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La simplicité est la réussite
absolue. Apreés 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. In this paper, we introduce a notion of smoothness for profinite
groups, relative to a given prime number p (cf. Definition 9.7). The fundamental
example, following from Hilbert’s Theorem 90 for G,,, is that of an absolute Galois
group of a field F of characteristic not p (Proposition 9.11). Using the theory of
divided powers over Witt vectors, we prove Lifting Theorems for the cohomology
of smooth profinite groups (see for instance Theorems 12.1 and 12.4). In section
13, we prove a general Smoothness Theorem (Theorem 13.8). We then give three
applications. The first one is a new proof of the surjectivity of the norm-residue
homomorphism (Corollary 14.1). The second one is a bound on the symbol length
of central simple algebras (Theorem 14.2). The third one is a Lifting Theorem
for Galois representations: every mod p Galois representation, over a field F' of
characteristic not p, can be lifted mod p? (Theorem 15.2).
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1. INTRODUCTION.

The main goal of this paper is to define and study a smoothness notion for profinite
groups, relative to a given prime number, and to prove general Lifting Theorems
for their cohomology. We then give three applications.

First of all, we give a new self-contained proof of the surjectivity of the norm-
residue homomorphism. Recall that, if F'is a field, and n, d are positive integers
with d invertible in F', the norm-residue homomorphism is a group homomorphism

5" < KM (F)/d — H'(F,u§"),

from the mod d Milnor K-theory of F' to its Galois cohomology. The Bloch-Kato
Conjecture, also known as the norm-residue isomorphism Theorem, was proved
by Rost, Suslin and Voevodsky. It states that §” is an isomorphism. We focus our
efforts on proving surjectivity (cf. Corollary 14.1), which is, as it is well-known
by experts, the hardest part of the proof. As a byproduct of our approach, we
get upper bounds for the symbol length problem for central simple algebras (cf.
Theorem 14.2; which the authors suspect can be improved drastically). This is
our second application.

The third application is Theorem 15.2. It states that, over an arbitrary field F' of
characteristic not p, any mod p Galois representation can be lifted mod p? (note
that, in dimension one, this Theorem goes back to Teichmiiller). This Theorem
is perhaps surprising, since most previously known results held over local or
global fields, often under extra assumptions. Let us mention the works of Bockle,
Hamblen, Khare, Manoharmayum, Taylor and Ramakrishna (see, e.g., [H] or [M]
for more details). The methods used by these authors seem to be of arithmetic
nature, whereas our work perhaps stresses a more Galois-theoretic aspect of the
problem, as well as its deep connection to Hilbert’s Theorem 90.



Note that the first two applications of our Lifting Theorems are rather immediate,
whereas the last one requires the use of (seemingly) new material. In particular,
we introduce the fundamental 2-extension associated to a (Galois) representation
V over a finite field & (cf. section 15.2). It is the obstruction to the existence of a
lift of V' over Wy(k), the ring of length two Witt vectors over k.

The techniques we develop in this paper do not involve any algebraic geometry
over F', but rather algebraic geometry over finite fields, through the use of divided
powers of finite Z,-modules- the coefficients of the cohomology considered. Of all
algebro-geometric information concerning the field F', we only remember the fact
that its absolute Galois group, as well as all its open subgroups, satisfy Hilbert’s
Theorem 90 for G,,.

We now wish to share the main ideas which are at the heart of this paper. In
what follows, F' is a field and d is a positive integer, invertible in F. We assume
that d = p® is a prime power. Let Fi.,/F be a separable closure of F. We put
G = Gal(Fsep/F).

1.1. FIRST IDEA. Imagine you want to prove the surjectivity of the norm-residue
homomorphism, in the Merkurjev-Suslin case (n = 2). It amounts to proving the
following. For every class e € H?(F, ,uflw), there exists an integer r > 1, such that
e is in the image of the cup-product map

Hl(qug) X Hl(Fvl’Lg) — HQ(F,M?Q),
relative to the canonical diagonal pairing
py X iy —

(note that uf, stands here for the direct sum of = copies of pq).

But it is immediate that, given a class e € H?(F, u?Z), one can find a finite discrete
G-module M, which is a free Z/dZ-module, and such that e is in the image of the
cup-product map

H'(F,M ®z pua) x H"(F, M* @z pa) — H*(F, p$?),
relative to the canonical pairing
(M ®z pa) x (M* ®z pa) — p>,

where
M* = Homz/dz(M, Z/dZ)

This is an avatar of the trivial fact that a (Yoneda) 2-extension is a cup-product
of two 1-extensions! The surjectivity of the norm-residue homomorphism is then
equivalent to saying that one may choose M such that G acts trivially on it.
Roughly speaking, our Lifting Theorems (Theorem 12.4 in particular), will allow
us to do the following. Starting from an arbitrary M, we will be able to recursively
simplify the way G acts on it, until M becomes induced, i.e. possesses a Z/dZ-basis
which is permuted by G. Of course, this is done at the expense of considerably
increasing the rank of M as a Z/dZ-module. An elementary input from Milnor
K-theory (namely, the existence of the norm, and its compatibility with the norm-
residue homomorphism) then allows us to assume that G acts trivially on M. Note
that we can in fact control the evolution of the rank of M (cf. Theorem 14.2),
using the Theorem of Rosset and Tate in Milnor K-theory.



1.2. SECOND IDEA. How can we prove that a cohomology class, in Galois coho-
mology, vanishes? To the authors’ knowledge, the only systematic way to do so
is by invoking, somewhere, Hilbert’s Theorem 90. It is indeed folklore that, in
cohomological statements involving Galois cohomology of an arbitrary field, with
values in (twists of) roots of unity, Hilbert’s Theorem 90 plays an essential role.
This paper can in fact be viewed as a machinery, drawing information on the Ga-
lois theory of a field F', by applying Hilbert’s Theorem 90 to a -huge- amount of
its finite field extensions. Let us be more precise.

Working with finite coefficients, this Theorem asserts that the canonical surjection

r—z?

Hps+1 — [Hps
induces a surjective map
HY(E, pips+1) — HY (B, pps),

for every (finite separable) field extension E/F. We interpret this, in the spirit
of the classical definition of a formally smooth morphism in algebraic geometry,
as a smoothness property of the roots of unity, which we systematically study.
Through our Lifting Theorems, we eventually prove the Smoothness Theorem
(Theorem 13.8). it essentially states that all maps

are also surjective, and that this (almost) formally follows from the n = 1 case,
using the Third Idea below.

1.3. THIRD IDEA. The theory of Witt vectors associates, to every perfect field
k of characteristic p, a ring W (k), whose basic properties we shall recall in the
next section. We develop here the theory of divided powers over Witt vectors,
whose purpose is, somehow, to ’categorify’ Witt’s construction. In other words, we
associate to every k-vector space V, the divided power W (k)-modules I‘{,V(k)(V).
This is done in such a way that, in dimension one, we recover the construction
given by the Teichmiiller section

Tk — W(k)*.

In the recent preprint [K], a related construction is introduced. Note that Kaledin’s
construction, which does not use divided powers, commutes with Pontryagin du-
ality, whereas the formation of divided powers over Witt vectors does not. As a
matter of fact, we shall use the Pontryagin dual counterpart of divided powers
over Witt vectors, which we call Omega powers. We develop a Kummer-like the-
ory, for Omega powers of arbitrary (Galois) representations over a finite field. We
introduce the Transfer, of crucial importance. It is a slightly refined version of
the Steenrod algebra. Combining this with classical techniques from group coho-
mology (dimension shifting, restriction, corestriction, cup-product and Shapiro’s
Lemma), we are able to prove very general Lifting Theorems for the cohomology
of smooth profinite groups (e.g. Theorem 12.4).

