (k)-module. Consider the largest number

t1€{-n,—n+1,...,—1,0}
such that M /p"** is a free W,y ;(k)-module.
We put
vp (M) = 1.

1t is the valuation of M.

Remark 4.12. The W, (k)-module M has valuation 0 if and only if it is free. In
case it is not, its valuation is strictly negative, and can be though of as the highest
'pole’ of M.
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LEMMA 4.13. Let M and N be (finite) W,,(k)-modules. Then we have
U (M®,N) = v, (M) 4+ v, (N),

and
(M ® N) = min(v, (M), v, (N))

with the convention that all integers < —n are identified to —n.

Proof. Straightforward. O

LEMMA 4.14. Let M be a (finite) W, (k)-module. Then v,(M) is the largest
negative number v, such that the composite

M @w, k) (M) = W, (k) — W,
passes to the quotient by Ker(®,, s arv).

Proof.

Assume first that M = W, (k), where a is an integer, with 1 < a < n. Then the
evaluation arrow under consideration is

W, (k) — W, (k),

n—a

1—p

2a—n

On the other hand, Ker(®,, as,pv ) is generated by p , or is everything if a < 3.
We then see that the composite under consideration factors through Ker(®,, ar,arv)
if, and only if,

PP = pt =0 € Wy pi(k),
meaning that i < a —n = v,(M). The general case follows.

O

DEFINITION 4.15. Let M be a (finite) W,,(k)-module. By the preceding Lemma,
the composite

M ®w, ) MY =5 W (k) — W, () (k)
induces an arrow
M@nMV — WnJrvn(M)(k)a
which we denote by trps. It is the trace of M.
We conclude this section by defining the Chern character of a finite W, (k)-module,
and stating a first property.
DEFINITION 4.16. Let M be a finite W, (k)-module. We put
Chp(M) :=ap +ap 1 X P +ap o X 2+, +a X " ezZ[X .
LEMMA 4.17. Let M and N be two finite W, (k)-modules. Then
(M) = vx (Chy,(M)).
Modulo X ~™Z[X "], we have
Chp,(M®"N) = Ch,,(M)Ch,,(N).

Proof.
Follows from Remark 4.2. O
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Remark 4.18. We believe it could be interesting, in the future, to investigate the
behaviour of the Chern character of Omega powers of k-vector spaces (see section
8.7). For instance, if V is a finite-dimensional k-vector space, what can we say
about the map

n €N Chy,1(Q"(V))?

We should, of course, also extend these considerations to modules over global rings.

5. DIVIDED POWERS.

For a nice and short account on properties of divided powers, we refer the reader to
[Fe]. A more comprehensive study of divided powers can be found in [Ro], which
contains all the proofs of the Propositions which we state here without proof.

In this section, A is a commutative ring.

DEFINITION 5.1. Let M be an A-module. We denote by T'a(M) (or simply by
I'(M) if the dependence in A is clear) the graded divided power algebra of M,
defined as follows. It is generated by degree i symbols [x];, for each i € N and each
x € M, with relations:

i) [zlo=1,
Wz + 2] =Y l@li[2 i,
i1 )[Ax], = A" [x]y,

iU) [gf]n[i” m = (ntm) [m]n+m

We define T™ (M) to be the homogeneous component of degree n of T'(M). We put
It (M) := @1 IT™(M); it is an ideal of T'(M).

Remark 5.2. As it is well-known, the symbol [z],, plays the rdle of %x" More pre-
cisely, if n! is invertible in A (which typically happens if A has prime characteristic
p and n = p — 1), the natural map
Sym} (M) — I3 (M),
1 ® ... Q@ Xy = [T1]1 ... [a]1

is an isomorphism, with inverse given by

I3 (M) — Sym; (M),
At this point, the reader may wonder whether the last formula makes any sense.
Why does it yield a well-defined A-linear map? This will become apparent in a
moment, using the viewpoint of polynomial laws.

Remark 5.3. Equality iv), applied several times, yields the formula
AL +...4+n,
[x]nl [x]nr - ( Niyen. Ny >[x]n1+,..+nra

where

Niye.., Ny ny!...n,!

(n1+...+nr> (. )

is the usual multinomial coefficient.
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For each positive integer i, the ideal ' (M) is moreover equipped with an operator
vi : TH(M) — TT(M),

x = v (x),
playing the role of x — z*/i!, which endows (I'(M),T'(M)*) with the structure of
an A-algebra with divided powers. Let us be more precise.

PROPOSITION 5.4. Let M be an A-module. For each positive integer i > 0, the
polynomial law
M — TT (M),
x — [x];,
uniquely extends to a polynomial law
v TH(M) — TT(M),
which is homogeneous of degree i, such that the following conditions hold.

1) The ~'’s are functorial in A and M.
2) We have v, = Id.

3) We have
Vi@ +y) = > val@ ),
a+b=1
identically.
4) We have

Vi e = @’Y@J
g7
Moreover, the four properties above uniquely determine the v*’s.
PRrROPOSITION 5.5. Let M, N be A-modules. We have a canonical isomorphism
(M & N) = @o(I*(M) @ T ().

Remark 5.6. The previous Proposition says that divided power functors are strictly
polynomial, in the sense of [FFSS].

PROPOSITION 5.7. Let M be an A-module, and let B be a commutative A-algebra.
We have a canonical isomorphism of graded rings

TA(M)® B ~Tp(M®4 B).

5.1. POLYNOMIAL LAWS. Let A be a commutative ring.

DEFINITION 5.8. If M is an A-module, we denote by M the functor
R— M®a R,

from the category of commutative A-algebras to that of sets.

DEFINITION 5.9. Let M, N be A-modules. A polynomial law from M to N is a
morphism of functors
F:M— N.
We shall say that F is homogeneous of degree n > 0 if, for every commutative
A-algebra R and everyt € R and m € M ® 4 R, we have
F(tm) =t"F(m).

Remark 5.10. One can show that a degree 0 (resp. degree 1) polynomial law is
obtained from a constant (resp. A-linear) map M — N.



20

Remark 5.11. Slightly abusing notation, we will sometimes denote a polynomial
law

F:M—N
simply by
F:M — N,
dropping the underscore. We shall do so only if there is no chance of confusing F’

with a mere map.

Remark 5.12. Let M be an A-module. Let i,j be positive integers. The divided
power operation

vi s T (M) — T (M)
is a polynomial law, which is homogeneous, of degree i. It will often be considered
as such in the sequel.

Remark 5.13. If V and W are locally free A-modules of finite rank, then a poly-
nomial law from V' to W is nothing but a morphism of affine A-schemes

AA(V) — AA(W)

The next Proposition is crucial. Its content is that the functor I' represents the
functor of polynomial laws.

PROPOSITION 5.14. Let M, N be A-modules. Then Hom (I (M), N) is canoni-
cally isomorphic to the group of polynomial laws from M to N, which are homo-
geneous of degree n.

The previous Proposition admits an obvious generalization, as follows.

PRroPOSITION 5.15. Let My, Ms, ..., M, and N be A-modules. Let ny,...,n, be
positive integers. Then

HomA(Fnl (Ml) XA Fn2(M2) XA ...-R4 FHT(MT),N)
is canonically isomorphic to the (A-module of ) polynomial laws
My x My x...x M, — N,

which are homogeneous of degree n; in M; (fori=1...r).

For M an A-module, the association
M —s (M®™)5n,

x = ",

is obviously a polynomial law, which is homogeneous of degree n. It thus induces
an A-linear morphism
Fo(M) : T (M) — (M®™)5»,

PROPOSITION 5.16. If M is locally free of finite rank, the morphism F,, (M) above
s an isomorphism.

Remark 5.17. If M is locally free of finite rank, the A-dual of (M®™)®" is nothing
but the symmetric power Sym’; (M*). Thus, the formation of divided powers, for
finite locally free modules, is dual to that of symmetric powers.
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5.2. DIVIDED POWERS AND DUALITY. Let us now mention a nice compatibility
of divided powers, with respect to duality.

DEFINITION 5.18. Let M be an A-module. Let n > 1 be an integer. The formula
(v, 8) > Bv)"
defines a polynomial law (of A-modules)
M X M — A7

which is bihomogeneous, of bidegree (n,n). By Proposition 5.15, this law corre-
sponds to a pairing
(M) x T (M*) — A.

We will denote this pairing by A,, or by A, or even by < .,. >, if the context is
clear enough. On the level of pure symbols, we have

< [¢]n, [v]n >= @(v)".

LEMMA 5.19. Let M be an A-module. The following assertions are true.

1) For x1,...,x. € M, ¢ € M* and iy, ...1i, positive integers, we have

i1‘+ ... —|— ir)(ﬁ(xl)il y (b(xr)z"

L1yeeeylp

<[z1liy - [Tr)is [Py i, >= (

i,
= ( il o Z ) < [le]ila [¢]Zl > ... < [x’f']iyd [(b}’br >
2) Let m and n be positive integers. For X € T"™(M) and ¢ € M* the formula
(mn)! m
< Y (X), [Blmn >= (hymml <X, [9]l, >"€ A

holds (note that the integer coefficient appearing here is the number of partitions
of a set of cardinality mn in m subsets of cardinality n).

Proof. We can assume that M is an A-module of finite type.

If f: L — M is a surjective linear map between A-modules, then the Lemma
holds for M if it holds for L. Hence, we are reduced to the case where M = A™
is free. Let g : B — A be a surjective homomorphism of commutative rings.
Let N be a B-module, for which the Lemma holds (over the ring B, of course).
Then the Lemma holds for M = N ® 5 A (use Proposition 5.7). Altogether, we
can assume that M is a free module and that A is a domain of characteristic zero.
But then, divided powers of M are free A-modules, and we can check everything
after extending scalars to the fraction field F' of A. We are thus reduced to the
case where A = F' is an algebraically closed field of characteristic zero, in which
case pure symbols additively span divided power modules. We can then identify
% (M) and Sym'; (M), through the symmetrizing operator ([z], corresponds to
£7). Then the duality A is given by the usual (reassuring, but awkward) formula

n!
Sym’y (M) x Sym'y (M™*) — A,

(1®...QTp,P1 ®...R ¢p) — n! Z P1(To(1)) - - On(Zo(n))-
oeSy
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Checking point 1) is then straightforward.
For 2), write

We compute, using 1):
m

<X, Bl >=< = B >= < (S laila) ™ ln >

i

1
= % < ) Z [xil]" e [inm}n, [¢]7nn >

1
~ml (n nmn n) 4 Z ¢(zi,)" - o(wi,)"

15005tm

- 1(nnm” n) S < adn [6ln > - < 2ol (Bl >

7:1 7---1i7n

1 mn

= (™ )< ool >+ < Lo ol )
_ (mn)!
~ (n))ymm!

(here we write sums over all integers i1, . .., i,,, repetitions allowed, to avoid multi-

nomial coefficients). The proof is over.

< X, (@] >™

O

5.3. DIVIDED POWERS VERSUS SYMMETRIC POWERS. At this point, it seems le-
gitimate to compare symmetric powers and divided powers more closely. Victory
shall belong to the latter, and by far: they are much simpler, versatile and better
behaved- for many reasons. We mention two of them.

1) Let V and W be two A-modules. On the one hand, Hom4(Sym’(V), W)
corresponds to symmetric n-multilinear forms

F:V" —W.
Such a form is defined by an expression of the shape
(U1, oyon) = Fug, ... 0p).

It is a function of the n variables vy,..., v,.
On the other hand, Hom 4 (I'"*(V'), W) corresponds to polynomial laws from V to
W, which are homogeneous of degree n. Such a law is defined by an expression of
the shape

v = F(v).
Being a natural transformation between the functors V. and W, the expression
F(v) has to functorially make sense for any commutative A-algebra R, and every
v € V ®4 R. However, it depends on a -single- variable v. In that sense, it is
much easier to define than a symmetric n-multilinear form.

2) Let m be positive integer. Symmetric powers (or tensor powers) of a module,
which is of m-torsion, will remain of m-torsion, regardless to the ring of coefli-
cients. This is far from being so for divided powers- a major fact which is at the
heart of this paper. The underlying phenomena (in prime power torsion) will be



23

studied extensively, starting from the next section. For instance, we shall see that,

if L is a free (Z/p™Z)-module of rank one, then I‘IZ (L) is a free (Z/p"*T$Z)-module
of rank one.

6. THE TEICHMULLER REPRESENTATIVE, AS A POLYNOMIAL LAW.

Among polynomial laws, there are fundamental ones, given by Teichmiiller repre-
sentatives in truncated Witt vectors. Let us be more precise. We begin with a
standard but extremely important Lemma, at the heart of p-adic theory.

LEMMA 6.1. Let A be a commutative ring.
The map

A—s AJprtmaA,
x> 2P,

factors through the quotient A — A/p™A. Since this hold functorially in A, we
get this way a polynomial law of Z-modules

Z/p™7 — Z/p" "2,
z— P
Proof. By induction, it is enough to check the claim for n = 1. In this case, for
any x,y € A, we have the well-known congruence
(x +p™y)" = 2P

modulo p™*! A, whence the claim.

DEFINITION 6.2. The polynomial law (of Z/p™ " Z-modules)
Z/p™7 — Z)p" "2,

n
z — 2P

will be denoted by T,,.

Remark 6.3. Note that, for any = € k, we have
Tn(x) = T(mp") € W, 11(k),

where 7 is the usual Teichmiiller representative. Looking closely at this equality
reveals the following.

In the theory of Witt vectors over perfect fields of characteristic p, the expression
T(x) € Wyy1(k) is well-defined because we can extract a (unique) p™-th root of
x in our base ring k. The expression 7, (z) € A, in contrast, makes sense for any
base ring A of characteristic p"*™, and any x € A/p™.

We need a simple arithmetic Lemma.

LEMMA 6.4. Let aq,...,a, be r nonnegative integers. Putn =ai + ...+ a,.
The following assertions are true.
i) The number of carryovers in the base-p addition

n=_(..(a1+a)+as)+...)+a,
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does not depend on the order of the a;’s. It is equal to the p-adic valuation of the
. . . n

multinomial coefficient (al,...,ar) .

ii) We have

Up((pal, pn,par>) - Up((al, n s a,))

i, ")) 2wt — o)

i11) In the particular case where r = 2 and a1 + ag = p™, with m > 0 and
1<t <p-—1, the inequality in i) is an equality. In other words, we have

(7)) = m = vplar) = m = (o).

ay, a2

and

Proof.

For i), we can reduce to the case r = 2 using the formula

ar+...+a, . ar+...+a, a1 + ao
A1y, 0p a1 +az,as,...,ar ay,a )
The claim to prove is then a classical fact, which is also a nice elementary exercise
left to the reader.

Assertion ii) is an easy consequence of 1).
Let us now prove iii). The case m = 0 is obvious; we thus assume that m > 1. By

ii), we then note that
meJrl me
al (2 D= ( )
bay, paz ay, az

allowing us to reduce to the case where a; and ay are prime-to-p. Write
a; = b; +c;p™
for i = 1,2, with b; prime-to-p, and b; < p” — 1. The number b; + by is divisible
by p™, hence equals p™. We thus have
l+c+ec=1<p-1,

from which we infer that the number of carryovers in the base-p addition of a;
and ay equals that of b; and by, which is obviously m. The claim is proved.

O

Remark 6.5. The formula
oy pai + ...+ pa, ) = a+...+a, )
P pal)""par B P al""7a‘7‘
suggests that the function

(al,...,ar)va(<“1+“'+“r))

Alyee.yQp

behaves like a height on the projective space P"~!, locally at p. This is perhaps
worth investigating.

LEMMA 6.6. Let V' be an A-module, such that p™V = 0, for some m > 0. Let n
be a positive integer. Then Ty (V) is of p™+v»(") _torsion.
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Proof. Note first the following two obvious facts.
i) Since V is annihilated by p™, I'"; (V) is annihilated by p™". In particular, it is
a Z,-module.
ii) Let
n=a +...+a,

be a decomposition of n into a sum of r nonnegative integers. For i = 1...r, let
v; be an element of V. Then the (additive) order of

[v1]ay - - [Vr]a, € TA(V)

is at most the minimum of the orders of the elements [v;],, € T% (V).