The paper is organized as follows. We first recall some classical facts about
profinite groups, representation theory, cohomology, and Yoneda extensions. We
define the categories M(W(k),G) and M(k,G), in which we shall be working
later on. We then explain, in section 4, 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. In



section 5, we recall (mostly well-known) facts about divided powers. We mainly
concentrate on the case of modules over Witt vectors. Along the way, we give a
simple presentation of truncated Witt vectors, as a quotient of a divided power
module over Z (cf. Proposition 5.21). In section 6, we introduce the Frobenius
and Verschiebung operators, for divided powers. In section 7, we introduce
Omega powers, which are Pontryagin dual to divided powers, and which are
much better behaved for applications to (Galois) cohomology. In section 8, we
define the transfer, a fundamental gadget for Omega powers, enabling us to
prove some Theorems by induction on the dimension of the (k, G)-modules under
consideration (for & finite). In section 9, we introduce the notions of n-surjectivity
and of n-smoothness for profinite groups. We give, as a fundamental example
for 1-smoothness, that of an absolute Galois group. Section 10 sheds light on
the importance of Hilbert’s Theorem 90 in our approach. In Proposition 10.4,
we give a general formulation of this Theorem, probably well-known to some
algebraists. In section 11, we first emphasize the canonical (equivariant) aspect
of all the constructions done before. We then focus on a Lifting Proposition,
for the cohomology of smooth profinite groups. The proof is quite technical and
proceeds by induction from the one-dimensional case, using the transfer and
Shapiro’s Lemma. It is the key tool to proving the Lifting Theorems of the next
sections, culminating with Theorem 12.4, and with the Smoothness Theorem
(Theorem 13.8). We conclude by the applications we promised: a new proof of the
surjectivity of the norm-residue homomorphism, a bound on the symbol length
of central simple algebras, and a Lifting Theorem for mod p Galois representations.

This paper contains numerous remarks and exercises, which goal 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 finite
field k in our Lifting Theorems, the case k = I, is the essential one.

2. NOTATION AND BASIC FACTS.

Throughout this paper, p is a prime number. 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 T,,(M) the n-
torsion of M. Let A be aring. If X is a finite set, we shall denote by A[X] the free
A-module with basis indexed by X. For x € X, the basis vector corresponding to
x will be denoted by [z]. If M is an A-module, we denote by

M* = Hom(M, A)
the A-dual of M. We denote by
Sym 4(M) = €D Symy (M)
i=0
the symmetric algebra of M. We denote by

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

the exterior algebra of M.
If M is locally free of finite rank (as an A-module), we denote by

A4 (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 ®4 B,
for every commutative A-algebra B.

Let k be a field. Let V' be finite-dimensional k-vector space. We denote by P(V)
the projective space of V', consisting of lines d 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.
A simple (and perhaps new) formula, presenting W, ;1(k) as a quotient of the
p"-th divided power of the Z-module k, shall be given later on.
We shall put

K :=Frac(W(k)).
For any W (k)-module M, we put
MY := Homwy ) (M, K/W (k)).
The Frobenius morphism
k— k,
x — P
lifts to a ring homomorphism
Frob : W(k) — W (k).
For any W (k)-module V, and any integer i > 0, we put
VO =V @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 usual cohomology groups, as defined 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 (nontrivial) open subgroup G’ C G.
If G’ C G is a (nontrivial) open subgroup, of index n in G, then Cor o Res equals
multiplication by n.

Remark 2.1. In most of the proofs of the main Theorems of this paper, involving a
profinite group G, we shall often reduce to the case where G is pro-p-group, using
the ’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.

3. CATEGORIES OF REPRESENTATIONS AND YONEDA EXTENSIONS

Let G be a profinite group. Let k be a finite field, of characteristic p.

DEFINITION 3.1. A (W(k), G)-module is W (k)-module M, which is finite as a
set, 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 3.2. Let Fy.,/F be a separable closure of a field F, of characteristic not
p. Then a (k, Gal(Fs.,/F'))-module is nothing but a Galois representation over
the field k.

Remark 3.3. 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 3.4. 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

® = Ow(k)-
They are, moreover, equipped with a perfect duality
M MY = Homyy () (M, K/W (k)).
Let n > 1 be an integer. Let A, B € M(W(k),G). As in any Abelian category,

we have the notion of Yoneda n-extension of A by B, which we now briefly recall.
As usual, YExt?W(k,)’G) (A, B) is defined to be Hom(A, B).

A n-extension of A by B is an exact sequence (in M(W(k),G))
E:0—B—A —...— A, — A—0.

One can add two n-extensions of A by B using the Baer sum, the trivial extension
being the direct sum

0—B—B®A—A—0

if n = 1, or the n-extension

0—>B£>B—>O—>...—>O—>A£>A—>O
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otherwise. The Baer sum of two n-extensions £; and &; (of A by B) will be denoted
simply by & + . A morphism & — & between two n-extensions of A by B is
a morphism of complexes, which is the identity on A and B. The n-extensions of
A by B thus form an additive category YExt (v 1) ¢ (4, B).

Moreover, a morphism f : B — B’ (resp. g : A — A) induces a push forward
functor

(resp. a pullback functor

Those functors commute, in the sense that f,g* and ¢* f, are canonically isomor-
phic.

Let us say that two n-extensions £ and &, are elementary linked if there exists a
morphism & — & or & — &1. Now, say that £ and £ are equivalent if there
exists extensions £ = &, &y, ..., & = &', such that &; is elementary linked to &1
for each 7. This is an equivalence relation, compatible with the Yoneda sum.

DEFINITION 3.5. We denote by YExt(\w 1) o) (A4, B) the Abelian group of equiva-
lence classes of Yoneda n-extensions, in the category YEXxt{w ) o) (4, B).

Note that the exact functor M — MY induces a canonical isomorphism
YEXt?W(k‘),G) (B, A) ;) YEXt?W(k),G) (A\/’ BV)

DEFINITION 3.6. Similary, we define YExt(}, o\(A, B) and YExt(}, (A, B), for

A, B € M(k,G), by working in the smaller category M(k,G).

Note that k-linear duality induces a canonical isomorphism

LEMMA 3.7. Let A, B be two (k,G)-modules. Then, for any n > 0, there is a

canonical isomorphism

YExt?k}G) (A,B) — YExt?kyg) (k,Homg (A, B)).

Proof. Clearly, we have a canonical isomorphism
A* ® B -~ Homy(A, B).
Applying the functor A* ® . yields a functor
@ YExt(, (A, B) — YExt(} y(4" ® A, A" ® B),
€:0—B—A —...— A4, —A—0)
H(A"RED0—A"®B—A"®A; — ... 52 A"®A, — AT®A—0).
But the G-equivariant map
U:k— A" ®A=Endy(A),

A= Ald

gives a pullback functor
U YExt(), oy (A" ® A, A" ® B) — YExt(j, ¢)(k, Homy (4, B)).
The composite
V"0 ®: YExt( (A, B) — YExt(} ¢ (k, Homy (A, B))



gives, by passing to isomorphism classes of objects, a group homomorphism
which is easily seen to be an isomorphism.
|

PROPOSITION 3.8. Let V be a (k,G)-module. Then, for any n > 0, there is a
canonical isomorphism

Proof. Let us first deal with the case where G is finite.
The group H"(G,V) is the n-th derived functor of the functor

Vs VE =Hom, ¢ (k, V).

Thus, it is nothing but the usual Ext group Ext(} ¢(k, V'), computed using injec-
tive resolutions. But, for any Abelian category with enough injectives, the derived
Ext’s coincide with the Yoneda YExt’s ([Ve], Ch. III, Par. 3).

The case G arbitrary readily follows from a classical limit argument, over the finite
quotients of G. O

4. ON INDUCTION FROM SUBGROUPS, AND SHAPIRO’S LEMMA.

We now make some essential remarks, with which the reader shall tacitly be
assumed to be familiar in the sequel.

DEFINITION 4.1. Let G be a profinite group. Let X be a finite G-set. A discrete
G-module over X is the data of

M= (Mxv¢g,z)a
consisting of an Abelian group M., for each x € X, and of additive maps
¢g,z : Mz — Mg:m

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

G — |_| Mg,
geG
g ¢g,r(m)a

is continuous (=locally constant).
ii) For all x € X, we have

Qe = 1d.
(iii) For all x € X and g,h € G, we have
(bg,hz o ¢h,w = ¢gh,a:~

Remark 4.2. In the particular case of a one-element set, it is clear that a discrete
G-module over {x} is just a discrete G-module.
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Remark 4.3. Discrete G-modules over X form an Abelian category in the obvious
way. More precisely, a morphism

M = (Mwa(bg,w) — M = (Malga(é/ )

g9,x
is the data of additive maps
fo: My — M.,
one for each x € X, such that

¢/g,z o fz = fgx © ¢g,za
for all x € X and all g € G.

If M = (M,,¢4,) is a discrete G-module over X, we can form the direct sum
N(M) := @ M,;
reX
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 = (Mma¢g,z) — Mmoa

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(xo).
It is not hard to see that this functor is an equivalence of categories. The proof is
left to the reader as an exercise.

Remark 4.4. 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,

zeX

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 ®z1) Z[G],
or by

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

PROPOSITION 4.5. Put
X =G/H,
for H C G a nontrivial open subgroup. Denote by o € X the neutral class.