We now show that
prr ], =0 e TR (V),
for each v € V. Let

n=ayg+ap-+...a;p

be the base-p expansion of n. In the equality
n

(A A (I [ 5 )

the multinomial coefficient is prime-to-p, by Lemma 6.4. We can thus assume that
n=p", with 1 <. <p—1. In the formula

it = (7 )bl

the multinomial coefficient is prime-to-p, by Lemma 6.4 again. We thus reduce to

the case t =1,1ie. n=7p".

pT
[elprs = <pr1,...,p”)[v]”’

and that the multinomial coefficient occuring in this formula has p-valuation one.
Induction on r yields the result, since V = T'}{ (V) is of p™-torsion by assumption.

We then see that

O

6.1. DIVIDED POWERS OF TORSION W (k)-MODULES. From now on, k is a perfect
field of characteristic p.

We will explain the first steps towards a canonical process for lifting torsion
W (k)-modules to modules of higher torsion. To do so, we use divided powers,
which are arguably the most efficient ”elementary” algebraic tool at disposal.

Before beginning, let us mention here the work of Kaledin- notably in the recent
papers [K1] and [K2]. His constructions are very close to what we produce here,
though expressed in a different language. We did not have time to explore the
connections so far and it would be interesting to do so in the future.

Recall that we denote by
7k — W(k)
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the Teichmiiller representative (we set 7(0) = 0). The map
Tiex : K — W (k)™
is the unique multiplicative section of the quotient map

W(k)* — k*.

Let n, m be positive integers. Take A to be W,,1,,,(k), the truncated Witt vectors
of size n +m. By Lemma 6.1, the formula

ot Ap™A — AJp"TA =W, (K),

n
x— P

defines a (multiplicative) polynomial law over Z, homogeneous of degree p". It
thus induces a group homomorphism
T% (Won () — Wi (),

which we denote by T}, . Since the Teichmiiller representatives generate W, 1, (k)
additively, the map T} is surjective. But obviously, the polynomial law 7,, might
as well be considered as a polynomial law over W (k), hence giving rise to a W (k)-
linear homomorphism

T s Ty oy (Wi (k) —> Wi (R).

LEMMA 6.7. The map T,, is an isomorphism.

Proof. It is clearly surjective. But F{,;(k) (W, (k)) is generated by [1],», as a
W (k)-module, and is killed by p"*t™, by Lemma 6.6. It is thus a W, (k)-
module, generated by one element. The claim follows. O

Thus, the map T, factors as

T T8 (W (k) — Doy (Wi (B)) =2 W ().

One can then infer a description of the kernel of T/, which in turn provides a
rather simple, seemingly new, natural recursive definition of W, (k) by generators
and relations. It does not involve any intricate computation- assuming, of course,
some familiarity with the spirit of divided powers.

PROPOSITION 6.8. Assume that n = 1 in what precedes.
Then the kernel of the natural surjection
T : T3 (Wi (k) — Wi (k)
is generated, as an Abelian group, by elements of the form
[2]1[ylp—1 — fey? i p-1,
with ,y € W, (k).

Proof. We try to offer an algorithmic proof. The reader who is not familiar with
divided powers is advised to assume p = 2, to begin with.
First of all, it is not hard to see that these elements are in the kernel, since, on
‘impure’ symbols, we have

Ti([z]i[ylp-1) = PIXY7 € Wi (K),

for all z,y € W,,(k), where X, Y € W,,;1(k) are arbitrary lifts of = and y,
respectively. Denote by I C I')(W,,(k)) the Abelian group spanned the elements

[2]1[Ylp—1 — [zy? 1 [1]p-1-
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Pick an element X € Ker(77). A little computation shows that, modulo I, every
element of T')(W,, (k)) is congruent to an element of the shape

[alp + [b]1 [1p-1,
with a,b € W, (k). We can thus assume that
X = lalp + [bl:[1]p-1

Denote by A € W,,,11(k) and B € W, 1(k) arbitrary lifts of A and B, respec-
tively. The relation T7(X) = 0 translates as

AP 4 pIB=06€ Wi (k),

which implies that a is divisible by p, say a = pd’, for ' € W,,,(k). From the fact
that, modulo I, we have

-1 -1

PP / / _ PP
N
we are thus reduced to case ¢ = 0. But then pB = 0 € W, ;;(k), implying
b=0¢€ W,,(k). Hence, I indeed equals Ker(T7).

lalp = p"[d"], = [l [1p—1 € TL (W (k)),

O
From now on, if M is a torsion W (k)-module, we shall put
(M) := TRy 1) (M)
and
Sym" (M) = Symyy () (M).
Note that these are polynomial functors, in the category of torsion W (k)-modules.

Remark 6.9. The preceding discussion shows that I'?"(W,,(k)), as a W (k)-
module, is generated by [1],» and is canonically isomorphic to W, 1, (k). We
are now going to make this statement (a bit) more precise.

Let n, m be positive integers.
Let L be a W, (k)-module which is free of rank one. Seeing it as a W (k)-module,
we put

Woim(L) = " (L);
it is is a free W, 1, (k)-module of rank one, whose construction is functorial in L.
It comes equipped with the Teichmiiller-like map (which is in fact a polynomial
law)

Tn it L — Wy ym(L),

v = [U]pn.

Note that, if m = 1 and L = k, then W,,,1(L) = W, 1(k), and 7, (z) = 7(2"),
as noted before.

LEMMA 6.10. Let ¢ = p"j be a positive integer, with j prime to p. Then the
formula
L— Wn+m(L®j)v
U= [v®j]P”’
defines a polynomial law, which is homogeneous, of degree i. The induced W (k)-
linear map
¢ : THL) — Wy (L®)
is an isomorphism.
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Proof. Only the fact that ¢ is an isomorphism has, perhaps, to be checked.
We may assume that L = W,, (k). By lemma 6.6, the W (k)-module I'""(W,, (k)),
which is obviously generated by [1],, is of p™*"-torsion, hence a W, ., (k)-module
generated by one element. The map ¢ is obviously surjective, with target a free
W ,in(k)-module. It is thus an isomorphism.

O

LEMMA 6.11. Let n,m be positive integers. Let M be a W, (k)-module. Pick an
element x, of order p™. Then the symbol

[z]n € (M)

has order pvr(m+m

Proof. By Lemma 6.6, the symbol in question has order < p*»(™*™  Now, pick
a W, (k)-linear map
M — W, (k),
sending v to 1. By functoriality, it induces a W, 4, (k)-linear map
F:T"(M) — T™"(W,,(k)),

mapping [v], to [1],. By Lemma 6.10, and by the fact that 1 € W,,,;,,(k) has
order p™*" we know that [1],, has order p*»(")*™  The claim follows. O

LEMMA 6.12. Let V' be a k-vector space. Let n be a positive integer, lesser or equal
to the cardinality of k. Then the symbols [v],, for v € V, generate T™(V)/p (as a
k-vector space).

Proof. We can assume that V is finite-dimensional. By a straightforward induc-
tion on the dimension d > 2 of V, it is enough to show that the natural map

P )P — V),
HeP(V*)
given by the sum of the inclusions I (H)/p — T'"™(V)/p, for all hyperplanes
H C V, is surjective. Dually, letting W := V*, we have to show that the natural
map
Sym" (W) — @repw)Sym"™(W/L),

given as the sum of the quotient maps, is injective. But, choosing a k-basis of
W, an element of Sym" (W) is just a homogeneous polynomial of degree n in d
variables. The fact that it dies in Sym"(W/L) is equivalent to asking that it is
divisible by v, where v € L is a nonzero vector. The statement now follows, since
P(W) has cardinality at least |k|4+1 > n+1, and since a homogeneous polynomial
of degree n, which is divisible by n+ 1 two by two non proportional linear factors,
has to be zero.

O

LEMMA 6.13. Let M be a torsion W (k)-module. Let n be a positive integer, lesser
or equal to the cardinality of k. Then the symbols [x],, for x € M, generate I'™ (M)
(as a W (k)-module).

Proof. We can assume that M is of finite type. Consider the filtration
(M) 2 pI'™(M) > p*T™(M) > ... D {0},

and note that the successive quotients are all quotients of I'"*(M)/p ~ I'}(M/p).
Apply induction, using Lemma 6.12, to get the result.
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O

We conclude this section by a concrete description of divided power modules, using
a basis. We first fix some useful notation.

DEFINITION 6.14. (Weighted partitions.) Let n be a positive integer. A partition
of n is a decomposition

A:(a1+...+a3=n)

of n into a sum of d nonnegative integers. The partition A is said to be weighted,
if we are given the extra data of a d-tuple

w:= (wy,...,w4)

of nonnegative integers, such that, for all it =1...,d, w; is zero if a; is zero.
The (weighted) partition (A, w) is said to be proper if all a;’s are < n—1, or Dirac
otherwise.

DEFINITION 6.15. Let M be a finite W, (k)-module. Choose a decomposition

d
M =P W_u, (k)e;,
=1

where e; € M has order p™~vi (the w;’s are < m, and uniquely determined by
M). Put

w=(w1,...,Wq)-

Denote by
d
MY = P W, (k)e)
i=1

the dual decomposition, with
<eief >=pYio;.
Let n be a positive integer. For each partition
A:(a1+...4+aq=n),

put
W (A, w) := max{v,(n) — v,(a;) +wi,i=1...d}
and
le]a == [e1]a, - - - [€dla, € T (M).

PROPOSITION 6.16. Let M be a finite W, (k)-module. Let n > 0 be an integer.
We use the notation of Definition 6.15. i

Then the order of [e]a in the W,y (n)(k)-module T™(M) is pmFor(m=W(Aw),
and there exists a natural isomorphism of W, (n))(k)-modules

@ Wervp(n)fW(A,w) (k) % Fn(M)v
A

1g— [e]A,

where the sum is taken over all partitions A of n, of size d.
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Proof. The first statement follows from Proposition 5.5 and Lemma 6.10, which
implies that

d
® T (Wi, (K))

is canonically isomorphic to Wi, 1 (n)—5(A,w)(K)-
O

6.2. AN ALTERNATE DESCRIPTION OF I'” FOR VECTOR SPACES. Here k = IF),.
Assume that V = M ®z F), for M a free Z-module of finite rank. One readily
checks that the map

C: M x M — Sym}(M),

(2 +y)7 —a g
(z,y) = :
p

is a symmetric 2-cocycle, for the trivial action of M on Symf(M). Indeed, this
can be checked after extending scalars to Q, where it is obvious: c is then a trivial
cocycle by definition! Reducing mod p, we obtain a symmetric cocycle

c:VxV — Symf(V),

in fact given by

DT
o) = 3 s
1
This cocycle defines an Abelian extension of V' by Sym} (V). We leave it to the
reader, as an instructive exercise, to check that this extension is canonically iso-
morphic to I'?(V).

7. THE FROBENIUS AND THE VERSCHIEBUNG.

Recall that k is a perfect field of characteristic p.
Let A be a commutative ring of characteristic p. Denote by

froby : A — A,
x — xP,

the Frobenius endomorphism of A. For any A-module M, put

MW = Mo, A,
where the tensor product is taken with respect to frob 4. This notation is obviously
coherent with the one used before.
Moreover, if B/A is a commutative algebra, we have a canonical isomorphism

MY @, B =5 (MeyB)W,

In other words, forming the twist by Frobenius commutes with extensions of com-
mutative rings of characteristic p.
Now, let V' be a k-vector space. By what precedes, the formula
V— v,
v oM =1,
actually defines a polynomial law, homogeneous of degree p. We shall refer to this
law as the Frobenius law Froby . It can be viewed as a morphism of affine k-spaces

Ap(V) — A (VD).
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Note that the Frobenius law exists only for k-vector spaces. For n > 2, an arbitrary
(say, finite free) W, (k)-module does not come naturally equipped with such a law.

The next proposition contains the definition of the Frobenius and of the Ver-
schiebung, borrowed from the theory of commutative group schemes in character-
istic p.

PROPOSITION 7.1. Let V be a finite-dimensional k-vector space and let n > 1 be
an integer.

Then the formula
V — 1TV,
v [v(l)]n,
is a polynomial law of degree np, thus defining a W (k)-linear map
Frob : IT"P(V) — I™(VW),
the Frobenius homomorphism (for divided powers).
The polynomial law
V —T™(V),
v = plv]pn
canonically factors through the Frobenius law V. —s V(). The resulting polyno-
mial law
v 1Y)
is homogeneous of degree n, yielding a W (k)-linear map
Ver : T(V)) — T2 (V),
[U(l)]n — p[v]pn,
the Verschiebung homomorphism (for divided powers).

Proof.
The first statement (defining the Frobenius map for divided powers) follows from
the definition of the Frobenius law. For the second one, pick a basis eq,...,eq of
V. On the one hand, the Frobenius V' — V(1 then becomes the law

k — k9,

(X1,...,Xq) — (X7, XD).
On the other hand, The polynomial law (of W (k)-modules)
V — I"P(V),

v = plvlpn
then becomes the law
kY — TP (k9),
(Xl, . 7Xd) — p[X161 + ...+ Xded]pn
= Z X X'plet)ay - - - [€dlag

ai+...+aq=pn
= Y Xt XEpledlya, - [ealpans

a1+...+ag=n
where the first (resp. second) sum is taken over all decompositions of pn (resp.
of n) into the sum of d nonnegative integers. Indeed, the symbols [e;],, for a not
divisible by p, are of additive order p, hence all terms plei]q, - - - [€d]a, Vvanish, as
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soon as one of the a;’s is not divisible by p. The second part of the lemma, yielding
the definition of the Verschiebung morphism for divided powers, is now obvious.

O

LEMMA 7.2. Let V be a k-vector space. Let aq,...,aq,n be nonnegative integers,
satistying a1 + ...+ aq = np. For vi,...,vq € V, the Frobenius

Frob : T"P(V) — (V)
satisfies

Frob([vi]a, - - - [Vd]ay) =0,
if one of the a;’s is not divisible by p. If all a;’s are divisible by p, says a; = pb;,
then ) )

Frob([v1]a, - .- [alay) = 08 ]oy -+ [0 ],

Dually, the Verschiebung

Ver : (VM) — 17(V)
satisfies

(1)

Ver([o§]a; + - [0 )an) = Plv1)pay - - - Walpag-

Proof. We work in the polynomial ring W (k)[X7, ... X4]. The relation
Frob([X1v1 + . . . + Xavalnp) = [XP(0) + ... + X2 (0],
holds by definition. But
[Xiv1 4+ ...+ XqVd]np = Bay 4. 4ag=np( X7 .. X7 [V1]ay - - - [Vd]ay)
and
X1+ 4 XE@ ) = St namn (X X0l 00,

so that the first assertion follows by identifying the coefficients of the monomials
occuring in those expansions. The proof for the Verschiebung is similar.

O
COROLLARY 7.3. For any s > 1, the kernel of
Frob® : I"?" (V) — (V)
coincides with the p*-torsion of T™" (V).
Proof. This follows from Proposition 6.16 and Lemma 7.2.
(]

PROPOSITION 7.4. Let V' be a k-vector space. Let n,s > 1 be integers. Then the
Frobenius '

Frob® : T (V) — T™(V(®),

[V]nps — [U(S)]n
is surjective. We have an exact sequence
0 — " (V)[p*] — I (V) =3

The Verschiebung

Ver® : TV ) — 177 (V),

[U(s)]n — P°[V]nps,

is injective. We have an exact sequence

0 — TV Y pr’ (1) — T (V) /p® — 0.
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Proof. We may assume that V' is finite-dimensional, with basis e;,...,eq. Let
k'/k be a extension of perfect fields, with &’ infinite. Since the formation of
divided powers commutes to the (faithfully flat!) base-change W (k')/W (k), we
can assume that k is infinite. In this case, Lemma 6.13 ensures that pure symbols
are additive generators of divided powers. The surjectivity of Frob® then directly
follows from the description given in Lemma 7.2. That its kernel is the p®-torsion
is the content of Corollary 7.3. By Lemma 7.2, it is clear that the image of Ver®
is p*TP° (V). It follows from the same Lemma, combined with Proposition 6.16,
that Ver® is injective.