Let M = (M, ¢4.2) be a discrete G-module over X. Then My, is canonically a
discrete H-module, and Shapiro’s lemma yields canonical isomorphisms

H(G, @ M,) = H"(H, M,,),
reX
for each n > 0.
Remark 4.6. 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, @ M,) = @ H™(Gi, M.,),
zeX i=1

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

the stabilizer of x;.

The preceding Remark shall be used constantly in proofs later on, without further
notice.

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 =P(V);

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

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

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

H™(G,N(M)) = H"(G, @ V/L) ;éH”(Gi,V/Li),
LeP(V) i=1

like we just discussed in the Remark above. This fundamental fact will mostly be
used in the proof of Proposition 11.6, where, using the transfer, it allows us to
proceed by induction on the dimension of the (k, G)-modules under consideration.

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.
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DEFINITION 5.1. Let V' be an A-module.

We denote by T'a(V) (or simply by T'(V) if the dependence in A is clear) the
graded divided power algebra of V', defined as follows. It is generated by degree i
symbols [v];, for each i € N and each v € V', with relations:

P)llo=1,
ii)[v + vl = g [v]i[v]n i,
1)), = A 0],

iv) [U]n[v}m = (n«;m) [U}n—&-m-

We define T™ (V') to be the homogeneous component of degree n of T'(V). We put
LT (V) = ®p>1I"(V); it is an ideal of T(V).
Remarks 5.2. As it is well-known, the symbol [v],, plays the rdle of v™/nl.
For each positive integer 4, the ideal Tt (V) is moreover equipped with an operator
v TH(V) — TH(V),

a — vi(a),
playing the role of a — a/i!, which endows (I'(V),T'(V)*") with the structure of
an A-algebra with divided powers. We shall not use this operator.

Remark 5.3. Equality iv), applied several times, yields the formula
AL +...4+n,
ool = ("1 st

where

ni+...+n\  (nit..+ng)!
Ny, Ny nil...n,!
is the usual multinomial coefficient.

PROPOSITION 5.4. Let M, N be A-modules. We have a canonical isomorphism
(M & N) ~ & (I* (M) @4 T ().
Remark 5.5. The previous Proposition says that divided power functors are strictly

polynomial, in the sense of [FFSS].

PROPOSITION 5.6. Let M be an A-module, and let B/A be a commutative A-
algebra. We have a canonical isomorphism of graded rings

FA(M)®B ZFB(M®A B).

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

DEFINITION 5.7. 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 5.8. 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).
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Remark 5.9. One can show that a degree 0 (resp. degree 1) polynomial law is
obtained from a constant (resp. A-linear) map M — N.

Remark 5.10. 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 5.11. If M and N are locally free A-modules of finite rank, then a poly-
nomial law from M to N is nothing but a morphism of affine A-schemes

AA(M) — AA(N)

In this paper, we shall mainly be interested in polynomial laws between vector
spaces over a finite field k, and shall thus view them as morphisms between affine
spaces, defined over k.

PROPOSITION 5.12. Let V., W be A-modules. Then Hom(T"™(V), W) is canoni-
cally isomorphic to the group of polynomial laws from V to W, which are homo-
geneous of degree n.

For V an A-module, the association
V — (VO
v o,

is obviously a polynomial law, which is homogeneous of degree n. It thus induces
an A-linear morphism

Fo (V) : T%(V) — (VE™)Sn,
PROPOSITION 5.13. If V is locally free of finite rank, the morphism F, (V) above

is an isomorphism.

Remark 5.14. If V is locally free of finite rank, the A-dual of (V®")S» is nothing
but the symmetric power Sym’y (V*). Thus, the formation of divided powers, for
finite locally free modules, is dual to that of symmetric powers.

Among polynomial laws, there are fundamental ones: those, roughly speaking,
given by Teichmiiller representatives in truncated Witt vectors. Let us be more
precise.

LEMMA 5.15. The map
A— A/p"t™A,
z 2P,
factors through the quotient A — A/p™A. Since this hold functorially for any
commutative ring A, we get this way a polynomial law of Z-modules

L/p"L — Ly,

"
z— aP .
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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)F =P

modulo p™*! A, whence the claim.

We now concentrate on the characteristic p case.

LEMMA 5.16. Let
n=a +...+a
be a decomposition of the positive integer n into a sum of r nonnegative integers,

such that there are no carryovers in the base-p addition of ay,as,...,a,.
Then (, " ) is prime-to-p.

al,...,a

Proof. It is easy to reduce to the case r = 2, using the formula

( ; ) ( . ><a1+a2>
ai,...,0r ay +as,as,...,a0, ay,as

We then use the following well-known fact: if ¢ and b are positive integers, then
vp((‘fl"’bb)) equals the number of carryovers in the base-p addition of a and b.

|
Remark 5.17. In particular, the hypothesis of the preceding Lemma is satisfied
if all a;’s are powers of p, such that each power of p occurs at most p — 1 times
among them.

LEMMA 5.18. Let V be an A-module, such that pV = 0, and let n be a positive
integer. Then T%(V) is of p*»(™M+1_torsion.
Proof. Note first the following obvious fact. Let

n=a +...+a

be a decomposition of n into a sum of » 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;]q, € T'% (V).
In view of Lemma 5.16, of Remark 5.17 and of Remark 5.3, considering the base-p
expansion of n, we may thus assume that n = p™ is a power of p. We have

pm
(p’"—l, s 719’”—1) [Wlpm = [Vl

and it is easy to see that the multinomial coefficient (
equal to one, hence

pm_léimpm_l) has p-valuation
plv]pm = N(m) [U]Z'm,—ly
with N(m) prime-to-p (in fact congruent to —1 mod p). Since the symbols [v];

depend linearly on V', they are of p-torsion, and the preceding formula readily
implies the result, by induction on m. O
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Remark 5.19. The preceding Lemma is crucial. It outlines a fundamental dif-
ference between divided powers and symmetric powers. Indeed, let V' be an A-
module. If it is of p-torsion, then so will be the symmetric powers Sym’; (V),
whereas the divided powers I'"} (V) will in general not be. For instance, we have

I%(Z/pZ) = Z/p*L.

We will now study this phenomenon in more detail.

From now on, k is a perfect field of characteristic p. We shall denote by
Tk — W(k)
the Teichmiiller representative (we set 7(0) = 0). Recall that the map
Tiex + k™ — W (k)™
is the unique multiplicative section of the quotient map
W(k)* — k*.
Recall that K denotes the field of fractions of W (k). Note that the functor
M — MY = Homwy ) (M, K/W (k))

yields an equivalence between the category of torsion W (k)-modules of finite type
and its opposite category. This fact is nothing but a slight generalization of a
usual statement when £k = F,,.

Let n be a positive integer. Take A to be W1 (k), the truncated Witt vectors of
size n + 1. By Lemma 5.15, the formula

k= AfpA — A/p"™ A = W, (k),

x> 2P,
defines a (multiplicative) polynomial law over Z, homogeneous of degree p™. It
thus induces a group homomorphism
T, :TY (k) — Wi (k).

It is easy to see that T/, ([z],n) € W,,11(k) is the Teichmiiller representative 7(2?" ).
Since the Teichmiiller representatives generate W,, 11 (k) additively, the map T, is
surjective. But obviously, the polynomial law

F= AfpA — A/p"A = Wi (B),
z e 2P,

might as well be considered as a polynomial law over W (k), hence as a W (k)-linear

homomorphism
T, : I‘%v(k)(k) — W, 11(k).

LEMMA 5.20. The map T, is an isomorphism.

Proof. It is clearly surjective. But F’\’;(k)(k) is generated by [1],», as a W (k)-
module, and is killed by p"*!, by Lemma 5.18. It is thus a W, (k)-module,
generated by one element. The claim follows. O

Thus, the map T, factors as

n n T/"/
T4 T8 (k) — Ty (k) 2 W (k).
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It is then easy to infer a description of the kernel of 7)), which in turn provides a
rather simple, seemingly new, functorial description of W (k). It will not be used
in the sequel.

PROPOSITION 5.21. Denote by T the homogeneous ideal of T'z(k) generated by
expressions of the form
[@]pstr [Ylpe — (27 ylps[pr+e,

withx,y € k andr,s > 1. Then the kernel of T}, is T,n, the homogenous component
of degree p™ of I.

Proof. First of all, let us check that Z,» C Ker(Z},). To do so, it is enough to
check that we have [z],r+s[ylps = [2P ylps[L]r+- in T'wxy (k). This is obvious:

both sides equal T(xpwsyps)[l}ps [1],7+=. The rest of the proof is left as an exercise
for the reader. g

From now on, if V' is a k-vector space (regarded as a W (k)-module of p-torsion),
we shall put

()= F@V(k)(V)
and
Sym" (V') = Symyy () (V) = Symy (V).