]
COROLLARY 7.5. The Frobenius
Frob : T'(V) — (V)
is a surjective homomorphism of W (k)-algebras, with kernel T (V)[p].
Proof. This is now obvious. O

8. DIVIDED POWERS AND PONTRYAGIN DUALITY.

8.1. DuALITY. Recall that, for every k-vector space V', we have canonical isomor-
phisms
Th(V) o (VE)Sr o~ Symp (V).

When working over a field of characteristic zero, it is common (though somewhat
misleading) to identify Sym?(V*)* and Sym?(V'), using what is called the ’sym-
metrizing operator’. Equivalently, in characteristic zero, the map

Ih(V) — Symj(V),

[U]P = Upa

is an isomorphism. It is of course far to be so in our context, where the perfect
field k has characteristic p. In other terms, the functor I} does not commute
with duality of vector spaces. However, we will see that, for any m > 1, the
functor I'? = F’\),Vmﬂ(k does commute with duality for a free W, (k)-module M,
in the sense that T?(MY) and T?(M)V are canonically isomorphic, as W, 11 (k)-
modules.
This phenomenon does unfortunately not extend to higher divided powers: the
functors T'?" | for n > 2, behave very badly with duality- except in dimension two.
This is a rather subtle fact, linked to intricate computations of p-adic valuations
of scary multinomial coefficients. To bypass this difficulty, we can choose to apply
I'? n times in a row, instead of applying the functor I'”" just once. In doing so,
we lift the (p-adic valuation of the) torsion of the modules by one at each step.
In some sense, this choice is justified by the basic computational fact that, for an
ideal in a Z,-algebra, a divided power structure is uniquely determined by the
operation 7,. Note that, for non free W, (k)-modules, we will have to take a
quotient of the functor I'? anyway, in order to respect duality.
In what follows, we explore these two points of view: applying I'?", or applying
I'? n times in a row. Forming their ’correct’ quotients (which commutes to
Pontryagin duality) will give rise to medium and big Omega powers, respectively.
Medium Omega powers will turn out to be a direct factor of big Omega powers.
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From now on, m fixed positive integer. The Pontryagin dual of a W, (k)-module
M shall be viewed as

Mv = Home(k)(M7 Wm(k)>

Let M be a W, (k)-module. Then the duality law
A:Mx MY —s W,,(k)
of Definition 5.18 canonically factors through the projection
7 Wit (k) — W, (k).
Explicitly, the pairing
Ay M x MV — W11 (k)
(m, @) = T1(d(m))

is a polynomial law, bihomogeneous of bidegree (p, p), satisfying

Ap,=mo Ap.
It strongly depends on m. The integer m being fixed in this section, we shall
abusively write A, or even < .,. > for A,. By the universal property of divided
powers, it corresponds to a pairing of W, 11 (k)-modules

r M) xT? (MY) — Wi (k),

P
Wm+1(l€)( Wm+1(k)

given, on the level of pure symbols, by the formula

< [@lp, [v]p >=T1(d(v)) € Wi y1 ().

Similarly, for any nonnegative integer n > 2, we get a pairing of W, 1, (k)-modules

T, (M) X Ty MY) — Wi (k),

m+n(k)(

< [(ﬂp’% [U]P" >= ?n(¢(v)) € Wm-i—n(k)
We shall denote this pairing by Apn, or again simply by A if the context is clear.
LEMMA 8.1. Let n be a nonnegative integer.

Let M be a finite W, (k)-module. Using the notation of Definition 6.15, we have
a commutative diagram

7" (M) x TP (MY) —— Wi (k)

(D4 Wna(k)lela) x (B Wns)(k)le']s) — Wiin(k),

where the vertical map on the left is the product of the isomorphisms given by
Lemma 6.16, and the lower horizontal map is the pairing given by

7

(lela, [eV]B) — p@fwiai)( p

> € Wern(k),
ai,a,...,a4d

if A= B = (a1,...,aq), or by
(lela. [e"]B) =0

if A+ B.
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Proof. We work over the polynomial ring W, ., (k)[X;,Y;, i = 1...d]. By
definition,

< [X1e1 + ..o+ Xaealpn, [Yi€5 + o+ Yaehlpn >= 01 X1 Y1 + ..+ pUiXgYy)P .

Developping the lefthand side, we get that the coefficient of X7 ... ngYlbl . de'i
is < [e1]q, - - - [€dlay, [€7]b: - - - [€3]b, >, Whenever a; and b; are nonnegative integers
such that a; +...+aqg =b1 + ...+ bg = p". Developping the righthand side, and
identifying the coefficients, yields the result.

O

DEFINITION 8.2. let d be a positive integer. Pick a weighted partition (A,w) of
p", of size d. Put

W((A,w)) := min{m + n7vp(<lj>) + Zj:wiai}.

Remark 8.3. Note that

W((A,w)) = W((A,w)).
If n =1, then equality holds if, and only if, either w = 0, or w; is nonzero for a
single index ¢, for which a; = 1.
If d = 2 and w = 0, equality holds for any n. This holds because, in this case,
vp((af’;;z)) is precisely n — vp(a1) = n — vp(aq).
In the context of Lemma 6.16, we know that the order of [e]a € TP"(M) is

pmn=W(Aw)  We will now show that the order of (the class of) [e]a in
IP" (M) /Ker(A) is pmtn=W((Aw),

LEMMA 8.4. Let M be a finite W, (k)-module. Let n be a nonnegative integer.
We use the notation of Definition 6.15.
We have a canonical isomorphism

7" (M) /Ker(A) > D Wonsn—w (a,w) k),
A
[e]A — 1a,

where the direct sum is taken over all partitions A of p™, of size d.
It fits into a commutative diagram

Fpn (M) @A W7n+n—W(A,w)(k)

| |

I%" (M) /Ker(A) —> @4 W (.0 ()

Proof. Obvious from Lemma 8.1. O

It is natural to ask whether the pairing A is non-degenerate; in other words, to
ask whether

A:TP" (M) — TP (MV)Y
is an isomorphism of W, 1, (k)-modules. We can now answer this question.

PROPOSITION 8.5. Let M be a finite W, (k)-module. The pairing
A:TP(M) x TP(MY) — W,,41(k)
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is perfect if and only if M is a free W, (k)-module.

If M is a free W, (k)-module of rank at most two, then we have more: the pairing
A TP (M) x TP (MY) — Wi (k)

is perfect, for any n > 1.

Proof. We use Lemma 8.4. In the first case, we have to see that W(A,w) =
I/Y(A, w) for all A, if and only if w = 0. In the second case, we have to see that
W(A,0) =W (A,0) if d = 2. This is clear, at the light of Remark 8.3.

O

8.2. MEDIUM AND BIG OMEGA POWERS. We now present a construction of crucial
importance in this paper: the so-called (big and medium) Omega powers. The
choice of the name ”Omega” is naturally inspired from topology: it is close to an
algebraic loop space.

DEFINITION 8.6. Let M be a W, (k)-module. Let n be a nonnegative integer. We
define a Wy, 4 (k)-module T (M) by T (M) = M, and by the recursive formula

L™ (M) :=r2@e=Y(M)).

By Proposition 8.5, we now that I'™ commutes to Pontryagin duality, for free
W, (k)-modules only. Note that, if M is a free W, (k)-module, D) (M) is a free
W41 (k)-module if and only if M has rank one. The functor I'® will thus never
commute with duality, except for free modules of rank lesser than one. To define
our Omega functor (medium and big), we are thus naturally led to mod out the
kernel of Pontryagin duality.

DEFINITION 8.7. (medium and big Omega functors.) Let M be a (non necessarily
finite) W, (k)-module. Let n be a positive integer. We put

Op (M) :=T% ) (M)/Kex(A).

m4n (k

It is the n-th medium Omega power of the W, (k)-module M. It is a Wy (k)-
module. We put ﬁ?n(M) =QY (M)=M.
We recursively define

—n ——n—1

Qm(M) = Qm+n71(Qm (M))7

it is @ W qn(k)-module as well. It is the n-th big Omega power of the W, (k)-
module M .
We shall denote Q7 (M) (resp. Qv (M)) simply by Q(M) (resp. Q" (M)), if the
dependence in m s clear.
For x € M, if this creates no confusion, we denote by

(z)n € Q"(M)

the class of the pure symbol [x]pm € F’{',me(k) (M).
Remark 8.8. We clearly have Q' = QL For n > 2, we will see in a moment that
Q" appears canonically as a direct factor of ", in a duality-preserving way.

Remark 8.9. Let M be a W,,(k)-module. Let n be a nonnegative integer. We
have a canonical surjection

™) — Q" (M).
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Remark 8.10. If M = W, (k) is a free W, (k)-module of rank one, then Q" (M) =

Q*(M) = Ff;(k)(M) is a free W, 1, (k)-module of rank one.
Remark 8.11. The associations

M — Q" (M)
and

M — Q" (M)

are functors, from the category of W,, (k)-modules to that of W, 1, (k)-modules.
For n = 1, they behave slightly like the p-th symmetric power functor Sym?®.
However, this analogy is quite bad, as we have seen in Section 5.3.

The functor Q' is polynomial, with respect to the Tense Product.

PROPOSITION 8.12. Let M, N be W,,(k)-modules. Then, we have a canonical
isomorphism of W, 11(k) -modules

—1 —1 —1 i N o
o' @) = o0 @' W) B P Sy, 0N, S ().
(2%
where the direct sum is taken over all proper partitions i + j = p.

Proof. By Proposition 6.16, we have a natural isomorphism
M@ N) =~ Prr) PP (ri(M) ®Fj(N)) ,
4,J

where the direct sum is taken over all proper partitions ¢ 4+ j = p. Let us write the
dual decomposition

e @N) = v ) v @ (Fi(MV) ®Fj(NV)> .

These are compatible with the duality pairing (with values in W, +1(k)). Notably,
forze M,ye N, ¢ € MY and ¢ € NV, we have

< lele® bl fel @ ol >= ()o@ 000 € Wonia (1)

Since 7 and j are < p — 1, the binomial coefficient in this formula has p-adic
valuation one, and the claim follows. O

8.3. MEDIUM OMECGA POWERS AS A DIRECT FACTOR OF BIG OMEGA POWERS.
We now investigate the previously evoked link between medium and big Omega
powers.

Let M be a W, (k)-module. Recall that, for each nonnegative integer n, we have,
at our disposal, the p-th divided power operation

yp s TP (M) — TP (M),

It is a polynomial law, homogeneous of degree p. It can thus be viewed as a
W (k)-linear map
P (" (M) — 17"
[(X]p = (X)),
which we denote by 7,. In the reverse direction, the association
M — TP(I?" (M)

z = [[e]pn]p

(M),
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defines a polynomial law, homogeneous of degree p"t!.

W (k)-linear map

It thus yields a natural

+1

7" (M) — TP(17" (M),
[2]pnrr — ([l ]p-
We denote it by a,.

DEFINITION 8.13. Let M be a W, (k)-module. Let n be a positive integer. We
recursively define W (k)-linear maps

F, : TM (M) — TP" (M)

and
Gy, : TP (M) — T (M)
by setting
F1 = Gl = Id,
Fov1 =90 IP(F,)
and

Grni1 =TP(Gp) 0 ay.

DEFINITION 8.14. We put ¢c; = 1 and, for each integer i > 2, we put

1 P’
G = |< i—1 pi—1 i—l) eN.
p-\p" 5P .- P

It is an integer, which is a p-adic unit. Forn > 1, we put

n—2

Cni=cpch ...
It is an integer, which is a p-adic unit.

LEMMA 8.15. We have
F, oG, =C,ld.

Proof. The case n = 1 is obvious. The general case is by induction on n, using
the relation

Yp © Vp* = Cn4+17pn+t
(cf. Proposition 5.4).
(Il

Hence, F,, and G,, present T'?" (M) as a direct factor of T'(™ (M), which is probably
well-known. What is perhaps less standard, is that F,, and G, are adjoint, for
Pontryagin duality.

LEMMA 8.16. Let M be a W, (k)-module. Let n be a positive integer. For every
X eIP" (M) and every ® € T (M), we have the formula
<X, Fp(®) >=C,, < Gr(X),® > W, 1 (K).

Proof. Induction on n. The case n = 1 is obvious. For the induction step, pick
z €M and ® € T(™(MV). We compute:

< [z]pnrr, g ([@]p) >=< [@]pntr, (TP (Fn)([@],)) >

=< [2]pnt1, Yp(Fn(®)) >= cnp1T1(< [2]pn, Fu(P) >),
where the last equality follows from point 2) of Lemma 5.19. On the other hand,

we have

< G ([z]pnsr), [@]p >=<TP(Gn)(([[2]pn]p), [P]p >
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=< [Gn([2lpm)lp, [®lp >=T1(< Gn([z]pn), @ >).
Comparing the two expressions yields the result (plugging in the formula at the
previous step).

O

PROPOSITION 8.17. Let M be a W, (k)-module. The linear map G,, induces, by
passing to the quotient, a canonical linear map

R (M) — Q" (M),
compatible with the dualities on both sides. More precisely, we have
<UL (X), Uy () >= <X, P >,

for all X € Q"(M) and all ® € Q"(MY).
In particular, we have a canonical decomposition

n

Q" (M) = (Mm) P an(mV)*t.

Proof. The existence of U}, is a straightforward consequence of the adjunction
formula of Lemma 8.17. The second formula is easily checked on pure symbols.
The last assertion is a general fact. |

9. FUNCTORIAL PROPERTIES OF OMEGA POWERS.

Let m be a fixed positive integer.

9.1. MULTILINEARITY. Let M and N and L be three W, (k)-modules. Let

B(,.):MxN—L
be a W, (k)-bilinear pairing. Let n be a positive integer.
The pairing B induces a pairing

By :LYxM-— NV,

(¢, z) = (B(z,.)),
which gives rise to a W1, (k)-bilinear pairing
P (By) : TP"(LY) x T?" (M) — TP"(NV),
(6l [2lgn) = (B (9, 2)]pn.

In a similar way, the pairing
By: LV x N — MY,
(¢,y) = o(B(.,y)),
produces a W, 1, (k)-bilinear pairing
IP"(By) : TP"(LY) x T?"(N) — I?" (M),
([Blpns [Ylpn) = [B1 (¢, y)]pn-
For x € M,y € N and ¢ € LV, it is straighforward to check that
<T? (B)([¢lpr, [2]pm)s Wl >=< [Ba(¢,2)]pn, [ylpr >= Tu(d(B(x,9)))
=< [B(@,y)lpm, [¢lp >=< T (B)([e]pr, Wlpn ), [B]pm >
=< 7" (B2)([@lp [Wlpn ), [l > -
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This shows that we actually have
<TP"(B))(®,X),Y >=<T?"(B)(X,Y),® >
=< " (32)((137 Y), X >€ Wm+n(k)a

for all X € T?" (M), Y € T?"(N) and ® € " (LY). Indeed, this can be checked
after extending scalars from k to any perfect field extension of k (by Proposition
5.7, for the base change W (k')/W (k)). We can hence assume that k is infinite,
in which case pure symbols generate divided power modules by Proposition 6.13.
This adjunction formula show that the pairing T'*" (B) is compatible with the

duality. Consequently, it passes to the quotient by its kernel, yielding a pairing of
W, (k)-modules

Q"(B) : Q"(M) x Q"(N) — Q™(L).
Note that the association
B — Q"*(B)
does unfortunately not send "tense” pairings to tense pairings (in the sense of
Section 4).

9.2. OMEGA POWERS OF W,,(k)-ALGEBRAS. Let m,n be positive integers.

Let A be a (not necessarily finite-dimensional) W, (k)-algebra. We would like to
canonically turn Q"(A) into a W, 1, (k)-algebra, with unit (1),,, and multiplica-
tion given by

on pure symbols. This is indeed possible: denoting by © : A x A — A the
multiplication of A (viewed as a W, (k)-bilinear pairing), the bilinear map Q™ (u)
of the preceding paragraph does the job.

PROPOSITION 9.1. Let A be a W, (k)-algebra (in the usual sense), with multipli-
cation 2 A x A — A. Then the W1, (k)-module Q™(A) can be canonically
turned, via Q™(w), into a W,1n(k)-algebra, with unit (1), and multiplication
given by

on pure symbols.

Proof. This is clear. O

Remark 9.2. If A is a Hopf algebra over W, (k), we can wonder whether Q"(A) is
naturally a Hopf algebra over W,,,1,,(k). With our current definition of Q", this
is not the case.

To begin with, we treat the instructive case of an étale algebra. Remember that
the category of étale k-algebras is equivalent to that of étale W, (k)-algebras.

LEMMA 9.3. Let E be an étale k-algebra, of degree d. Denote by l/k "the” Galois
splitting field of E. Then the finite W1, (k)-algebra Q™"(W,,(E)) is isomorphic
to a finite product of local W4, (k)-algebras of the form W, (k;), where 1 <
n; < n+m is an integer, and l/k;/k is an intermediate field extension.

Proof. We first make the following elementary observation. Let R be a finite local
W, (k)-algebra R, such that its maximal ideal is pR, and 4 minimal (i.e. p'~ # 0
in R). Then R is canonically isomorphic to W;(1), where | = R/p is its residue
field. Using Lemma 9.9, we then see that the statement of the Lemma is invariant
under separable field extensions: we may thus assume that k = k is algebraically
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closed. But then F is isomorphic to the trivial étale algebra k¢, and the statement
is straightforward (choose the basis of primitive idempotents). O

Now, the formula
Wm(E) — Wn—&-m(E),
x = Tp(x)
clearly defines a polynomial law of W,, 1, (k)-modules, which is homogeneous, of
degree p™. Since it is multiplicative, the resulting W, 4, (k)-linear map

is actually a ring homomorphism.

LEMMA 9.4. The homomorphism p vanishes on Ker(A).

Proof. Base-changing to an algebraic closure of k, we can assume that k itself
is algebraically closed. Then, E ~ k*, and W, (E) ~ W, (k)*, as W(k)-
algebras. The map p is then just given by functoriality from the s canonical
projections m; : E — k, and the claim becomes obvious. O

DEFINITION 9.5. The homomorphism pg ., above induces, by passing to the quo-
tient, a homomorphism (of W, 1, (k)-algebras)

Q" (Wi (E)) — Waim(E),

(@)n > Tn(2)
which we still denote by pg.n, or simply by p.

Remark 9.6. In the previous definition, 7,(7(x)) is nothing but 7(z?"), where
7: E — W(E) is the usual Teichmiiller representative.

Remark 9.7. Note that W, (E) is a free W,, ,, (k)-module. Hence, by Lemma
9.3, the homomorphism p can be identified with the projection onto a direct factor
of the W, 4., (k)-algebra Q" (W,,,(E)). In other words, Spec(p) is an open-closed
immersion.

9.3. BEHAVIOUR OF OMEGA POWERS UNDER FIELD EXTENSIONS. Let k'/k be
an extension of perfect fields of characteristic p.

Denote by 7 (resp. 7’) the Teichmiiller representative for k (resp. k') and by K’
the field of fractions of W(k’). Pontryagin duality Homyy (., K/W(k)) (resp.
Homwy () (., K'/W (k'))) will be denoted by (.)¥ (resp. (Y.

Omega powers of W, (k)-modules (resp of W, (k’)-modules) will be denoted by
Q" (resp. ™).

9.3.1. Extension of scalars. Let us first recall two properties of scalars extension,
on the level of Witt vectors.

LEMMA 9.8. Pontryagin duality commutes with scalars extension, from W (k) to
W(E).
More precisely, let M be a W (k)-module. Put M’ := M @w ) W(K').
Then the canonical map
Homwy (1) (M, K/W (k)) @w ) W (k") — Homw ) (M', K'/W (K')),

f@z = (mey— zyf(m)),
is an isomorphism.
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Proof. This is clear. O

Omega powers behave very nicely with respect to the extension k'/k.

LEMMA 9.9. The formation of (medium and big) Omega powers commutes to ex-
tending scalars from k to k'. In other words, let M be a (finite) W, (k)-module.
Put
M/ =M ®Wm(k) Wm(k/)
We then have canonical isomorphisms of W, 1, (k)-modules
Q" (M) @w,, (k) Wingn(k') ~ Q" (M)

and
m

ﬁn(M) OW 1 (k) Wm+n(k/) ~Q (M/)
Proof. We know that the formation of divided powers commutes to extension of
the base ring. Using Lemma 9.8, we see that the duality arrow
A:TP" (M) — TP" (MV)Y

thus also commutes to extending scalars from k to k’, in the sense that A Qw (k)
W (k') is canonically isomorphic to A’. The claim follows. O

9.3.2. Restriction of scalars. Assume now that k'/k is finite, of degree s.
Let M be a W, (k')-module. We can also view it as a W, (k)-module. Applying
the process of Section 9.1 to the W, (k)-bilinear pairing

W, (k') x M" — M’
(A, 0") = A,

we can endow 2"(M’) with a canonical structure of a Q"(W,,(k’))-module. On
pure symbols, we have the formula

(N (V) = (A0');,.

Now, recall the homomorphism
P 2 (Won(k)) — W (K)
of Definition 9.5.
The natural quotient map
T QM) — Q™ (M),
(V)0 = (V)5
is compatible with p: we have
r(a.2) = pla)m (),

for all a € Q"(W,,(K’)) and all x € Q" (M").
We thus have a canonical W, (k")-linear map

U QY (M) @, Wy (k) — Q(M').

ProprosITION 9.10. The map ¥ above is an isomorphism.

Proof.

Extending scalars to an algebraic closure of k, we can replace k'/k by the triv-
ial étale algebra k°/k. The data of M is now the data of s W,,(k)-modules
My, ..., M, and both sides equal the direct sum of the s modules Q"(M;) . O
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10. FROBENIUS AND VERSCHIEBUNG, FOR OMEGA POWERS.

In the case m = 1, Omega powers naturally inherit Frobenius and Verschiebung
maps, from divided powers. We now explain how.

Let V be a k-vector space. Let n > 1 be an integer. Note that the (surjective)
linear maps

Froby : TP (V) — TP (VD)
and -
Froby. : TP (V*) — TP" (V*()
satisfy the formula
< Froby- ([¢]yn+1), Froby ([v]pnt1) >=< [0 ]pn, [vMP]pn) >
=7 (3D (1)) = T (B(v))? =< [Blpnsr, W]pner >,

modulo p"T™. Hence, they respect the duality A, and the following definition
makes sense.

DEFINITION 10.1. The Frobenius map
Frob : " (V) — " (VD)
yields, by passing to the quotient, a W (k)-linear map
Q LV — uv ),

It is the Frobenius, for (medium) Omega powers. By perfect duality, the dual of
the Frobenius for V* is a W (k)-linear map

QY VW) — Qrri(v).
It is the Verschiebung, for (medium) Omega powers.

As one can expect, we can define Frobenius and Verschiebung for big Omega
powers, in a way compatible with the natural embedding. Here is how.

Applying T'®=1 to the Frobenius map
rOw) — v,
[v]p — o,
yields a surjective W (k)-linear map
Frob{" : T(") (V) — 1= (v ()

as I'P commutes to Frobenius twist.
Dually, we get a W (k)-linear map

Frob{) : T(")(V*) — 1= D (y*(W),
For X € T (V) and ® € T(™(V*), we check by induction on n that
p < X,® >=< Frob{" (X), Frob{") (®) >€ W, 1 (k).

Here the righthand side, a priori belonging to W, (k), is viewed as an element of
W,.+1(k) via the inclusion (Verschiebung)

W, (k) =8 W, 41 (k).
We can also choose to write this equality as

< X,® >=< Frob{"’ (X), Frob{") (®) > W, (k),
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where the lefthand side is taken modulo p”...

Hence, Frob™ yields by passing to the quotient a W (k)-linear map

Q') — o (v,
DEFINITION 10.2. The W11 (k)-linear map

Q') — Q" v
that we have just defined is the Frobenius homomorphism, for big Omega powers.
It will simply be denoted by Froby , or even by Frob, if the context is clear.
Using the duality between Q" (V) and Q" (V*), we define the Verschiebung homo-
morphism

Very : Q" (VD)) — Q"(V)

to be dual to Froby «.

Remark 10.3. To be more precise, we can define the Verschiebung for big Omega
powers for a finite-dimensional V first, and then define it for V arbitrary using a
direct limit argument.

LEMMA 10.4. The Frobenius and the Verschiebung for (medium or big) Omega
powers are adjoint operators, satisfying

Ver o Frob = p

and
Frob o Ver = p.

They are compatible with the natural inclusion Q™ C [0

Proof. We check the first part, for big Omega powers. That these operators are
adjoint is clear from the definition of the Verschiebung. For X € I'™ (V) and
® € T (V*), the computation

< Ver(Frob(X)), ® >=< Frob(X), Frob(®) >=p < X, > W, 1 (k)
ensures that Ver o Frob = p. Since Frob is surjective, the other equality follows. [

PROPOSITION 10.5. Let V' be a k-vector space, and let n be a positive integer. We
have exact sequences
KWL(V) = KW, (V,n) : 0 — Q" (VD)) ¥5.9" (V) — Q" (V) /p — 0
and
KWa (V) = KWa(V,n) : 0 — O (V)[p] — Q" (V) B2 Q" vy — 0.

We shall refer to them as the first and second Kummer-Witt exact sequences
for (big) Omega powers, respectively. They are dual constructions, in the sense
that, if V is finite-dimensional, KW (V*) is canonically isomorphic to KWa(V)V.

We define KWy (V,n) and KWo(V,n), for medium Omega powers, in the same
way.

Proof. Only the exactness of the sequences in question has perhaps to be checked.
Note that KW, (V) is clearly exact on the right and in the middle. The injectivity
of Ver follows by duality from the surjectivity of Frob. O
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11. THE TRANSFER.

In this section, k is a finite field, of cardinality ¢ = p". The goal of this section is
to define the Transfer, which is a polynomial law ”in the wrong direction”. More
precisely, if W — V is an inclusion of k-vector spaces, of finite codimension c,
we shall build a canonical polynomial law

TW,V : Ak(V) — Ak(W),

the Transfer, enjoying nice properties.
As always, the letter n denotes any positive integer. For every k-vector space V,
we have a canonical k-linear isomorphism

Vv,

which we shall tacitly use to identify these two k-vector spaces.
The r-th Frobenius polynomial law

V—vr =y,

v o™
will be denoted by Fy, or simply by F' if no confusion arises. It is homogeneous,
of degree p".

DEFINITION 11.1. Let V be a finite-dimensional k-vector space, of dimension d.
We put
Det"™ (V) := Q" (Det(V));

it is a free W,41(k)-module of rank one.

11.1. LAWS IN ONE VARIABLE.

DEFINITION 11.2. Let V' be a finite-dimensional k-vector space, of dimension d.
Let

S={so<s1<...<8m-1} CA{0,...,d}

be any subset, of cardinality m. The formula

Ap(V) — Ap(A™(V))

v FO)AFS (0) AL A FP1(v)

defines a polynomial law, which is homogenous, of degree

g+
It is the exterior power in one variable, with respect to V- and S. We denote it by
Xi, or simply by XS, if the dependence in V is clear.
If S ={0,...,m — 1}, we denote 3 by N
The law Xy, will be denoted by dety,. It is the determinant in one variable.

Remark 11.3. The locus where the law X vanishes is exactly the (finite) union
of all linear subvarieties of Ag(V'), which are of dimension stricly less than m.

The determinant in one variable det%/ is, in fact, the product of all nonzero k-linear
forms on V' (up to scalar multiplication). Let us make this statement more precise.
We thank Ofer Gabber for an interesting discussion, which helped us clarify the
exposition.
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DEFINITION 11.4. Let V be a finite-dimensional k-vector space, of dimension d >
2. For each k-rational hyperplane H C V', denote by
gV —V/H
the k-linear projection. Put
Dei(V) := R (V/H).
HCV

where the tensor product is taken over all hyperplanes H C V. It is a one-
dimensional k-vector space.

Denote by @1 the polynomial law

v = Qpcv(ma(v)).
It is homogeneous, of degree 1+ q+ ...+ q?~1 = |P,(V)].
ProOPOSITION 11.5. Let V be a finite-dimensional k-vector space, of dimension
d > 2. There exists a canonical isomorphism
6 : Det(V) — Det(V)
of one-dimensional k-vector spaces, such that

fodet' =det?!.

Proof. Choose coordinates V ~ k%. Then det! is given by a polynomial
Pe ki[Xl, ce ,Xd],

which is homogeneous, of degree 1+q+...+¢?~! = |P,(V)|. For each hyperplane
HCV,let
Ly € k[Xy,..., X4
be a linear polynomial, with kernel H.
Let H C V be a k-rational hyperplane. It is clear that the composite

Ar(H) % A(V) 5 A (Det(V)
identically vanishes (indeed, A4(H) = 0). Thus, the polynomial P has to be
divisible by Lg. Since these linear polynomials, for various H, are two by two
coprime, P has to be divisible by their product

Q:=UlgcvLly,

which is a homogeneous polynomial of the same degree as P. Hence, P = Q up
to a nonzero scalar. The statement of the proposition is, obviously, the canonical
translation of this fact. O

Ezercise 11.6. Let k’'/k be a finite field extension, of degree n. Let V be a d-
dimensional k-vector space. Show that detj, identically vanishes on k’-rational
points if and only if n < d.

Ezxercise 11.7. Let V be a finite-dimensional k-vector space, of dimension d. For
1 =1...d, denote by
F;: Ap(V) — Ap(Det(V))

d where the symbol 7 means that 4 is omitted. Then

{0,1,...,2,...d}’
the morphism of affine k-varieties

F: Ap(V) — Ap(Det(V))?

the polynomial law A
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v (Fy(v),. .., Fq(v))

is étale exactly outside the (finite) union of all k-rational hyperplanes of V.

11.2. THE TRANSFER, AS A POLYNOMIAL LAW. We now proceed one step further
towards the definition of the Transfer. In the exterior algebra, it is easy to define
such an operation, in a k-linear way. We apologize for the choice of the terminology
”exterior transfer” in what follows- it is a bit pompous...

DEFINITION 11.8. Let V' be a finite-dimensional k-vector space, of dimension d.
Let W CV be a k-linear subspace, of codimension c. Consider the exact sequence

0—W —>V —>V/W-—0
and its k-dual sequence
0— (V/W)* =W+ —V* —W* —0.

Pick an integer m > c. Then the wedge product

AS(WH) @ AT E(VF) — A™(VF),

(z,y) =z Ay

passes to the quotient by the arrow V* — W™, yielding an injective k-linear map

Det(W) @, A" ~¢(W*) — A™(V*).
Its k-dual is a surjective map

A™(V) — Det(V/W) @ A™ (W),

which we denote by NIy, .
It is the exterior transfer, from V to W.

Remark 11.9. The linear map ATy, is explicitly given by the formula

VA AV Y D) (i) A AT(0:,) @ (p(v) A A p(v;, L),
I={iy<...<ic}

where 7 : V. — V/W is the quotient map, p : V. — W is -any- k-linear retraction
of the inclusion W — V| and the sum ranges over all subsets

I={in<...<i}fC{l,...,m},
with complement I¢ = {j1 < ... < jm—_c}-
The number €(I) € {1, —1} is a sign, which is not hard to compute.

LEMMA 11.10. Let
ZCWcCV

be three finite-dimensional k-vector spaces. Denote by ¢ (resp ¢') the codimension
of W in'V (resp. of Z in W ). Let m > c+¢ be an integer. Through the canonical
isomorphism

Det(V/Z) ~ Det(V/W) @ Det(W/Z),
the exterior transfers satisfy the ’cocycle’ condition
ATy o ATy = NT7y,
as linear maps
A™(V) — Det(V/Z) @ A™~=¢(2).
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Proof. Looking at the definition of the exterior transfer, the k-dual statement of
this Lemma boils down to the associativity of the wedge product.

O

We can now define the Transfer, as a polynomial law.

PROPOSITION 11.11. Let V' be a (finite-dimensional) k-vector space. Let W C V
be a k-linear subspace, of codimension c. Denote by
TV —=V/W
the projection .
Then, there exists a unique polynomial law
TW,V : Ak(V) — Ak(W),
such that et
)\T‘fo‘l, oAy = (det %//W om) @ Tw,v,
as polynomial laws
Ap(V) — Ap(ATT (V) — Ap(Det(V/W) @5 W).

It is homogeneous, of degree ¢°.