Note that I'" is a functor, from the category of k-vector spaces to that of W (k)-
modules. It is, of course, not additive if n > 2.

Remark 5.22. Note that the preceding discussion shows that T?" (k), as a W (k)-
module, is generated by [1],» and is canonically isomorphic to W, (k). We are
now going to make this statement more canonical.

If L is a one-dimensional k-vector space, seen as a W (k)-module, then we put
W, 41(L) = TP (L);

it is is a free W, 11 (k)-module of rank one, whose construction is functorial in L.

It comes equipped with a Teichmiiller-like map (which is in fact a polynomial law)

Tn: L — W, 1(L),

v [U]pn.
Note that, if L = k, then W,,11(L) = W, 41(k), and T),(z) = 7(zP"), as noted
before.

LEMMA 5.23. Let L be a one-dimensional k-vector space. Let n = p™m be a positive
integer, with m prime to p. Then the formula

L — W, (L®™),

v [U®m}p7‘,

defines a polynomial law, which is homogeneous, of degree n. The induced W (k)-
linear map

¢ :T"(L) — W, 1(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 = k. By lemma 5.18, the W (k)-module I'"(k), which is
obviously generated by [1],,, is of p"+!-torsion, hence a W, 1 (k)-module generated
by one element. The map ¢ is obviously surjective, with target a free W11 (k)-
module. It is thus an isomorphism.

O

LEMMA 5.24. Let V' be a k-vector space. For any positive integer n, and any
nonzero v € V, the symbol

[v]n € T(V)
has order pvr(M+L,

vp(n)+1.

Proof. By Lemma 5.18, the symbol in question has order < p Now, pick

a k-linear form
f:V—k,
sending v to 1. By functoriality, it induces a W (k)-linear map
F:T™(V)—T"(k),

mapping [v],, to [1],. By Lemma 5.23, and by the fact that 1 € W,1(k) has
order p"t1, we know that [1],, has order pU»(™*1. The claim follows. O

LEMMA 5.25. 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. By a straightforward induction on the dimension d > 2 of V, it is enough
to show that the natural map

P rHE)/p—TV)/p,
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.

]

LEMMA 5.26. Let V' be a k-vector space. Letn be a positive integer, lesser or equal
to the cardinality of k. Then the symbols [v],, for v € V, generate T"(V) (as a
W (k)-module).
Proof. Consider the filtration

(V) 2 pI'"™(V) 2 p’T™(V) O ... D {0},
and apply induction using Lemma 5.25 to get the result.
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We conclude this section by a concrete description of the divided power modules
of a k-vector space, using a basis.

PROPOSITION 5.27. Let V' be a k-vector space, with basis eq,...,eq. Let n > 0 be
an integer. Then there exists an isomorphism

d
B (@rek) =),
ai+...+ag=n i=1

Mo, ® ... @ [1a, — le1]ay - - - [€d)ays

and the (additive) order of [e1]a, - - - [€d)a, is p™P(p(@i))+1,

The p'-torsion in T (V) is then identified with the the subgroup generated by ele-
ments of the shape
P'letay - - edlags

where min(v,(a;)) —r +1 < t.

Proof. The first statement follows from Proposition 5.4 and Lemma 5.23. The
determination of the order of [e1]a, ... [ed]q, follows directly from Lemma 5.23.
The assertion concerning the torsion is then obvious. O

5.2. AN ALTERNATE DESCRIPTION OF I'?(V). Here k = F,. Assume that V =
M ®zF,, for M a free Z-module of finite rank. One readily checks that the map

C: M x M — Symj(M),

(249 — a7~y
(2,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 QQ, where it is obvious: c is then a trivial

cocycle by definition! Reducing mod p, we obtain a symmetric cocycle

c:VxV — Sym(V),

in fact given by
p—1

—1)¢1 . .
o =5 U

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).

6. THE FROBENIUS AND THE VERSCHIEBUNG.
Recall that & is a perfect field of characteristic p.
Let A be a commutative ring of characteristic p. Denote by
Fa:A— A7
x +— xP,
the Frobenius endomorphism of A. For any A-module M, put
MY = M@, A,
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where the tensor product is taken with respect to F)y. 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 (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. It can be viewed as a morphism of affine k-spaces

Ap(V) — A (VD).

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. They are, needless to say, tools of utmost importance in this paper.

PROPOSITION 6.1. Let V' be a finite-dimensional k-vector space and let n > 1 be
an integer.

Then the formula
V — 1V,
v [vM],,
is a polynomial law of degree np, thus defining a W (k)-linear map
Frob : T"P(V) — I™(VW),
the Frobenius homomorphism (for divided powers).
The polynomial law
V —T"P(V),
v = plv]pn
canonically factors through the Frobenius law V. — V. The resulting polyno-
mial law
v - e(y)
is homogeneous of degree n, yielding a W (k)-linear map
Ver : I"(VY) — T7(V),

[U(l)]n — plvlpn,
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() then becomes the law

k — k7,

(X1,...,Xq) — (X7, XD).
On the other hand, The polynomial law (of W (k)-modules)
V —T"(V),
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v = plvlpn
then becomes the law
k— TP (k)
(Xl, - ,Xd) — p[Xlel + ...+ Xded]pn
= Z X Xplet)ay - - - [€dlag

ai+...+aq=pn

= Z X0 X plet]pay - - - [€d]pag,

ai+...+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;]4, for a not
divisible by p, are of additive order p, hence all terms ple1]q, - - - [€d]a, vanish, as
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 6.2. Let V' be a k-vector space. Let aq,...,aq,n be nonnegative integers,
satistying a1 + ...+ aqg =np. Forvy,...,vqg € V, the Frobenius

Frob : I"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([v1la, - - - [valay) = 0], - [0 ]p-
Dually, the Verschiebung

Ver : T"(VH) — TP (V)
satisfies

Ver([vV]a, ... [05")as) = Plvrlpas - - - [Valpay-

Proof. We work in the polynomial ring W (k)[X7, ... Xg4]. The relation
Frob([X101 + . . . + Xavalmp) = [XP0V) + ...+ X2(w{)],
holds by definition. But
[Xiv1 4+ ...+ XqVd]np = B+ 4ag=np( X7 . X7 [V1]ay - - - [Vd]ag)
and
) + 4 X0 = S (XE Xy (0] ),

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 6.3. For any s > 1, the kernel of
Frob® : I™"" (V) — (V)
coincides with the p*-torsion of T™" (V).

Proof. This immediately follows from the description, given in Proposition 5.27,
of the torsion in T"?"(V), and from Lemma 6.2. O
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PROPOSITION 6.4. Let V' be a k-vector space. Let n,s > 1 be integers. Then the
Frobenius

Frob® : I"P" (V) — I™(V®),
[W]nps — [U(S)]n
1s surjective. We have an exact sequence

Frob®
—

0 — Tpe (T (V) — TP (V) rve)) —o.

The Verschiebung
Ver® : T"(V®)) — T (V),
[0 — °[Wlnpe
is injective. We have an exact sequence

0 — TV Y5 19" (1) — T (V) /p* — 0.

Proof. We may assume that V is finite dimensional, with basis e;,...,e4s. The
surjectivity of Frob® directly follows from the description given in Lemma 6.2.
That its kernel is the p°-torsion is the content of Corollary 6.3. By Lemma 6.2,
it is clear that the image of Ver® is p*T"™" (V). It follows from the same Lemma,
combined with Proposition 5.27, that Ver® is injective.

O

7. OMEGA POWERS AND THE KUMMER-WITT EXACT SEQUENCE.

Recall that, for every k-vector space V', we have canonical isomorphisms

TL(V) = (V)% = 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

[v]p = 0,

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, it can be shown that the functor I'? = F’\”,V(k)
does commute with duality, in the sense that I'"(V*) and I'?(V')¥ are canonically
isomorphic. This phenomenon does unfortunately not extend to higher divided
powers: the functors I'", in general, do not commute with duality. In the spirit
of the classical duality between (split) groups of multiplicative type and Abelian
groups of finite type, we are thus led to introduce new functors which are Pon-
tryagin dual to divided powers. We then define the first and second Kummer-Witt
exact sequence, which generalize the usual sequences

S1(A):0 —pA—A— A/p—0,

and
S2(A): 0 — T,(A) — A —pA — 0,
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for A a torsion W (k)-module of finite type.. Note that S3(A) is Pontryagin dual
to S1(AY); in other words, we have a commutative diagram

S1(AY): 0 p(AY) AV AV Jp ——>0
| |
A

S2(A)Y: 0 (pA)Y (Tp(A))Y —=0,

and simiarly by replacing p by ¢, where ¢ is a power of p. In the sequel, we shall
tacitly identify AY/q and T;(A)Y.

DEFINITION 7.1. Let V be a finite-dimensional k-vector space. Let n > 0 be an
integer. We put

Qw (V) = P%;(k)(V*)v'
We call Q%V(k)(V) the n-th Omega power of V', and denote it simply by Q™(V), if
the dependence in k is clear. The Frobenius map
Frob : TP (V*) — " (V)
induces, by Pontryagin duality, a W (k)-linear map
Q") — Qm(V),

which we denote by Ver, the Verschiebung for (Omega powers). The Verschiebung
map

Ver : T?" (V)M — 77" (V%)
induces, by duality, a W (k)-linear map
QU (V) — ()W,
which we denote by Frob, the Frobenius (for Omega powers).
Remark 7.2. The n-th Omega power
Vi QYY)

is a covariant functor from the category of k-vector spaces to that of W(k)-
modules.

FEzxercise 7.3. Show that we have Frob o Ver = p and Ver o Frob = p, for divided
powers and for Omega powers. This relation will not be used in this paper.

Remark 7.4. Note that the Pontryagin duality A — AV, from the category of
torsion W (k)-modules of finite type to itself, does not a priori commute with the
tensor product ® = @w ). Thus, the functors Q" are not strictly polynomial in
general.

DEFINITION 7.5. Let V' be a k-vector space. Let r,s > 0 be integers. The exact
sequence

0 — Tpe (P (V) — TP (V) — po1? " (1) T2 1 () 0
(cf. Proposition 6.4) gives by duality an exact sequence

Ver?®
~

0 — (V) " p Qs (V) — (V) — (V) /p* — 0.

It is called the first Kummer-Witt sequence (for V., r and s). It is denoted by
KW1(V,r,s).
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Similarly, the exact sequence

Ver?®
~

0— TP (VN2 pTe™ (V) TP (V) — T (V) pt — 0

gives by duality an exact sequence

Frob®

0 — Tps (U F(V)) — Q" F5(V) — p*Q 5 (V) Q" (VE) —0

It is called the second Kummer-Witt sequence (for V., r and s). It is denoted by
KW (V,r,s).
The next Proposition gives, in a particular case, a concrete interpretation of the

Verschiebung.

PROPOSITION 7.6. Let V' be a k-vector space. Let s > 0 be an integer. Then, we
have a canonical injection

Jv  Sym?” (V) — Q°(V),
identifying Sym? (V) with T,(Q°(V)). Define a k-linear map
iy : V) — SymP (V)
by the formula
iv(z) = 2P .
Then the composite
Ve W sym?” (V) 2% (V)
equals Ver®.
Proof. Let us prove the first claim. By Proposition 5.13, we have a canonical
(k-linear) isomorphism
PPV p =T (V) = (V7))
[Blps — 627
The arrow jy is then given by applying Pontryagin duality to the composite
PP (VF) — TP (V) [p = ((V*)#P7) e,

using Remark 5.14.

We now prove the second claim. The dual of 7y is obviously the arrow
PRV /p=TE (V) — v,

[QS]I)S = ¢(S)a

which is the reduction mod p of the Frobenius
Frob® : TP (V*) — V*(),

The claim follows, by definition of the Verschiebung for Omega powers. ]
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7.1. DIVIDED POWERS VERSUS OMEGA POWERS. In this subsection, we investi-
gate the difference between divided powers and Omega powers. When needed, we
shall identify W, (k) = W (k)/p"W (k) with the submodule

1
(EW(’C))/W(IC) C K/W (k).
DEFINITION 7.7. Let V' be a k-vector space, of finite dimension d > 1. Let n > 1
be an integer. For any ¢ € V*, the formula

V — TP (k) = W11 (k)
v [P(v)]pn
defines a polynomial law, which is homogeneous, of degree p™. Hence a morphism
5(¢) : T (V) — Wosa(k) C K/W(k),
[W]pn > [6(0)]pn-
The association
§:V*— (TP (V)Y
is itself a polynomial law, homogeneous of degree p™, inducing a W (k)-linear mor-
phism
A:TP (V) — (TP (V).

Remark 7.8. The morphism A can of course be viewed as a pairing

n S 1
A TP (V) x TP (V) — W, (k) ~ WW(k)/W(k) Cc K/W (k).
We will denote A’(x,y) simply by < z,y >.
LEMMA 7.9. Choose a basis e1,...,eq of V, with dual basis e7,...,e). We then

have a commutative diagram
P (V) x TP (V™) )
ll
d  a, d -
@a1+...+ad:pn (&g T (kei)) x @b1+...+bd:p" (®j:1 b (kej)) — K/W(k)

where the wvertical map on the left is the product of the isomorphism given by
Lemma 5.27, and the lower horizontal map is the pairing given by

(et ol e = (2 )

a1, az,..

K/W(k

)

if a; = b; for all i, or by

([er)as - - [€a)ay, [€1]b, - - [ealoy) = O

otherwise.

Proof. We work over the polynomial ring W,,1(k)[X;,Y;, i = 1...d]. By defini-
tion,
< [Xier + .o+ Xaedlpn, [Yie] + o+ Yaehlpn >= (X1¥1 + ...+ XgYa)?".

Developping the lefthand side, we get that the coefficient of X7 ... ngYlbl . ded
is < le1]a; - - [€d)ag: [€1]by - - - [€5]p, >, Whenever a; and b; are positive integers such
that a1 + ... +aq = by + ... + bg = p". Developping the righthand side, and
identifying the coefficients, yields the result.

O
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LEMMA 7.10. Choose a basis eq,...,eq of V. For every decomposition ay + ...+
aqg = p"™ of p" into a sum of nonnegative integers, put
pn
N(ai,...,aq) = max(0,n+ 1 — vp(<a17a27”.7ad>)).
Then the kernel of
ATP (V) — (TP (V)Y
is generated by the elements

pN(al""’ad)[el]al e [ed]agu

where a1 + ...+ aqg = p" runs through all decompositions of p™ into a sum of
nonnegative integers.

Proof. Obvious from Lemma 7.9. O

PROPOSITION 7.11. Let V' be a finite-dimensional k-vector space. If n < 1, or if
n is arbitrary and V has dimension less than or equal to two, the arrow
A:TP (V) — QY(V) = (TP (V)Y

s an isomorphism.
Proof. Since the source and the target of A are finite W (k)-modules of the same

length, it suffices to show injectivity. The case n = 0 is obvious. Assume that
n = 1. We use Lemma 7.10. Take a decomposition a; + ...+ aq = p. Assume that

none of the a;’s equals p. Then [e1]q, - .- [€d]a, has order p, and N(ay,...,aq) =
2 — 1 =1, hence pN(@1:9a)[e1],. ... [eqla, = 0. If, on the other hand, one of the
a;s equals p (hence all other a;’s are zero), then [e1]q, - .. [ed]q, = [€i]p has order

p?, and N(ai,...,aq) =2 — 0= 2. Thus pN (@) [ei], ... [eqla, = 0, as well.
Assume now that d = 2. Then,

n

p

N(ai,a2) =n+1 —vp((al o

) = 1 min(oy ). vy (02)
is the base p logarithm of the order of [e1]q, [€2]a,, and the claim becomes obvious.

O

It will become clear in the sequel that Omega powers are far better behaved than
divided powers, for applications to (Galois) cohomology.

Exercise 7.12. Show that A is, in general, not an isomorphism.

8. THE TRANSFER.

In this section, we build an essential gadget for Omega powers over a finite field,
the transfer. The authors believe that it is very close to Steenrod operations in
algebra.

Let ¢ = p” be a power of p, and let V' be a k-vector space. In what follows, we
shall play with the Frobenius -law-

Frob” : Ap(V) — Ay (V™)
vis o =0 @ 1.

Up to the choice of a basis, it is given by raising all coordinates to the g-th power.
Note that the existence of this law does not rely on the fact that k is a field: it
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exists for any commutative ring of characteristic p, and any k-module V.
Now, assume that k is finite, of cardinality ¢ = p”. Then the Frobenius -map-
Frob” : V — V(")

(given by the Frobenius law applied to k-rational points) is a k-linear isomorphism,
enabling us to canonically identify the vector spaces V and V"), which we shall
do.