Proof. Uniqueness is clear: we simply have to see that (det ], Jw © ) divides
—ct1
)\TIfo v o )\fj_ (as polynomial laws). At the light of Proposition 11.5, it suffices to

show that the law AT ‘Sf ‘1, o X;—H identically vanishes on all k-rational hyperplanes
of V', which contain W. Let H C V be such a hyperplane. Then the composite
~c+1
Ar(H) — Ap(V) 2 Ag(AT1(V))
takes values in Ag(A°TH(H)). But AGfy vanishes on Agx(A°™(H)). To sece this,
first use Lemma 11.10 to reduce to the case W = H. It then becomes obvious, by
definition of )\T{;’r é O

DEFINITION 11.12. Let V' be a (finite-dimensional) k-vector space. Let W C V be
a k-linear subspace, of codimension c. The polynomial law

Twy : Ap(V) — Ap(W)

constructed in the previous Proposition is the Transfer, from V to W. It is homo-
geneous, of degree ¢°.

Remark 11.13. Naively speaking, the Ty, can be interpreted as ’the extension
by zero’ of the inclusion W — V', to the whole V. Proposition 11.17 makes this
statement precise.

LEMMA 11.14. Let
ZCcwWcVv
be three finite-dimensional k-vector spaces. Then the Transfers satisfy the “cocycle’
condition
TywoTlwy =Tz v,
as polynomial laws
Ap(V) — Aw(Z).

Proof. This is clear, from the definition of the Transfer, together with Lemma
11.10 and Proposition 11.5. (Il

In codimension one, the Transfer is given by a very simple formula.
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LEMMA 11.15. Let H C V be a hyperplane inclusion, with V' a finite-dimensional
k-vector space. Let m:V — k be a nonzero linear form with kernel H. Then the
Transfer
TH,V : Ak(V) — Ak(H)
1s given by the formula
v F(v) —m(v)?T .

Proof. We identify V/H and k, through .
The composite of the exterior power in one variable
N AR(V) — A(AZ(V))
v v AF(v)

with the exterior transfer

Ap(AR(V)) — Ax(H),

vAw = m(v)w — 7 (w)v
is easily computed to be

v = w(v)F(v) —7(v)lv.
Indeed, 7 is defined over k, hence commutes with F' = Frob”. By definition of the
Transfer, dividing by 7(v) yields the result.

|

DEFINITION 11.16. Let V' be a (finite-dimensional) k-vector space, of dimension
d. Let c be a positive integer, with ¢ < d—1. The law
T°=T% : Ae(V) — AP W)
wcv
vi= (Twy (v)wev,
where the direct sum is taken over all c-codimensional k-linear subspaces W C V,

will be call the Total Transfer for V, in codimension c.

PROPOSITION 11.17. Let V' be a (finite-dimensional) k-vector space. Let W C V
be a k-linear subspace, of codimension ¢ > 1.
Then the composite

A (W) < Ay (V) = A (W)
equals F'¢ = Frob™®.

Proof. From Lemma 11.14, we can assume ¢ = 1 by induction. The formula then
clearly follows from the formula given in Lemma 11.15. O
The next Proposition is much more remarkable.

ProrosITION 11.18. (Frobenius Integral Formula.)

Let V' be a finite-dimensional k-vector space, of dimension d > 2. Let ¢ be an
integer, with 1 <c<d-—1.
Then the composite

= A(V) 25 A @ W) — Ar(V)

equals F¢ = Frob™, where the second map is given by the (finite!) sum of the
inclusions W — V.
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Proof. Induction on c. Let us first deal with the case ¢ = 1. For a k-rational
hyperplane H C V, the Transfer Tp  is a polynomial law of degree ¢q. By the
universal property of divided powers, together with Lemma 11.15, it is given by
the k-linear map
Ii(V) — H,
[v]g = F(v) — 7 (v)? o,

Pick a (k-rational) v € V. Then F(v) = v, and Ty,v(v) equals 0 if v ¢ H (in
which case mg(v)?7~! = 1), or equals v if v € H (in which case 7z (v)?~! = 0).
Since the number of hyperplanes H containing v is congruent to 1 modulo p,
summing over all H shows that ®(v) = v = F(v). Now, F' = Frob” and ® are
both polynomial laws of the same degree ¢. Since we know, by Lemma 6.13, that
k-rational symbols [v], generate I'} (V'), we can indeed conclude that ® = F.

For the induction step, look at the composite

8 (V) 5 a (@D B IS a( D W) — a(@D H) — An(V),
HCV WCHCV HcCV

where the direct sums are taken over all hyperplanes H C V, and all inclusions
W C H C V of a c-codimensional W into an hyperplane H, respectively (and
where the last two arrows on the right are the canonical linear surjections).

On the one hand, using Lemma 11.14, together with the fact that the cardinality
of a projective space over a finite field is congruent to 1 modulo p, we see that this
composite equals ®. On the other hand, the composite of the two middle arrows
equal F°~! by induction, so that, using the case ¢ = 1, the composite of all four
arrows equals F o F°~! = F° (note that T}> obviously commutes with F'). The
proof is complete.

O

DEFINITION 11.19. Let V be a (finite-dimensional) k-vector space. Let W C V
be a k-linear subspace, of codimension ¢ > 1. By the universal property of divided
powers, there exists a unique W (k)-linear map

PV — TP (W),

[U]pn,+rc — [TW’V('U)]pn
We shall denote it by I'Ty;,\,. It is the Transfer, for divided powers.

n+rc

Let H C V be a k-rational hyperplane.
In view of the preceding definition, it is natural to wonder whether we can define,
by passing to the quotient, a descending transfer

QT(V) — QY(H),

for ¢ > 0. It is doable for ¢ < 1. After a few unsuccessful attempts to do so
for i > 2, we noticed that the difficulty can be bypassed, by considering only the
submodule of Q™ (V') generated by pure symbols. Since k is finite, this submodule,
for n large, is much smaller that (V). In particular, its rank (as a W (k)-module)
is bounded by the cardinality of the finite projective space P (V'), whereas that of
the whole space Q™ (V') grows (a priori doubly exponentially!) to infinity with n.

At the present moment, we do believe that the submodule of Q™ (V') generated by
pure k-rational symbols is the right object, for applications to Galois cohomology-
and perhaps to other areas. It is the small Omega power functor. We elaborate
on this new object in the next section.
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12. SMALL OMEGA POWERS.

In this section, & is a finite field, of cardinality ¢ = p”. We denote by m a positive
integer.

DEFINITION 12.1. (Small Omega powers.) Let M be a W, (k)-module. Let n be
a positive integer.
We define

9, (V) c (V)
to be the W, 4, (k)-submodule spanned by all pure symbols (x),, with x € M.
It is the n-th Small Omega power of M. We will simply denote it by Q"(M), if
the dependence in m is understood.

Remark 12.2. The small Omega power Q" is a functor, from the category of
W,,.(k)-modules to that of W, ,,(k)-modules. Contrary to medium and big
Omega powers, it is clear from the definition that small Omega powers do not
commute to extending scalars to a larger finite field.

We will now show that small Omega powers naturally occur as a direct summand of
medium Omega powers. This can be compared to the occurence of medium Omega
powers as a direct summand of big Omega powers. We will need a computation
in finite fields, which presents similarities with Gauss sums.

12.1. SMALL OMEGA POWERS AS A DIRECT FACTOR OF MEDIUM OMEGA POW-
ERS. Let k'/k be ’the’ finite field extension, of degree s. The field k¥’ has ¢°
elements.

DeFINITION 12.3. We put
k' := Homy (K, k).

It is the k-linear dual of k', viewed as a k-vector space.

Denote by 7 : k' — W(k’) the Teichmiiller representative of k’. Its restriction to
k is the Teichmiiller representative 7 of k.

12.1.1. A funny computation in finite fields. Denote by 7 : k' — W (k') the Te-
ichmiiller representative of k. Its restriction to k is the Teichmiiller representative
of k. Denote by

tr: k' — k
the trace map. We know that the Galois group of the extension k’/k is cyclic of
order s, generated by the Frobenius x — z?. Hence, for z € k’*, we have

LEMMA 12.4. Put
C=C(k}):= > 7(z)'7(tx(2)) € W(K).
Zek/*

Then C belongs to Z,, and C is congruent to —1 modulo p.
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Proof. The fact that C belongs to Z, is clear: C' € W (k') is invariant by the
Frobenius of W (k') /Z,

Modulo p, we have

c=> ! (z_: zq") =—1eW({E)/p=Fk.

zek'* i=0
Indeed, for any integer N, the quantity
N
>
yEk'™
vanishes, except when (¢° — 1) divides N, in which case its value is —1.

O

DEFINITION 12.5. The number C = C(k,k') € Z of the previous Lemma will be
called the conductor of the extension k' /k.
For each linear form f € k', denote by y € k' the unique element such that

70 = uly)
We put
Cf) = o)

PROPOSITION 12.6. Let C' be the conductor of k' /k.

For every x € k™, we have the formula

) = & 3 7o) Mrlir(ay) € WK).

yEk’*

Proof. This is clear from the previous Lemma, setting z = xy. O

COROLLARY 12.7. For every x € k™, we have the formula
=Y cf ) € W(K).
fer’

Remark 12.8. The authors are grateful to Pierre Colmez for helping us to clarify
the exposition of the previous formula.

12.1.2. Perfect duality for small Omega powers. We first need a reformulation of
Lemma 12.7. We use freely the notation of the preceding subsection.

LEMMA 12.9. Let V be a (finite-dimensional) k-vector space. Let n be a positive
integer. Let k'/k be a finite field extension, of degree s. Put V' =V @y K.
Pick an element ¢' € V'* (= V* @4, k). For each k-linear form f € «', denote by
f(&') € V* the composite

vty 2 g Ly
We then have the relation
<X, (@) >=>_ C(f) 09" ) >€ W1 (K),

fer’
for all X € Q" (V).
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Proof.

It is enough to check this when X is a pure symbol (v),, for v € V. The formula
follows from Lemma 12.7, applied (modulo p"t') to x := ¢'(v)?" € k'. O

The next Proposition is a key.

PROPOSITION 12.10. Let M be a (finite) W, (k)-module. Let n be a positive
integer.

Consider the natural embeddings
Q" (M) — Q"(M)
and
Q" (MY) — Q"(MY).

The perfect duality

Q" (M) x Q"(MY) — W10 (k)
yields by restriction a duality

QY (M) x Q" (MY) — Wi (k).
This duality is perfect.
Proof. We reduce to the case m = 1, by induction. We have to show the following.
Let X € Q"(M) be orthogonal to Q"(M"). Then X is orthogonal to the whole of
Q"(MV) (and hence vanishes). To do so, let k'/k be a finite field extension, such
that &’ has cardinality greater than p™. Put M’ := M ®w) W(K'). Denote by
Y the (small or medium) Omega powers of W (k’)-modules. By Lemma 6.12, the
inclusion Q™ (M’) C Q™(M’) is an equality. Since we now that the formation of

medium Omega powers commutes to base change, it is enough to show that, for
every ¢ € (M')V, we have

<X, (¢ ) >=0€ W, 1(K).

This follows from the preceding Lemma, since X is orthogonal to Q™ (MV).

Remark 12.11. Note that the perfect duality
Q" (M) x Q" (M) — Wi (k)
of the previous Proposition is given on pure symbols by
< (@), (D) >= Tn((x))-

COROLLARY 12.12. With the notation of the preceding Proposition, we have a
natural direct sum decomposition

QM) = Q" (M) P (MY)*.

Proof. Clear. O

The next Lemma is helpful for defining the Transfer for small Omega powers, in
the next section.
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LEMMA 12.13. Let M be a W, (k)-module. Let n be a positive integer. Then the
canonical map

Q (M) — P (L)
L

is injective, where the direct sum is taken over all split surjective linear maps
M — L

of M onto a (not necessarily free) W, (k)-module of rank one.

Proof. We can assume that M is a W, (k)-module of finite-type. By perfect
duality (Proposition 12.10), it is then equivalent to show that the canonical map

Do) — ()
L\/
is surjective, where the direct sum is taken over all split injections LY C M"V. This

holds (almost) by definition: small Omega powers are generated by pure symbols.
O

13. THE TRANSFER, FOR SMALL OMECA POWERS.

In this section, we study the -examplary- compatibility of the Transfer with small
Omega powers.
Here k is a finite field, of cardinality ¢ = p”.

PROPOSITION 13.1. Let V' be a (finite-dimensional) k-vector space. Let W C V
be a k-linear subspace, of codimension ¢ > 1. Letn be a positive integer. Then the
Transfer
TTyy T (V) — T (W)
is compatible with the formation of small Omega powers. It thus induces a W (k)-
linear map
Qrc+n (V) — Qn(W)

Proof. By induction (see Lemma 11.14), we can assume that ¢ = 1. The statement
is clear if V is two-dimensional: we know that the duality A on T (V') is perfect
in this case. In general, let H C W be a k-rational hyperplane. Then H is of
codimension two in V. We have a commutative diagram

Ppr+i (V) I'Tw, v W

| |

e (v/H) L (W ),
where the vertical maps are induced by the canonical surjections. Forming the
direct sum
Ty v

i

e (w)

|

vri - OTTy :
@, 7" (v/H) S, v (W E),

over all hyperplanes H, yields the result. Indeed, the composite arrows vanish on
Ker(A) by the two-dimensional case, and we can apply Lemma 12.13 (the vertical
arrow on the right induces an injection on small Omega powers) .

(V)




55

The following Definition thus makes sense.

DEFINITION 13.2. (Ascending and Descending Transfer for small Omega powers.)
Let V' be a (finite-dimensional) k-vector space. Let n be a positive integer.
Let W C V be a k-linear subspace, of codimension ¢ > 1. The W (k)-linear map

Qrc-‘rn(v) N Qn (W)

of the preceding Proposition is the Descending Transfer, from V to W, for small
Omega powers. We denote it by ﬂﬁvv

Dually, let
TV —W

be a surjection between (finite-dimensional) k-vector spaces, such that Ker(w) has
dimension c. Using Pontryagin duality, the dual of DT%y. v« is a W(k)-linear
map

Qn(W) N Qn+Tc(V).
It is the Ascending Transfer, from W to V, for small Omega powers. We denote
it by AT,y

Remark 13.3. For v € V', we have

ﬂV[/,V((U)nJrTC) = (V)n
ifve W, and
EW,V((U)H+TC) =0

if v ¢ W. The surprising fact is that this simple formula on symbols indeed defines
a W (k)-linear map!

The next Proposition gives a simple formula for the ascending transfer.
PROPOSITION 13.4. Let
m:V—W

be a surjection between k-vector spaces, such that Ker(w) has dimension c.
Let n be a positive integer. Put

Xy = Z (W)pter € QVTE(V).
weKer ()
(Note that X, =0 if k has at least 3 elements.)

Pick an element w € W. Then we have the formula

ATy (w)y) = —Xw + Z (V) nter-
ver~H(w)
Proof.

Denote by
Tk — W(k)
the Teichmiiller representative, and by

W cCVv*
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the inclusion of the c-codimensional subspace which is dual to W. Pick an arbitrary
linear form ¢ € V*. By definition of the ascending transfer, we have

< ﬂV,W((x)n)7 (D) nter >=p" < (7)n, DTW*,V* (D)n+er) >€ Wogrey1 (k).

Denote this quantity by a.
Note that we used here the natural injection (Verschiebung)

1—p™¢

Wn+1 (k) — Wn+rc+1 (k)

Put
a =< —X.+ Z (U)n-l-cm (¢)n+c7' >€ Wn+7'c+1(k)~
ver—(w)
By perfect duality, it suffices to show that a = a': indeed, the symbols (¢),+cr
span the W (k)-module Q"+ (V*).

We distinguish two cases.

Case i): The linear form does not belong to W*.

Case ii) The linear form ¢ belongs to W*.

By Remark 13.3, DTy . . ((¢)n+er) i equal to zero in Case i), and to (¢), in
Case ii). Hence, a = 0 in Case i), and

a = pTcT(¢(CL’))pn € Wn+rc+1(k)

in Case ii). Clearly, we have

== 3 o)+ 3 T
veKer(m) ver—1(w)
=(= Y T+ D 7))
vEKer(m) ver—H(w)

(remember that x¢ = x for every x € k). Assume that we are in Case i), i.e. that
¢ does not vanish on Ker(w). Then

¢|ﬂ.71(w) : 7T_1(w) — k
and

(ZS‘Ker(ﬂ.) : Ker(7r) — k
are both surjective maps, between k-affine spaces. Hence, the cardinality of the
fiber of any element of k by these two maps is the same, from which we get a’ = 0.
Assume now that we are in case ii). Then ¢ vanishes on Ker(w), and the p™®

other terms occuring in the sum defining a’ are all equal to 7(¢(w))P". Again, we
conclude that a = @’ and the Proposition is proved.

O

13.1. THE TRANSFER, AS A CONTRAVARIANT FUNCTOR.
DEFINITION 13.5. Let n be a positive integer. Let
f:V—w

be a linear map between finite-dimensional k-vector spaces. Then f factors canon-
ically as the composite

V — V/Ker(f) = Im(f) — W.
Denote by p := §(Im(f)) the rank of f.
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We denote by T"(f) (or simply by T(f)) the composite

QO () PR gt (1)) = 0o (v /Ken( ) 2T o) )
It is the Transfer, for small Omega powers.
PROPOSITION 13.6. Let n be a positive integer. Let
fiV—Ww
be a linear map between finite-dimensional k-vector spaces. Put
Xpi= Y (s € QWY
vEKer(f)

Note that we always have Xy = 0 if k has at least 3 elements.
Then
I(f) :Qn-l-rts(W) (W) N QTL"{‘T(S(V)(V)

s given, on pure symbols, by the formula

(w)n+r6(W) — 7Xf + Z (v)n+T6(V)~
vef 1 ({w})

Proof. It is easy to check that, if g : W — Z is another linear map between
finite-dimensional k-vector spaces, then the formula of the Proposition is true for
gof:V — Z, if it is true for both f and g. Hence, it suffices to check the
formula if f is injective or surjective.

The formula is obviously true if f is injective, by the very definition of the de-
scending transfer (Remark 13.3). That the formula is true if f is surjective is the
content of Proposition 13.4. (]

PROPOSITION 13.7. Let n be a positive integer. The association
V= Qn+7‘6(V) (‘/)7
fe=1T(f)

s a contravariant functor, from the category of finite-dimensional k-vector spaces
to that of W (k)-modules.
Proof. This follows from the expression of T'(f) given in Proposition 13.6. ]

ProproSITION 13.8. Let

fvV—w
be a linear map between finite-dimensional k-vector spaces. Then the following is
true.

i) If f is injective, then the composite

Q) (1) A Q) () () Qe (1)
equals Frob™ @W)=0(V)),
it) If f is surjective, then the composite

Q7l+r6(W)(W) ZL)f) Qn+ré(V)(V) Qﬁg Q7l+r6(V)(W)

equals Ver"®(V)=0(W)),

Proof. Computation, using Proposition 13.6. ]
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ProOPOSITION 13.9. Let n be a nonnegative integer. Let

% f2 W,
\Lﬁ \ng
Wo Nz

be a cartesian diagram in the category of finite-dimensional k-vector spaces. Then
we have

Q(f2) o T(f1) = T(g2) o L(g1),
as W (k)-linear maps Q"TW2) (W) — Qo) (7))

Proof. Using Proposition 13.6, we compute that both composites are given, on
symbols, by the formula

(). = > W,
YEW1,92(y)=g1()

and the claim is proved. a
We conclude this section with an important Proposition. Is content is that the
modules Q" (V) /p™ are induced from dimension one, if n — m is large enough.
ProprosITION 13.10. Let V' be a finite-dimensional k-vector space, of dimension
> 2. Let n,m be positive integers, satisfying

n—m>r@6V)-1)—1.
For each line L C V, functoriality of small Omega powers yields a canonical map

n m f n m

QU (L)/p™ = QN (V) /™

Then the map
f+ @ Q=4 Qr(Vv)/p
Le]P’k(V)

is an isomorphism of free W, (k)-modules.

Proof. The map f is obviously surjective: Q" (V) is generated by symbols (v),,
for v ranging through the nonzero vectors of V', and such a v belongs to a unique
L! For each line L — V', we have the transfer

ﬂL,V Qn(V) N anr(é(\/)fl) (L)

But Q’“T(‘s(v)*l)(L) is a free W pn—ri(v)-1+1(k)-module of rank one. Under our
assumption on m, the quotient Q" "OV)= (L) /pm is then a free W, (k)-module
of rank one. Using the canonical isomorphism L ~ L{") we see (via the Frobenius)
that there is a canonical isomorphism

QH*T(ZY(V)*l)(L)/pm ~Q"(L)/p™,
through which the transfer can be seen, modulo p™, as a W (k)/p™-linear map
gr Q" (V) /p™ — Q" (L) /p"™,

sending a symbol (v), to zero if v ¢ L, or to (v), if v € L.
The sum of the gr’s is a W (k)/p™-linear map

g: Q"W)™ — P 2 L)/p",
LeP(V)
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which is seen to the inverse of f (check this on pure symbols).

O

13.2. THE INTEGRAL FORMULAS FOR THE FROBENIUS AND THE VERSCHIEBUNG.
The purpose of this section is to state and prove Integral Formulas for the Frobe-
nius and the Verschiebung, for small Omega powers. These formulas say that
averaging all descending (resp. ascending) transfers over all linear subspaces of a
given dimension yields the Frobenius (resp. the Verschiebung). These formulas
are reminiscent of motivic integration.

Recall that Gri(m,n), the Grassmannian of m dimensional subspaces of k™, has
cardinality

(@"—1(¢" ' —1)...(¢"" 1)
(" =Dg™ ' =1)...(¢—1)
In particular, all these numbers are congruent to 1 modulo p.

|Grg(m,n)| =

PROPOSITION 13.11. (Frobenius Integral Formula.) Let n be a positive integer.
Let V' be a nonzero finite-dimensional k-vector space. Let 1 <m < §(V)—1 be an
integer. For each linear subspace W € Gr(6(V) —m, V), denote by

the canonical inclusion. We have the formula
1
Qi T(i = Frob™"
|Gry(m, §(V) —1)| Z Q(iw) o L(iw) = Frob™",
WeGr(m,V)

as W (k)-linear maps
Qﬂ,—‘ﬂnr(v) — Qn(V)

Proof. This is an easy computation, using the formula for the transfer given by
Proposition 13.6. Pick a nonzero vector v € V. For W € Gr(6(V) —m, V), the
quantity Q(iw) o T(iw)((v)n+rm) equals zero if v ¢ W, or (v), otherwise. It is
clear that the set of subspaces W € Gr(§(V) —m, V) containing v is in bijection
with Gr(6(V) —m — 1,V/ < v >), hence has cardinality |Gri(m,d(V) —1)|. The

formula follows.
O

PROPOSITION 13.12. (Verschiebung Integral Formula.) Let n be a positive integer.
Let V' be a nonzero finite-dimensional k-vector space. Let 1 <m < §(V)—1 be an
integer. For each linear subspace W € Gr(m, V), denote by

w:V - V/W
the quotient map. We have the formula
1
T(mw) o Q(mw) = Ver™",
CRTEIRI G P

as W (k)-linear maps

Proof. This follows, by Pontryagin duality, from the Frobenius Integral Formula
for V*.

O
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14. AXIOMATIZING HILBERT’S THEOREM 90.

In this section, we explain a possible way to axiomatize the consequences of
Hilbert’s Theorem 90 (Kummer theory) for the cohomology of profinite groups.
The key notion here is that of cyclotomic modules, and smooth profinite groups.

14.1. THE NOTION OF n-SURJECTIVITY. In this section, k is a perfect field of
characteristic p, and G is a profinite group.

DEFINITION 14.1. Let n > 1 be an integer. Let
f:M—N

be a morphism of (W (k),G)-modules. We say that f is n-surjective (resp. n-
injective) if the following holds. For every open subgroup G' C G, the map

f«: HY(G',M) — H™(G',N)
is surjective (resp. injective).
Remark 14.2. Let n > 0 be an integer. Let
£:0—A-5BC—0

be an exact sequence of (W (k), G)-modules.

Then 7 is n-surjective if and only if ¢ is (n + 1)-injective. Indeed, using the
associated long exact sequences in cohomology, both conditions are equivalent to
the vanishing of the connecting homomorphism (Bockstein)

Hn(le C) - HnJrl(G,a A)a
for every open subgroup G’ C G.

The next Lemma states that n-surjectivity is preserved by pullback and pushfor-
ward of exact sequences.

LEMMA 14.3. Let n > 0 be an integer. Let
£:0—A-5%B5C—0
be an exact sequence of (W (k), G)-modules. Let
f:A— A
and
g:C' —C
be morphisms of (W (k), G)-modules. Denote by

-/ ’

£:0—A "B 50 —0
the exact sequence f.(g*(E)). If m is n-surjective, then so is 7.

Proof. Easy diagram chase. O

Ezercise 14.4. Prove the preceding Lemma without using the connecting map, i.e.
without invoking cohomology groups in degree n + 1.
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Remark 14.5. (0-surjectivity). Let
£:0—A-5B-"5C—0

be an exact sequence of (W (k), G)-modules. Then 7 is O-surjective if and only
if it possesses a G-equivariant -set-theoretic- section. This situation appears in
the study of rationality questions for algebraic tori, through the use of (co)flasque
resolutions of their character lattice. We refer here to the work of Endo and Miyata
[EM], of Colliot-Théléne and Sansuc [CTS], and of Voskresenskii [Vos].

Ezercise 14.6. It is clear that a split surjection is n-surjective for every n. In
this exercise, we show that the converse implication is false in general. This
exercise, though by no means easy, provides good pratice for understanding the
ideas developped in this paper.

For simplicity, we assume here that & = IF,.

Let X be a finite G-set. Let

V CFY
be a sub-(F,, G)-module. Put
W :=F,/V.

Let M be a (Z/p?Z,G)-module, which is free of rank one as a Z/p*Z-module,
together with an isomorphism of (F,, G)-modules

M/p ~TF,.

The exact sequence
0 — (pM)X — MY — (M/pM)* — 0
can thus be viewed as an exact sequence
0—F)Y — M* —TF, —0.
Pulling it back by the inclusion V' — IFI))( and pushing it forward by the surjection

F,* — W yields an extension

E0—W-—>FE-5V-—0.

i) Show that & is an exact sequence of (F,, G)-modules.

ii) Show that £ depends neither on M nor on the choice of the isomorphism
M/p ~TF, (up to isomorphism of short exact sequences of (F,, G)-modules).

iii) Show that 7 is O-surjective.

From now on, we assume that G is "the” absolute Galois group of a field F' of
characteristic not p, containing the p-th roots of unity for simplicity. We make no
extra assumption on X.

iv) Using Kummer theory, show that 7 is 1-surjective. Hint: choose M = p,.
v) Using the Bloch-Kato conjecture, show that 7 is n-surjective, for every n > 1.
vi) Give an example (of F' and X) where £ is not split.
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14.2. CYCLOTOMIC MODULES AND SMOOTHNESS.

DEeFINITION 14.7. We put

N:= N3; U {00},
and W (k) = W(k).
DEFINITION 14.8. Pick an element d € N. Let T be a free W ay1(k)-module of
rank one.
For i a non negative integer, we put

T(i) = TEWan ),
For negative v, we put

T (i) = Homwy,, ., (k) (T (=), Way1 (k).
For any (W g41(k), G)-module M, we put
M (i) =T (i) @w,yy ) M,

the dependence in T being implicit.

DEFINITION 14.9. (Cyclotomic module.) Let n > 0 and d € N be integers. Let T
be a free W 441 (k)-module of rank one, endowed with a continuous W 41 (k)-linear
action of G.

The module T is said to be n-cyclotomic (relative to k and G) if the following
condition holds.

For every integer s > 1, the quotient map
T/p* — T/p

18 n-surjective.

If T (n) is n-cyclotomic for everyn > 1, we shall say that T is cyclotomic (relative
to k and G).

The integer d is the depth of T. It will be denoted by o(T).

Remark 14.10. If T has finite depth, it suffices of course to require n-surjectivity
for s = 6(7) in the previous Definition.

Remark 14.11. The preceding Definition has an interest only if n > 1.
Remark 14.12. A cyclotomic G-module is given by a continuous character
X: G — Wy (k)™

which shall, in our theory, play the role of the cyclotomic character in Galois
theory. Indeed, we will see in a moment that Kummer theory (a consequence
of Hilbert’s Theorem 90) implies that the cyclotomic character at p of a field of
characteristic not p is 1-cyclotomic, in our sense. That it is in fact cyclotomic
is the main content of the norm-residue isomorphism theorem (the Bloch-Kato
conjecture).

Exercise 14.13. Let T be an n-cyclotomic G-module. Show that the quotient map
T/p"t — T/p°

is n-surjective, for every s > 1.
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LEMMA 14.14. Let n > 0 be an integer. Let k'/k be a field extension.
Let T be a n-cyclotomic G-module over k. Put

T = T®W(h) W (K.

Then T’ is n-cyclotomic over k.

Proof. This is clear, since W (k') is a free W (k)-module. O

Remark 14.15. In the Definition of a cyclotomic module, it might be worth allowing
the case where T is free of rank > 2: this would enable restriction of scalars for
finite field extensions k’/k. We shall not consider this possibility here.

LEMMA 14.16. Let k'/k be an (arbitrary) field extension. Let n be a positive
integer.

Assume that G is a pro-p-group, and that there exists an n-cyclotomic G-module
over k', of depth 1. Then, there exists an n-cyclotomic G-module over k, of depth
1.

Proof.

Let 77 be an n-cyclotomic G-module over k’, of depth 1; in particular, 7' is a free
Wy (k')-module of rank one. Consider the exact sequence

0— T /p~pT — T —T'/p—0.

Since G is a pro-p-group, it acts trivially on the one-dimensional k’-vector space
T'/p. As an exact sequence of (W (k’), G) modules, the preceding sequence can
thus be rewritten as

E:0—k —T — K —o.

Choose a linear form ¢ € Homy(k', k), such that ¢(1) = 1. Denote by i : k — &k’
the canonical inclusion. Then ¢.(i*(£)) is an sequence of (W (k), G) modules of
the shape

E0—k—T—k—0,

where T is a free Wa(k')-module of rank one, equipped with an action of G. From
Lemma 14.3, it follows that 7 is n-cyclotomic, qed. O

Remark 14.17. The preceding Lemma can probably be generalized to cyclotomic
modules of arbitrary depth.

DEFINITION 14.18. (Smooth profinite group.) Let n and d be positive integers.
The group G is said to be (d,n)-smooth (resp. d-smooth) relative to k, if there
exists an n-cyclotomic (resp. cyclotomic) G-module over k, of depth d.

The group G is said to be n-smooth (resp. smooth) relative to k, if there exists an
n-cyclotomic (resp. cyclotomic) G-module over k, of infinite depth.

The fundamental example of 1-smoothness is that of absolute Galois groups. It
can be extended to a broader class of Galois groups, as follows.

PROPOSITION 14.19. Let E/F be an extension of fields of characteristic not p.

o—z?

Assume that the multiplicative group E* is p-divisible (i.e. the map E* — E*
is onto), and contains all p-th roots of unity (hence also all roots of unity of order
a power of p). Put

G :=Gal(E/F)
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and

M= LiLn.Up" (E).
Then p is a cyclotomic G-module (relative to k =TFp).
Proof.

By our assumptions on F, we have a diagram

P

L iy () —> iy (B) "2 1y (B) —> 1

1— p,(E) Bx =2 px 1

7

given by classical Kummer theory. The surjection in the lower line is obviously
1-surjective by Hilbert’s Theorem 90 for G,,. By Lemma 14.3, the surjection in
the upper line is 1-surjective as well, yielding the result. O

Is is natural ask whether all 1-cyclotomic modules occur this way. We did not
investigate this question, but we expect a positive answer- possibly given by a
simple construction. We now formulate it precisely.

Problem 14.20. Let G be a profinite group. Let M be a 1-cyclotomic G-module of
infinite depth, for k = F,,. Let [ be zero or a prime number distinct from p. Find
an extension E/F of fields of characteristic [, such that the multiplicative group
E* is p-divisible, contains all p-th roots of unity, and such that the following holds.

There is an isomorphism
¢: G — Gal(E/F)
of profinite groups, and an isomorphism

v: M — @MPW,(E)

of Z,-modules, such that
P(g-m) = o(g)-4(m),
forall g€ G and m € M.