DEFINITION 8.1. If k is a finite field, of cardinality q = p”, and if V is a k-vector
space, the Frobenius law
Frob” : Ap(V) — Ag(V)

shall simply be denoted by Fy (or even by F if the dependence in 'V is clear) in
the sequel.

Let H C V be a hyperplane. Let m € V* be a linear form with kernel H. The
formula
TV,ﬂ' : Ak(V) — Ak(V),
v Fv) —m(v)T 1
defines a polynomial law, homogeneous of degree q. Since A9~ = 1, for all A € kX,
it is clear that Ty, depends on H only . Moreover, we have

T(Tv(v)) = 7(F(v)) — m(v)? = w(v)? = 7(v)? =0,
hence Ty, actually takes its values in Ag(H) C Ag(V).

It is thus legitimate to state the following important Definition.

DEFINITION 8.2. Let H C V be a hyperplane. Let m € V* be a linear form with
kernel H. The formula

v F(v) —7m(v)T
defines a polynomial law, independent of the choice of m. We denote it by Ty g.
It is homogeneous, of degree q. We shall refer to it as the transfer, from V to H.

Remark 8.3. There is a fancy algebro-geometric way of seeing the transfer, as
follows. The k-variety X := Py (V*) (of hyperplanes in V') is equipped with the
tautological bundle 7, whose fiber at H is H itself.

Then, the transfer might be view as a single polynomial law of degree ¢

Ax(v ®O0x) — Ax(T),
between affine spaces associated to locally free sheaves of Ox-modules.

Remark 8.4. Note that the transfer, on k-rational points, is just the extension by
zero of the inclusion H — V to all of V. Let us make this statement more precise

LEMMA 8.5. Let V' be a finite-dimensional k-vector space. Let Hy, Hy be distinct
hyperplanes of V. Put K := H1 N Hs; it has codimension two in V. Then we have
commutative diagrams
Thy, Kk
Ap(Hz) —— Ap(K)
can can

Tv,H,

Ap(V) —— Ay(Hy)
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and
A(Hy) = Ay (H))
Tv, b,
Ap(V) —— Ap(Hy)
Proof. This is rather obvious, by definition of the transfer. O

DEFINITION 8.6. Let X C P(V*) be a subset.
We define

x  Ae(V) — A(ED H),
HeX
V= (TV,H(U)>H

to be the (finite!) sum of the transfers Ty m, for all hyperplanes H belonging to
X.

The next Proposition is a key tool in this paper.

PROPOSITION 8.7. Let W C V be a linear subspace, of codimension at least
two. Take X C P(V*) to be the set of hyperplanes containing W (that is,
X =P((V/W)")).

Then the composite
AR(V) 22 Ay (6P H) — A(V),
HeX

where the second map is given by the sum of the inclusions H — V', equals Frob’.

Proof. We argue on the level of the functor of points of the k-variety Ay (V).
Let k'/k be a commutative k-algebra. Pick v € V @y k'

Since each hyperplane in X is the kernel of ¢ — 1 linear forms vanishing on W (a
number which equals —1 modulo p), the composite under consideration sends v to

- Y (F) - ).
Te(V/W)* ,n#£0
The Proposition then follows from the fact that
Z m(v)? ! =0.
me(V/W)*
Indeed, put n = dimy(V/W) > 2. Then the sum above is of the shape
> Pla),
rckn

where P € k'[X1,...,X,] is a homogeneous polynomial, of degree ¢ — 1. It is a
classical fact (used in the proof of the Chevalley-Warning Theorem) that the only
monomials which can contribute to this sum are those of the form X{* ... X,
with all a;’s nonzero and divisible by ¢ — 1. Since n > 2, these do not occur, and
the claim is proved. O

We now define the transfer for divided powers, and for Omega powers.
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DEFINITION 8.8. Let X C P(V*) be a subset. For any integer s > 0, we set

b TV (V) — T (D H),
HeX
[Wlpes = [Tx (0)]pes

it 1s a W (k)-linear map. It is the transfer with respect to X, for divided powers.

DEFINITION 8.9. Let X C P(V) be a subset. Let s > 0 be an integer. The
Pontryagin dual of the W (k)-linear map

tx TP (V) — T (D (V/L))
LeX

is a W (k)-linear map

tx : (P v/L) — @t (V).
Lex
It is the transfer relative to X, for Omega powers.

By Pontryagin duality, proposition 8.7 immediately yields the following.

PROPOSITION 8.10. Let W C V be a linear subspace, of dimension at least two.
Put X :=P(W) C P(V). Let s > 0 be an integer. Then the composite

Q°(V) B (P v/L) 5 (V)
LeX

equals Ver”.

Remark 8.11. Informally speaking, the preceding Proposition says that Omega
powers, through the transfer, ’eat’ quotients, converting them into torsion.

Remark 8.12. The transfer
tV,L : V/L — QT(V)
takes its values in the p-torsion of Q"(V'), which is Sym? T(V) by Proposition 7.6.

For s = 0, Proposition 8.10 may then by rephrased by saying that the k-linear
map

Ver” : V — Sym? (V) € Q" (V),
TP
canonically factors through the k-linear map
V— PV/L
Lex
Ezxercise 8.13. Show that the transfer
tv,r : V/L — Sym?(V) Cc Q"(V)

is given by the formula
z a2l — 2ol

where vy, is any nonzero element of L.
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9. THE NOTIONS OF n-SURJECTIVITY AND OF n-SMOOTHNESS.

In this section, k is a finite field of cardinality ¢ = p", and G is a profinite group.

DEFINITION 9.1. A cyclotomic G-module (relative to k) is a free W (k)-module of

rank one, endowed with a continuous W (k)-linear action of G. Such a module will
often be denoted by W (k)(1).

Remark 9.2. A cyclotomic G-module is thus given by a continuous character
x:G— W(k)*,

which shall, in our theory, play the réle of the cyclotomic character in Galois
theory.
Let W (k)(1) be a cyclotomic G-module. For i a non negative integer, we put

W (k) (i) = @y W (k)(1).
For negative 4, put

W (k) (i) = Homwy ) (W (k) (—17), W(k)).

For any W (k)-module M, we put

M(i) = W(k)(i) @we M.

Remark 9.3. Let M be a (W(k), G)-module. It is clear that all twists M (i) are
(W (k), G)-modules, whereas W (k)(1) itself is not.

DEFINITION 9.4. Let k be a finite field. Let G be a profinite group. 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

fo: HY(G',M) — H™(G',N)
is surjective (resp. injective).
Remark 9.5. Let n > 0 be an integer. Let
£:0—A-"B5C—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)

H"(G',C) — H" TG, 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.
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LEMMA 9.6. 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

-/ ’

E:0—A B 50 —0

the exact sequence f.(g*(E)). If w is n-surjective, then so is 7.

Proof. Easy diagram chase, using the associated long exact sequences in coho-
mology. O

DEFINITION 9.7. Let k be a finite field. Let G be a profinite group. Let n > 0 be
an integer. Let W (k)(1) be a cyclotomic G-module. It is said to be n-smooth if,
for every integer s > 1, the quotient map

W(k)(n)/p*™ — W (k)(n)/p®

s n-surjective. A smooth cyclotomic module is one which is n-smooth, for every
n>1.

Remark 9.8. Let G be an arbitrary profinite group. Put W (k)(1) := W (k), with
trivial G-action. Then it is clear that W (k)(1) is 0-smooth.

DEFINITION 9.9. Let k be a finite field. Let G be a profinite group. Let n > 0 be
an integer. The group G is said to be n-smooth (resp. smooth), relative to k, if
there exists an n-smooth (resp. smooth) cyclotomic G-module (relative to k).

One of the main results of this paper, the Smoothness Theorem (Theorem 13.8),
states that 1-smoothness implies smoothness.

Remark 9.10. Tt follows from Remark 9.8 that every profinite group G is 0-smooth.
Note, however, that a smooth cyclotomic G-module needs not be 0-smooth. In
the following, we shall mainly investigate the notions of n-smoothness, for n > 1.

The fundamental example of 1-smoothness is given by absolute Galois groups.

PROPOSITION 9.11. Let k be an arbitrary finite field of characteristic p. Let F be
a field, of characteristic not p, and let Fse,/F be a separable closure. Put

G := Gal(Fsep/F).
Put

f = pipn (Fiep)
and
W(k)(1) := p ®z, W(k);

it is a cyclotomic G-module. It is 1-smooth.
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Proof. Since W (k) is a free Z,-module of finite rank, we are immediately reduced
to the case k = IF,,. We then have a diagram

x—a?
1 ——pp —— phpst1 —— pps ——1

|

1 I Gy, i Gy, 1,

given by classical Kummer theory. An easy diagram chase, combined with Hilbert’s
Theorem 90 for G,,, yields the result. O

We conclude this section with an amusing exercise.