14.3. THE SMOOTHNESS CONJECTURE. Recall that G is a profinite group.

DEFINITION 14.21. Let n > 1 be an integer. Let L be a one-dimensional (k,G)-
module.
Cohomology classes in the image of the natural cup-product map

HY(G,L)" — H"(G,L®")
are called symbols (relative to L).

If H C G is an open subgroup , the image of a symbol in H™(H, L®™) by the
corestriction (norm)

Cor : H™(H, L®") — H™(G, L®™)

is called an H-quasi-symbol (relative to L ).
A class which can be written as a sum ay + ...+ ayn, where the H;’s are open
subgroups of G, and a; is an H;-quasi-symbol, will be called a quasi-symbol (relative

to L).
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Remark 14.22. Assume that T is a 1-cyclotomic G-module (of any depth). Let n
and s be positive integers. It is straightforward that any symbol (and hence any
quasi-symbol) in H"(G, T (n)/p) can be lifted to a class in H"(G, T (n)/p®).

DEFINITION 14.23. We say that G has the weak Bloch-Kato property (at p) if the
following holds. For every integer n > 1 and for every open subgroup H C G,
every class in H"(H, k) is a quasi-symbol (relative to L = k).

The following Remark is elementary, but important.

Remark 14.24. Let G, be a pro-p-Sylow of G. By the standard restriction-
corestriction argument, it is straightforward to prove the following two assertions.
i) The group G has the weak Bloch-Kato property at p if and only if G, has it.
ii) In the preceding definition, we may replace the trivial (k, G)-module L = k by
-any- one-dimensional (k, G)-module L.

We now state the Smoothness Conjecture, which we plan to prove in a future work.

CONJECTURE. 14.25. Let G be a profinite group. If G is 1-smooth, then it has the
weak Bloch-Kato property. In particular, it is smooth.

Remark 14.26. The Smoothness Conjecture implies the (surjectivity part of the)
Bloch-Kato conjecture, using a classical input from Milnor K-theory: the Lemma
of Rosset and Tate. It implies that a quasi-symbol in H"™(Gal(Fyep/F), p3™) is in
fact a sum of symbols. Note that this Lemma, whose proof uses Euclidean division
for polynomials, is of highly effective nature.

We conclude this section with an instructive exercise.

Exercise 14.27. Let k be an arbitrary perfect field of characteristic p.

Let G be a finite p-group.

i) Assume that |G| > 3. Show that G is not smooth.

ii) Assume that p = 2 and G = Z/2Z. Show that G is 1-smooth. What are the
possible cyclotomic modules for G?

14.4. EXACT SEQUENCES OF KUMMER TYPE.

DEFINITION 14.28. Let a and b be positive integers.
The extension (of (W (k), G)-modules with trivial G-action)

0 — Wi (k) "Z8 W, (k) — Wa(k) — 0
will be called the elementary Kummer extension, of type (a,b). We shall denote it
by Ko p. The integer a + b — 1 is called the depth of Kqp.

We denote Kq1 simply by Kq. It is the elementary Kummer extension, of depth
d.

Remark 14.29. Let a and b be positive integers.
Then Pontryagin duality exchanges IC, » and Ky .
The diagram

0—— Wy(k) —— W (k) W, (k) ——0

il»—m ll»—)p

0 —— Wy (k) — Wspp (k) —> Wor (k) — 0
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is clearly a pullback diagram. This shows that IC, p is a pullback of K1 5. Dually,
Kap is a pushforward of ICg p11.

DEFINITION 14.30. Let d be a positive integer.
We denote by Kq(G) the smallest class of extensions

0—A—B—C-—0
of (W (k), G)-modules, containing the extension
00—k — Wyp1(k) — Wyu(k) — 0,

and stable by the following operations.

i) Arbitrary finite direct sums, pullbacks and pushforwards (of extensions of
(W (k), G)-modules).
it) Induction from open subgroups: if H C G is an open subgroup, and if

0—A—B—C—0
belongs to Kq(H), then
0 — Ind$(4) — Ind%(B) — Ind%(C) — 0

belongs to Kq4(G).
iii) Composition (on the right): if f: A— B — 0 and g: B — C — 0 are
the epimorphisms of extensions belonging to K4(G), then

0— Ker(fog) — A% c 0
belongs to Kq(G).

Eztensions belonging to Kq(G) are said to be of Kummer type, of depth < d.

We put
K(G) = | Ka(@).
d>1

Extensions belonging to IC(G) are said to be of Kummer type.
Epimorphisms or monomorphisms fitting into an exact sequence of Kummer type,
will also be called of Kummer type.

Remark 14.31. Using Remark 14.29 and property iii) of the previous Definition,
we see that the Kummer extension of type (a,b) belongs to Ky15-1(G), for every
positive integers a and b.

LEMMA 14.32. Let d be a positive integer. The following assertions are true.

a) The class Kq(G) is stable by composition on the left. In other words, if [ :
00— A— Bandg: 0 — B — C are the monomorphisms of extensions
belonging to K4(G), then

0— AL oy Cokerfog —s0

belongs to Kq(G) as well.
b) The class Kq(G) is stable under Pontryagin duality.
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Proof. Point a) is obviously Pontryagin dual to point iii) of the definition of
K4(G), whereas point i) and ii) are self dual (Pontryagin duality exchanges pull-
backs and pushforwards, and Pontryagin duality commutes to induction from open
subgroups). By Remarks 14.29 and 14.31, we thus see that b) follows from a). We
now prove a).

Forming the pullback of

0—B-LC—C/B—0

by the natural quotient map

C/A— C/B
yields the diagram
0—=B—=C@B/A"=C/A 0
0 B C C/B 0,

where can is the sum of the canonical inclusion and of the canonical surjection.
By point i) of the definition of K4(G) (for pullbacks), the upper row is of Kummer
type. By assumption on f, and by point i) again (but for direct sums), the natural

surjection
cB—cPn/A
belongs to K4(G) as well. By point iii), we see that the composite surjection
cpB—CEPB/A—C/A
belongs to K4(G). Noting that it equals the composite
cPB =004,
we (ﬁn)ally conclude (using point i), for pushforwards this time) that h belongs to
Ka(G). O

Remark 14.33. A surjection of Kummer type can be intuitively thought of as ’a
surjection through which cohomology classes can be lifted’, in the spirit of model
categories. This is made precise in the Proposition below.

PROPOSITION 14.34. Let n and d be positive integers. Assume that G is (d,n)-
smooth. Let T be an n-cyclotomic G-module, of depth d. Let

0—A—=BL 00
be a exact sequence of Kummer type, of depth < d. Then the sequence
0— A(n) — Bn) "™ om) — 0
18 n-surjective.
Proof. This property holds, by the definition of an n-cyclotomic G-module of
depth d, for the exact sequence Ky4. It remains to be checked that it is stable under
the operations i), ii), iii) of the definition of an exact sequence of Kummer type.

For point i), use Lemma 14.3. For point ii), use the definition of n-surjectivity.
For point iii), there is almost nothing to do. O
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LEMMA 14.35. (The Cross Lemma.)

Let
0 0 0
h
0 A B Cy 0
0 Aoy B, Cs 0
f g
0 As Bs Cs 0
0 0 0

be a commutative diagram of (W (k), G)-modules, with exact rows and columns.
Assume that g and h are of Kummer type, of depth < d. Then so is f.

Proof. Exercise in homological algebra for the reader. O

15. ABouT HILBERT’S THEOREM 90.

The authors now want make a brief digression, to stress the importance of Hilbert’s
Theorem 90. It is, by the way, the favorite Theorem of the second author of
this paper, who is a big fan of descent statements. The theory developped here
shows that this Theorem, contrary to what one could expect, is perhaps -the-
key ingredient to a ’short’ proof of the Bloch-Kato conjecture, over a field F
of characteristic not p. Indeed, the Stable Lifting Theorem in the next section,
is the starting point of a machinery that applies Hilbert’s Theorem 90 for G,,
ceaselessly, not only to the base field F' itself, but also to a vast amount of finite
extensions of F. Furthermore, we are tempted to make the following analogy.
Adopting the point of view of Grothendieck’s descent theory, the main content
of (the classical version of) Hilbert’s Theorem 90 for GL, is to convert into
cohomological information (H'(F,GL,) = 1) the highly non canonical fact that,
over a field, every vector space possesses a basis. This is perfectly in the spirit of
this paper: studying intrinsic properties of divided powers for modules over Witt
vectors. Choosing a basis for these is often misleading- except, perhaps, in some
proofs.

Since Hilbert’s Theorem 90 is central in this paper, we decided to discuss, in this
section, some of its most significant algebraic incarnations. They are probably
folklore for some mathematicians. They make precise the following philosophical
statement: two finite linear data over a local ring A, which become isomorphic
after a faithfully flat extension of A, are already isomorphic over A. Before
proceeding any further, we wish to remind the reader that Hilbert’s Theorem
90 (for G,,) is actually due to Kummer for cyclic field extensions, and that its
generalization to arbitrary Galois extensions is due to Noether.

We begin by an elementary correspondence, which is the set-theoretic version of
the equivalence between line bundles and G,-torsors.
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LEMMA 15.1. Let S be a (not necessarily commutative, unital) ring. Then there
is an equivalence between (left) S-modules L which are free of rank one, and sets
X equipped with a (left) simply transitive action of the multiplicative group S*.
In one direction, it is given by associating to L its set of generators:

L— X :={xeL,L=>_Sx}
In the other direction, it is given by
X~ (SxX)/S*,
where we mod out the free action of S* given by

M(s,z) = (sA71 \x).

Proof. This is clear. O

LEMMA 15.2. Let A be a Noetherian local ring. Let A'/A be a faitfully flat exten-
sion of commutative rings, and let S be a A-algebra, which is finite as an A-module.
Let M be an S-module. Put S :=S®4 A" and M' :== M @4 A'. If M’ is a free
S’-module of rank one, then M is a free S-module of rank one.

Proof. Let & be the residue field of A. Put M := M ®4 k, S := S ®4 k. Assume
that M is a free S-module of rank one. Then, by Nakayama’s Lemma, the lift of a
generator of M (as an S-module) to M will be a generator of M (as an S-module).
Hence, we are reduced to the case where A is a field. Another similar application
of Nakayama’s Lemma shows that we may mod out the Jacobson radical of S, and
assume that S is a semi-simple algebra. Hence, S is isomorphic direct product
of matrix rings of the form M,,(D;), where D; are division A-algebras. We may
thus assume that S = M, (D) for D a division A-algebra. But then, by Morita
equivalence, M is isomorphic to a sum of r copies of the simple module D™. Since
M ®4 A’ is free of rank one as an S’-module, we must have r = n by dimension
count, and M is free of rank one.

O

Remark 15.3. Assume, in what precedes, that S is finite and locally free as
an A-module. Then, the group of invertible elements in S is representable by
the affine A-group scheme GL;(S) (which is an open subscheme of A4(S)), and
Grothendieck’s descent theory asserts that GL;(S)-torsors over Spec(A), for the
fppf topology, correspond to S-modules M as in the previous Lemma. We thus
get

H*'(Spec(A),GL1(9)) = {*},

where cohomology is taken with respect to the fppf topology. This statement is
known as Grothendieck-Hilbert’s Theorem 90.

PROPOSITION 15.4. Let A be a Noetherian local ring. Let A'/A be a faitfully
flat extension of commutative rings, and let R be an A-algebra. Let N be an
R-module, which is finite as an A-module. Let My, My be two R-submodules of
N. Put R = R®AA/, N' = N®AA/, M{ =M @4 A andMé = Mo®s A
Assume there exists f' € GLg/(N') such that f'(M{) = M}. Then there exists
f € GLR(N) such that f(My) = Ms.
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Proof.

Put

S = {f S EndR(N),f(Ml) - Ml};
it is an A-algebra. It is a subalgebra of End4(N). Writing N as a quotient of a
free module A™, End 4(NN) then occurs as a sub-A-module of N, which is finite by
assumption. Hence, S itself is a finite A-module. Put S’ := S ®4 A’. By faithful
flatness, we get that the canonical morphism

S — {f/ S El’lde(Nl)7fl(M{) C M{}
is an isomorphism. The set
X = {f/ S GLR/(N/), f/(M{) = MQ/}

is endowed with a simply transitive action of the multiplicative group S’*. As
such (see Lemma 15.1), it canonically corresponds to a free S’-module of rank one
M’ given by the set-theoretical formula

M = (X x8)/8"".

But the S’-module M’, viewed as an A’-module, is endowed with a canonical
descent data for the faithfully flat morphism A’/A. By descent, we get an A-
module M, which is in fact a locally free S-module of rank one. To prove the
Proposition is equivalent to proving that M is actually a free S-module of rank
one (to give a generator of the S-module M is equivalent to giving f € GLr(N)
such that f(M;) = Ms). We conclude by applying Lemma 15.2.

O

COROLLARY 15.5. Let A be a Noetherian local ring. Let A'JA be a faitfully flat
extension of commutative rings, and let R be an A-algebra. Put R’ := R®4 A’.
Let N, M be two R-modules, one of which is finite as an A-module. Assume
that M @4 A" and N @4 A’ are isomorphic as R'-modules. Then M and N are
isomorphic as R-modules.

Proof. To see this, just apply the Proposition to M and N, viewed as R-
submodules of M @ N. O

Remark 15.6. Specializing to linear representations, we get the following state-
ment. Two finite-dimensional linear representations of an abstract group G over a
field F', which become isomorphic over an extension F/F', are already isomorphic
over F. Note that this holds, in particular, in the modular case (i.e. where F' has
characteristic p and G is a finite p-group).

Remark 15.7. In all what precedes, the Noetherian assumptions may probably be
dropped. They are here to simplify the proofs.

16. THE STABLE LIFTING THEOREMS.

In this section, k is a finite field of cardinality ¢ = p” and G is a profinite group.
We use small Omega powers here: we believe they are better behaved than
medium (or big) Omega powers, for applications in Galois theory.

Let us explain how we intend to apply small Omega powers to prove Lifting The-
orems in Galois cohomology- with an explicit proof of the Bloch-Kato conjecture
as a main motivation.
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Assume that G is s-smooth, and denote by T a fixed s-cyclotomic G-module, of
infinite depth.

Let V be a (k, G)-module, and let n be a nonnegative integer. Almost by definition
of smoothness, we have that the (twist of) Frobenius

Frob(s) : Q"1 (V)(s) — Q" (V) (s)

is s-surjective, if V' is one-dimensional. Indeed, we can reduce to the case where
G is a pro-p-group. For such a G, any one-dimensional V' is isomorphic to the
trivial (k, G)-module k, and the statement becomes nothing but the definition
of s-surjectivity. It is then legitimate to wonder whether the same holds for an
arbitrary (k, G)-module V. The next exercise shows that it is not the case in
general. This is deeply related to the notion of R-equivalence, due to Manin.

Ezercise 16.1. Let F be an infinite field of characteristic not p, with separable
closure Fy.p/F. Assume for simplicity that F contains the p-th roots of unity.
We denote by HJ(.,.) the first étale cohomology groups.

In this exercise and in this exercise only, s = 1, G := Gal(Fj,,/F) and

T :=7/p*7Z.

By Proposition 14.19, we know that 7 is a 1-cyclotomic G-module.

In view of the assumptions, we can remove all twists (by Frobenius, and by roots
of unity).

Let V be a finite commutative algebraic F-group of multiplicative type, killed by
p. We shall identify V' with the (F,, G)-module V(Fp).

A cohomology class ¢ € H},(Spec(F),V) = H'(G,V) is said to be (elementar-
ily) R-trivial if the following holds. There exists an open subvariety U C AL,
containing 0 and 1, and a class

C e HL(U,V),

whose specialization at 0 (resp at 1) is trivial (resp. equals c¢).

1) Assume that V has dimension one. Show that every class in ¢ € H'(G,V) is
R-trivial.
Hint: reduce to the case V = pp, and use Kummer theory.
2) Assume that the map

Frob: QY(V) — V
is 1-surjective, for every V as above. Show that every element in H'(G, V') would
then be R-trivial.
Hint: induction on the dimension of V, using the Frobenius Integral formula 11.18,
and Shapiro’s Lemma.
3) Using the work of Colliot-Thélene and Sansuc ([CTS]), give an example of a
field F and of a V as above, such that not every class in H},(Spec(F),V) is R-
trivial. Conclude.
4) Let ¢ € HY(G,V) be a Galois cohomology class, which is R-trivial. It is true
that ¢ is in the image of

Frob, : HY(G,QY(V)) — HY(G,V) ?

Hint: we don’t know the answer...
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The following Lifting Theorem brings hope that our approach will shortly lead to
an ’elementary’ proof of the Bloch-Kato conjecture. Note that, if this Theorem
was true for n = 0 and V arbitrary, Galois cohomology would be much simpler,
and the Bloch-Kato conjecture would follow quite easily.

THEOREM 16.2. (First Stable Lifting Theorem.)
Let V' be a d-dimensional (k,G)-module. Let n be a positive integer, with
n>r(d-1)—-1

Let t be an arbitrary positive integer.
The following assertions are true.

1) The Frobenius homomorphism
Frob’ : Q"t{(V) — Q" (V)

is of Kummer type, of depth < n +t.
2) If T is an s-cyclotomic G-module of depth n + t, then the twist

Frob(s) : Q" (V) (s) — Q" (V®)(s)

18 §-surjective.
Proof. We prove part 1); part 2) will follow by Proposition 14.34.
The assertions are clear if V' is one-dimensional, by the very definition of surjections

of Kummer type. We can thus assume that d > 2.
Now, consider the commutative diagram

Q) Y] Qr (V) — o gn(y)

| | |

0 @y O (V)] —> @y @ (V/H) 8 0 (V/H) W) — 0,

0

where the direct sums are taken over all k-rational hyperplanes H C V, and the
vertical arrows are obtained by functoriality from the quotient maps V. — V/H.
The Pontryagin dual of the map ¢ is the map f of Proposition 13.10 (applied to
V*, n+tand m =t). Since n > r(d — 1) — 1, the same Proposition asserts that
f, hence g, is an isomorphism.

Point 1) now follows, from the definition of a surjection of Kummer type: the
lower row is induced from dimension one (the open subgroups involved are the
stabilizers of hyperplanes of V). O

The next Theorem is more precise: it asserts that the cohomology of a smooth
profinite group, with values in a (twist of a) G-module of the type Q"(V), is
induced from dimension one, if n is large enough.

THEOREM 16.3. (Second Stable Lifting Theorem.) Let V be a d-dimensional
(k, G)-module, with d > 2.
Let n be a positive integer, with
n>r(d—1)—1.
For each line L € P(V), functoriality of Omega powers yields a canonical injection
Q" (L) — Q™(V).
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Then the following assertions are true.

1) The (surjective) G-equivariant map

D 0w 2w
LeP(V)
is of Kummer type (of depth < n+r(d—1)).
2) If T is an s-cyclotomic G-module of depth n + r(d — 1), then the twisted G-
equivariant map
P 2" 1)) — 2" (V)(s)

LeP(V)

18 §-surjective.

Proof. We prove part 1); part 2) will follow by Proposition 14.34.
By the previous Theorem, for ¢t = r(d — 1), we see that the map

Frobr(d—l) :QnJrr(dfl)(V) N Qn(v)

is of Kummer type, of depth < n + r(d — 1). By the Frobenius Integral formula
13.11, this map factors as

Q) — P o (L) — Q(V),

where the direct sum is taken over all lines L C V, and the first map is the sum
of the Transfers, for all inclusions L C V. The claim follows, by the definition of
a surjection of Kummer type. O

The preceding Theorem has a very concrete consequence, for cohomology classes
with values in two-dimensional Galois representations, over IFp.

COROLLARY 16.4. Let F' be a field of characteristic not p. Denote by Fsep/F
a separable closure of F. Let V' be a two-dimensional Galois representation of
G := Gal(Fsep/F) over Fy,. For each v € V, denote by G, C G the stabilizer of v.
Denote by ¢, the composite

G
Corg

HY(G4,F,) — HY(G,,V) = HYG,V),

where the first map is induced by functoriality from the Gs-equivariant map

F, 23 V.

Then the map
P H'(G,.F,) 2% HY(G, V)
veV

18 surjective.
In other words, classes in H(G,V) are “induced from dimension one’.

Proof.

The statement is the concrete form of Theorem 16.3, for 7 = p,2 (which is 1-
smooth by Kummer theory), s=1,r=1,d=2 and n =0. ]

Ezercise 16.5. Show that, for p = 2, the preceding Corollary is true for any
profinite group G, and any two-dimensional (F3, G)-module.
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17. AN APPLICATION TO p-ADIC DEFORMATION THEORY.

We finish this paper with an application of our point of view to p-adic deformation
theory. It uses very few of the theory of Omega powers that we have explained
before. In truth, it uses only the divided power functor I'Y, for Z-modules of p-
primary torsion.

Recall that we have seen that p-typical Witt vectors of level n may be defined,
in a pretty elementary way, as a quotient of a divided power module over Z (cf.
Proposition 6.8).

In this section, we give another elementary application of this point of view, to
the problem of lifting F,-algebras to flat (Z/p®Z)-algebras.

17.1. THE CASE OF PERFECT F,-ALGEBRAS.

DEFINITION 17.1. A p-nice ring is a commutative ring R, satisfying the following
three conditions.

i) The ring R is p-adically complete (i.e. complete with respect to the ideal pR C
R).

it) p is not a zero-divisor in R, i.e. R is torsion-free.

iti) The F,-algebra R/p is perfect, i.e. its Frobenius

Frob: R/p — R/p

T xP

is an isomorphism.

Recall the following result in p-adic deformation theory, well-known to experts.

ProPOSITION 17.2. The reduction functor
® : {p — nicerings} — {perfect F, — algebras},
A— A/p

is an equivalence of categories (morphisms being ring homomorphisms on both
sides).

Proof. The usual proof of this Proposition is through Illusie’s cotangent complex,
as explained in the work of Scholze ([S], Theorem 5.11 and Theorem 5.12). O

It is possible to give a direct elementary proof of the preceding Proposition, using
merely the functor I'). Rather than giving more details, we prefer to state and
prove a statement which is much more general- but, for the time being, for mod
p? liftings only.

17.2. DESCENT FOR THE ARROW Z/p?Z — Z/pZ. In Proposition 17.2, the cru-
cial assumption is that the Frobenius map of R/p is surjective. The fact that
it is injective (i.e. that R/p is reduced) is secondary. The authors believe that
it is important to adapt this Proposition to the case of (possibly non reduced)
F,-algebras whose Frobenius map is surjective. In a naive sense, these algebras
are 'Frobenius-smooth’ objects (existence of lifts by Frobenius), whereas perfect
F,-algebras are ”Frobenius-étale” objects (existence and uniqueness of lifts by
Frobenius). To tackle this question, today’s trend is to use Scholze’s theory of
perfectoid spaces, in which these algebras typically occur. We here suggest a first
step towards an alternate approach, in the spirit of our paper: Proposition 17.9.
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Its content is that deforming an Fp-algebra A, whose Frobenius is surjective, to a
flat (Z/p?Z) -algebra A, is equivalent to endowing the kernel of the Frobenius of
A with a partial (level p) divided power operation 7, : I — A. Moreover, the
Frobenius of A lifts to A if, and only if, ~, takes values in I.

DEFINITION 17.3. Let R be a commutative ring in which (p—1)! is invertible. For
any iteger i with 0 <i<p—1 and x € R, we set
1 .
vi(x) = ﬁxl

DEFINITION 17.4. A 2-wrinkled ring (relative to p) is the data of a pair (A,7p),
consisting of an Fp-algebra A, whose Frobenius is surjective, and a map

vp : Ker(Froby) — A,

such that the relations
Yplaz) = aPv(z)
and
wata)= > yi(z)y(a),
i+i'=p

hold for all a € A and all x,2’ in Ker(Frob).

2-wrinkled rings obviously form a category: a morphism (A,~,) — (A',7,) is a
ring homomorphism ¢ : A — A’, such that v, 0 ¢ = ¢ o ,.

Remark 17.5. Let (A,~,) be a 2-wrinkled ring. Put I := Ker(Froby).
It is not hard to see that -y, vanishes on 2, and that it is in fact given by a unique
polynomial law of A-modules, which is homogeneous of degree p, from I/I? to A.

DEFINITION 17.6. Denote by Fo the forgetful functor, from the category of 2-
wrinkled rings to that of Fp-algebras.
A 2-liftable ring (relative to p) is an Fy-algebra A, which lies in the essential image

Offg.

Remark 17.7. Note that a non-reduced (i.e. non-perfect) 2-liftable ring is not
Noetherian (a surjective endomorphism of a Noetherian ring is an isomorphism...).

DEFINITION 17.8. A 2-flat ring (relative to p) is a commutative (Z/p*Z)-algebra
R, satisfying the following conditions.

i) R is a flat (i.e. free) Z/p*Z-module.
i1) The Frobenius map of R/p is surjective.
The 2-flat rings form a category, with morphisms been ring homomorphisms.

Let A be a 2-flat ring. Put
A:=A/p.

We shall now see that A can be given the structure of a 2-wrinkled ring in a
canonical way.

Put
I :=Ker(Froby,).
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Let « be an element of the ideal I. Let X € A be any lift of z. The quantity
XP € A does not depend on the choice of X (cf. Lemma 6.1). By assumption,
there exists Y € A such that

XP =pY.
Denote by y € A the reduction of Y. Since A is a free (Z/p?Z)-module, y does
not depend on the choice of y. We then put

Vp(z) == (p—;l)!y =-—yecA
It is not hard to see that (4,~,) is a 2-wrinkled ring.
We have in fact built a functor
U, : {2 — flat rings} — {2 — wrinkled rings},
by the formula
Uy(A) == (4, 7).

We can then prove the following result, which is a descent statement for the quo-
tient map
Z/p*7 — 7./pZ.

It generalizes Proposition 17.2 (for mod p? deformations). Note that this Propo-
sition may seem strange at first glance: the quotient map Z/p?Z — Z/pZ is not
quite flat, and descent statements in algebraic geometry are often the privilege of
faithfully flat morphisms. However, the categorical data that allows descent here
is not at all the usual one (it is non-linear).

PrROPOSITION 17.9. The functor Vo is an equivalence of categories.
In particular, every 2-wrinkled ring admits a unique lift to a 2-flat ring.

Proof.
Let A be a 2-flat ring. Put A = A/p. Denote by
vp : Ker(Froby) — A

the p-th divided power operation constructed above.
We know, by Lemma 6.1, that the polynomial law of Z-modules
A— A,

X — XP
factors through the quotient map 7 : A — A, yielding by the universal property
of divided powers a group homomorphism
F:TH(A) — A,
[7(X)]p — XP.
Note that pure symbols generate I') (A) = T, Jp2z(A), by Lemma 6.13. The group

I') (A) bears a natural ring structure (formula on pure symbols: [z],[yl, = [zy]p),
for which F' is a ring homomorphism. Since the Frobenius of A is surjective, it is
easily checked that F' is onto. Let Xq,...,X,, be elements of A, with reductions
T1,...,Tm in A. One has

[Z1]p + ... + [@m]p € Ker(F)

if and only if
XP+...+XP =0€ A
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Rewrite this equality as

(X144 X))’ =p Y Copan Xit.. X € A,

where the sum ranges over all proper partitions of p, i.e. partitions
p=ai+...+ am,
with 0 < a; < p—1 for all 7, and where

1
Corooa, :( p >€N.
p\ai,....am

By the very definition of +,, this is equivalent to the combination of the two
equalities
1+ ...+ 2 € Ker(Froby)
and
—p(x1+ ...+ xy) = Z Coy ..o @it zim € Al

A1,..5Am
The isomorphism I'}(A4)/Ker(F) ~ A thus yields a canonical presentation of A,
depending only on A and v,. We infer that ¥, is fully faithful.
It remains to be shown that it is essentially surjective. To prove this, we first reset
notation. Let (A,7,) be an arbitrary 2-wrinkled ring. We denote by

I cTh(A)
the subset consisting of elements X which can be written as

X =[mlp+ ... + [Zmlp,
where z1,...,T,, € A are such that
21+ ...+ x;, € Ker(Froby)

and
(1 +.. .+ xy) = Z Coy,.am@it . xom € A,

a1,...,am

where the sum ranges over all proper partitions of p. From the equality
W)=Y vilz)w (),
i+i'=p
which holds for all z,2" € Ker(Frobs), we see that Z is in fact a subgroup of
I'(A). It is thus an ideal of Z. We put

A:=T%(A)/T.
The surjection of rings
[z]p = 2P,

clearly factors through Z, yielding a surjective ring homomorphism
m: A— A
Pick an element X € Ker(w). Write it as
X =[z1]p + ..+ [Zmlp,
where z1,...,z, € A. We have

1+ ...+ x, € Ker(Froby).
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Choose z,,+1 € A such that
b =it am) € A

Then one has
[@1]p + .o+ [Ty +P[Tmg]p €T
(verification left to the reader). We conclude that X € p.A. Therefore, we have

Ker(m) = pA.
Now, pick an element Y € A[p|. Write it as

Y =[ylp+. 4 [Ymlp,
where y1,...,ym € A. From the equality

plylp + -+ plymlp € 7,
we see (by definition of Z) that
Y. +yh, =0€ A
Hence Y belongs to Ker(m) = pA. Altogether, we see that
Alpl = pA,

i.e. that A is a free (Z/p?Z)-module. The ring A is thus a 2-flat ring, with a
canonical isomorphism A/p ~ A. From the definition of Z, it is straightforward to
check that

\IJ(A) = (Avvp)ﬂ
which finishes the proof.

O

Remark 17.10. The descent statement of the previous Proposition has a clear
analogue in the classical context of (quasiprojective) complex varieties, as follows.
It is standard that a complex variety may be view as a real variety, of double
dimension. This is a simple form of Weil’s restriction of scalars. It is also standard
that the data of an anti-involution on a complex variety Y is equivalent to giving
a real variety X and an isomorphism Y ~ X Xy C of complex varieties. This is a
simple (linear) descent statement.

Let us now switch to the p-adic setting. Then Greenberg’s functor allows to
consider a scheme over Z/p*Z as a scheme over F,, of double dimension. This is,
in some sense, a non-linear analogue of Weil’s scalar restriction, in which Z/p*Z
(resp. F,) plays the réle of C (resp. R).

Proposition 17.9 is then an analogue of the simple descent statement above, for
the morphism Z/p?Z — Z/pZ. But roles are exchanged in this second analogy:
Z/p*Z now plays that of R, whereas F,, plays that of C! In a daring poetic sense,
Proposition 17.9 is both a descent result and a lifting result: it just depends in
which direction you choose to look...

We are grateful to Luc Illusie for his remarks, which led to the following improve-
ment.

PRrROPOSITION 17.11. Let A be a 2-flat ring, corresponding to the 2-wrinkled ring
(A,~p) (cf. Proposition 17.9).

Denote by I C A the kernel of the Frobenius homomorphism. Then the following
conditions are equivalent.
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i) The Frobenius of A admits a (unique) lift to a (surjective) endomorphism of
the ring A.
ii) The divided power operation 7, : I — A takes values in I.

If these conditions are fulfilled, then there exists a unique structure of PD-ideal
on I, with 7y, as p-th divided power operation.

Proof. By the preceding Proposition, i) holds if and only if the Frobenius of A
commutes with 7,. This is obviously equivalent to -y, taking its values in I, ged.
The last assertion follows from the fact that a divided power structure on an ideal,
in our context, is uniquely determined by the data of ,, see for instance Stacks
Project, Tag 07H4, Lemma 23.5.3. (]

Ezxercise 17.12. Let A be a 2-liftable ring. Put
I := Ker(Froby).
1) Show that the set of maps
vl — A

such that (A4,7,) is a 2-wrinkled ring is a principal homogeneous space of
Homprob(I/I2, A)
2) How is 1) connected to Illusie’s theory of the cotangent complex?

Assume now that I = I?, and that (4,~,) is a 2-wrinkled ring.

3) Show that 7, = 0.
4) Deduce that I? = 0, hence that A is a perfect F,-algebra.

The generalisation of Proposition 17.9 to higher level descent statements is left to
future considerations.
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