Ezercise 9.12. Let G be a finite p-group, which is 1-smooth (relative, say, to F,).
Show that G is either trivial, or p = 2 and G is isomorphic to Z/2Z.

10. ABouT HILBERT’S THEOREM 90.

The authors now want to stress the importance of Hilbert’s Theorem 90. It is,
by the way, the favorite Theorem of the second author of this paper. The theory
developped here shows that this Theorem, perhaps contrary to what one could
expect, is -the- key ingredient to a ’short’ proof of the Bloch-Kato conjecture,
over a field F' of characteristic not p. Indeed, the Lifting Theorems in the next
section, in practise, are 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 over Witt vectors, the
proof of which may involve choosing a basis.

In the sequel, we shall need the following generalization of Hilbert’s Theorem
90. It is probably folklore for some algebraists. It makes 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.
Lacking a suitable reference, we include a proof.

We begin by an elementary correspondence, which is the set-theoretic version of
the equivalence between line bundles and G,,,-torsors.

LEMMA 10.1. 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

A(s,2) = (sA7 \x).
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Proof. This is clear. O

LEMMA 10.2. 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 thatt 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 10.3. 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(S)) = {x},

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

PROPOSITION 10.4. 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. Let N be an
R-module, which is finite as an A-module. Let My, My be two R-submodules of
N. PutRR = R®4 A, N =N®as A, M{ = M1 ®4 A" and M) = Ma®4 A’.
Assume there exists f' € GLr/(N') such that f'(M;) = Mj. Then there exists
f € GLR(N) such that f(M;) = Ms.

Proof.

Put
S:={f € Endg(N), f(M;) C My };

it is an A-algebra. It is a subalgebra of End4(N). Writing N as a quotient of a
free module A™, End 4(N) 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/ € EIldR/(N/),f/(M{) C M{}
is an isomorphism. The set

X :={f € GLr/(N"), f'(M}) = My}
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is endowed with a simply transitive action of the multiplicative group S’*. As
such (see Lemma 10.1), 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 10.2.

O

COROLLARY 10.5. 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. 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 10.6. 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 E/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).

We finish this section by stating a stronger corollary, which will be used in the
sequel.

COROLLARY 10.7. 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. Put R’ := R®4 A’.
Let

E:0— My — My — M3 —0
and
E:0— M] — M) — M, —0
be two short exact sequences of R-modules, where the M;’s and the Mj’ ’s are finite

as A-modules. If E @4 A" and &' @4 A’ are isomorphic, as exact sequences of
R'-modules, then £ and £ are isomorphic, as exact sequences of R-modules.

Proof. Left as an exercise for the reader. O

Remark 10.8. In all what precedes, the Noetherian assumptions may probably be
dropped. They are here to simplify the proofs.

11. THE LIFTING PROPOSITION.

In this section, k is a finite field, of cardinality ¢ = p", and G is a profinite group.
All tensor products are taken over W (k).
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The theory of divided powers (and Omega powers), equipped with the Frobenius,
Verschiebung and transfer morphisms, is perfectly canonical. Hence, divided pow-
ers and Omega powers shall, from now on, be viewed as functors from M(k,G)
to M(W (k),G). Moreover, the Frobenius, Verschiebung and transfer morphisms
are G-equivariant. Let us give an example. Let V be a (k, G)-module, of finite
dimension d > 2. Let X C P(V) be a G-invariant subset. Then the transfer

tx : (P V/L) — a (V)
LeX

is a morphism of (W(k), G)-modules. Recall that, as explained in section 4, the
source of tx is naturally a (W (k), G)-module, induced from dimension d — 1.

DEFINITION 11.1. Let
fiA—B
be a morphism of (k,G)-modules. We denote by K*(f) the kernel of the map
s (4) 9 (B,
If f is the quotient of A by a (k, G)-submodule A’, we put
K*(4, ') i= K*().
Remark 11.2. Let
ftA— B

be a surjective linear map between (k, G)-modules. Then f admits a (non canon-
ical) k-linear splitting

g: B— A.

By functoriality of Omega powers, Q°(g) is then a W (k)-linear splitting of Q*(f).
Hence, the sequence

()

0— K*(f) — 05(4) "W 5By — 0,

is not only an exact sequence of W (k)-modules, but is also split. It is, of course,

not split in general as an exact sequence of (W (k), G)-modules.
We infer that, for every r > 0, the sequence

0— K*(f)/p" — @A) " T o (B)/pr — 0

is also exact; a fact which shall constantly be used in the sequel.

Let V be a (k,G)-module, and let L C V be a G-invariant linear subspace. Then
we have an exact sequence

0— L®) — K*(V,L) — K*(V,L)/p* — 0,

fitting into the commutative diagram
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0 0 0
0 L) K*(V,L) —= K*(V,L)/p* —=0
0 V) Q(V) ———= (V) /p* —=0

Our goal here is Proposition 11.6. It is the key step towards the main Lifting
Theorems of this paper.
We start by introducing a slightly abusive notation, whose goal is to increase the
readability of the proofs.

DEFINITION 11.3. Let T be a free W (k)-module of finite rank, endowed with a
continuous W (k)-linear action of G. For every (W(k),G)-module M, we shall
put

M (%) := M @w) T,
the dependence in T being implicit. It is obviously a (W (k), G)-module.

Remark 11.4. The module 7 will only be used through the ’twisting’ (exact)
functor

it induces. Note that, although it will later often be the case, we do not assume
here that 7 has rank one over W (k).

Remark 11.5. The module T is of course not a (W(k),G)-module, unless it is
trivial. However, all finite quotients T /p® are (W (k), G)-modules.

PROPOSITION 11.6. Let T be a free W (k)-module of finite rank, endowed with a
continuous W (k)-linear action of G. Let n > 0 be an integer. Assume that, for
every integer s > 0, the quotient map

T/p"T — T/p°

is n-surjective. Let V' be a (k,G)-module. Let Ly C V be a G-invariant line.
Then, for every integer s > 0, the quotient map

K*(V, Lo)(%) — K>(V, Lo) (%) /p°

18 n-surjective.

11.1. PROOF OF PROPOSITION 11.6. It is by induction on the dimension d of
V', though the case d = 2 is dealt with separately. Note that n does not play an
important role in the proof. For instance, assuming that n = 0 does not make it
any simpler.

We may assume that G is a pro-p-group, by the usual restriction-corestriction
argument.
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11.1.1. A Reduction step. The following will be used in the sequel. It says that
making a finite field extension does not affect the conclusion of the Proposition.

LEMMA 11.7. Let k' /k be a finite field extension.
Put V' .=V @ k', Ly := Lo ®x k' and K'*(V', L) := K*(V, Lo) @w ) W(K').
If the quotient map
K"*(V', L) (x) — K"*(V', L) (%) /p°
18 n-surjective, then so is the map
K*(V, Lo)(x) — K*(V, Lo)(*)/p".

Proof. This follows rather formally from the fact that the canonical inclusion
W(k) — W(K),
as a W (k)-linear map, admits a retraction. More precisely, there exists an isomor-
phism of W (k)-modules
W(K') = W(k)® C,
with C' a free W (k)-module. The choice of such an isomorphism induces, for every
(W (k), G)-module M, a functorial G-equivariant retraction of natural injection
M —M QW (k) W(k'),
m—mae1,
whence the claim. ]

11.1.2. The one-dimensional case. If d = 1, then V = Lg is isomorphic to the
trivial one-dimensional representation k (recall that G is a pro-p-group!), and
K*(V, Lo) is thus isomorphic to W11 (k). Thus, there is nothing to prove in this
case.

11.1.3. The two-dimensional case. We now want to prove the d = 2 case, where
we know that Q°(V) is canonically isomorphic to T?" (V) (cf. Proposition 7.11).
Thus, we may replace Omega powers by divided powers.

We have a commutative diagram

0 ——= Ko VO, L) /pt e KOV, L) [p* ——= K*(V, Lo) [p—>0

00— (VW) ps=t Yo' (v) /e " (V) /p 0

s—1

00— (VL) jps=t Y P (V/Lg) Jp* ——= TP (V/Lo)/p —0
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A straightforward induction on s, using the (twist by 7 of the) top row of this
diagram, then shows that it is enough to prove that the quotient map

K*(V, Lo)(x) — K>(V, Lo)(*)/p

is n-surjective, which we now do. We first deal with the k¥ = F, case, and then
deduce the result for k arbitrary.

11.1.4. The case d = 2 and k = F,. Assume first that k = [F,. The group G,
being a pro-p-group, then acts on V' via an additive character

X:G — C C GLy(V),

where C' is a cyclic group of order p, sitting as a p-Sylow subgroup in GLg (V) ~
GL2(F,). We can assume that x is non trivial. Indeed, if the action of G on V' is
trivial, then V is isomorphic to k @ k as a (k, G)-module, and the statement is an
immediate consequence of the one-dimensional case, using the strict polynomiality
of divided powers.

Denote by k' a field with p® elements. Put
I’ .= FW(k’)a V=V ek, LE) = Lo® K.

We denote by P(V’) the G-set of one-dimensional k’-subspaces L' C V’; it has
cardinality p® + 1.
Note that any k’-vector space W' is canonically isomorphic to W’ (*) Moreover,
the Frobenius map

Frob® : I (W') — W' = W
induces a k’-linear map
Frob® : I'P"(W')/p — W,
which is an isomorphism if W’ is one-dimensional.
For a k'-rational line L' € P(V’) (not necessarily defined over k), recall that we
have the transfer (for divided powers)

tyr e e (V/) — L.
It induces a k’-linear map
F/ps (V/)/p — L/a
which we also denote by ty+ 1.

The following Lemma was the starting point of this paper.

LEMMA 11.8. The k'- linear morphism

1—\/17S (V/)/p N @ L/7
L'eB(V7)
which is the sum of the transfers for all k'-rational lines L' C V' (including L),
is an isomorphism of (k', G)-modules.

Proof. For L' € P(V’) and v € V', the transfer ¢ty 1/ sends a symbol [v],: to v
if v € L', or to zero otherwise (cf. Remark 8.4). Thus, the map of the Lemma is
surjective (a nonzero vector belongs to a unique line!). It is then bijective, since
both source and target are k’-vector spaces of dimension p* + 1 (recall that V' is
a two-dimensional k’-vector space!). O
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Note that the previous isomorphism holds over &/, and has, a priori, no canonical
analogue over k. However, by Lemma 11.7, base-changing from W (k) to W (k'),
which we now do, has no effect on what has to be proven (namely, Proposition
11.6, in the particular case of a two-dimensional (F,, G)-module V).

Any L' € P(V’), distinct from Lj,, will be a complement of L{,, whence a canonical
isomorphism

L' — V'/Ly,
which we use to identify those two k’-rational lines. The isomorphism of Lemma
11.8 then gives rise to a commutative diagram (of (W (k’), G)-modules)

N @I (L) K (V' L) —— K*(V', Ly) [p ——= N L

| | | |

(Bprpr, T (L) DT (L) — T (V) D7 (V) fp—=> (D ppr, L) DL

) | | )

%" (V! | L) =——————==T"" (V' /L)) —=T"" (V' /L}) /p —=— V' L,

where 7 is zero on I'?’ (L{), and is induced by the isomorphism L' ;> V'/ L
if L' # L, and where N is the kernel of 7 restricted to Drsry I'? (L") (and

similarly for 7 and N). Note that N = N/p. By an immediate diagram chase, it
is then enough to show that the map

N(x) DT (Ly)(x) — N(x) €D Liy(»),
which is the composite of the arrows of the top row, is n-surjective. But the map
I'7"(Ly) (+) — Ly (+)

is obviously mn-surjective, by the one-dimensional case.
Hence, it remains to show that the quotient map

N(x) — N(x) = N(+)/p

is n-surjective. But recall that we started from a two-dimension vector space V
over k = [F,, on which the pro-p-group G acts through the nontrivial additive
character x : G — C, where C' is a cyclic group of order p. The G-set P(V'),
of cardinality p® + 1, is thus the disjoint union of the orbits {L{}, and of p*~!
orbits of size p. The (W(%’), G)-module EBL,?gLé ["P"(L') is thus isomorphic to

W, 1(K)[C]P", and N fits into an exact sequence

s—1

0— N -— W 1(K[CP — W, 1(K)—0,

where the surjection is the augmentation map, sending each element of the canon-
ical permutation basis to 1. Note that everything is actually defined over Z here.
In other words, the surjection in the exact sequence above is obtained from the
surjection (augmentation)

vAlelid 70,
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by extending scalars from Z to W1 (k').
Consider the usual exact sequence

0—I—Z[C]—Z—0,

where I is the augmentation ideal of Z[C].

LEMMA 11.9. Let m > 1 be an integer. Denote by J,, the kernel of the G-
equivariant surjection

Z[C’m — Z,
sending each element of the canonical basis to 1. Then there exists a G-equivariant
isomorphism

~

ZICI™ t e I = J,,.

Proof. Consider the map
zZic™ o 1 — zZ[o)™,
(‘T17 e 7«Tm717?/) — (y + T1,T2 — 1,3 — L2y, Tm—1 — Tm—2, _',I:’m,fl)‘
It is straightforward to check that this map takes values in J,,, and induces an

isomorphism Z[C]" "' & T = J,,.
([l

Put
I =1 ®g W(/fl)

By the previous Lemma, we see that N is isomorphic to

W (M)Cr @ I fpt
By Shapiro’s Lemma, and by the one-dimensional case, the map
W (R)[CF 71 () — W (R)[CF 1 (+)/
is n-surjective.
Hence, we are reduced to showing that the map
Ly () /p*T — Iw (%) /p
is n-surjective. We will do this by showing that the sequence
0 — (ple /p* ) (%) — (Ip /") (%) — (Ier /p) (%) — 0
is obtained by pullback and pushforward from the sequence
0 — (T/p*)[C] == (T /p*H)[C] — (T/p)[C] — 0,

in which the quotient map is m-surjective by assumption on 7, using Shapiro’s
Lemma. We then use Lemma 9.6.

Working over Z, it is of course enough to show that the exact sequence (of Z[G]-
modules)

F:0—1I/p° BI/ptt —1/p—0
is obtained by pullback and pushforward from the sequence
£:0 — (WL/p*T'L)[C] — (Z/p* T Z)[C] = Fp[C] — 0,

which we now do.
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Choose a generator ¢ of C', which we identify with the corresponding basis element
of Z[C]. We then have the usual exact sequence

0 —7Z— Z[C] =T —0,
where
7(1)=1-o0.
Put
N:=140+...+o?" 1 € Z[C).
We have an injective map
j:1/p— FplC],
realizing I/p as the kernel of the augmentation map. We also have a map
i+ (pL/p* T L)[C] — /1",
p—1—o.
Then j*i.(€) is an extension
0—1I/p°— E—I/p—0.
I claim it is canonically isomorphic to the extension F. Indeed, the element
fi=01-0) e (z/pL)C]

maps to Im(j) via 7. It thus defines an element e € E. Since Nf = 0, we get
Ne =0 in E. We thus have a Z[C]-equivariant map

I/p** = (Z[C]/N)/p**! — B,
1—e.

I claim it is an isomorphism. Since E and I/p**t! have the same cardinality, it
suffices to show injectivity. Assume that xze = 0, with z € Z[C].

LEMMA 11.10. One can write
T =py +ul,
with u € Z, and y € Z[C], not involving oP~1 (in other words,

p—2
Y= Zyiala
=0
with y; € Z).

Proof. For sure, we can write

r=2z+uN,
with u € Z and z € Z[C], not involving ?~! (in other words, z = f;g 20, with
z; € 7). From the equality xze = 0, we deduce that z(1 — o) has to lie in pZ[C],
hence that z(1 — o) also lies in pZ[C]. This readily implies that z itself belongs to
pZ[C], i.e. that we can write z = py, for y € Z[C], qed. O
We then write

z =py+ul,
as in the previous Lemma. We get pye = 0, hence

i(py(1 =) =0,
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which is possible only if y € p*Z[C]. Thus, x reduces to zero in (Z[C]/N)/p**t,
and the claim is proved.

11.1.5. The case d = 2 and k arbitrary. Let us now deal with the case where k
is an arbitrary finite field, equipped with a G-invariant line Ly C V. We can
assume that V' = k2 as a vector space, that the action of G on V occurs through
an additive character

x:G—k,
by the formula
g9-(z,y) = (=, x(9)z +y),
and that Lo is the second axis, i.e. Lo =0 k.

Choose an Fp-basis (z1,...,2,) of k, yielding an isomorphism k& — F,. The
character x breaks down into r characters

Xi: G —TFp,
for i =1,...,r, each of which defines a two-dimensional (F,, G)-module
2
‘/’L- T ]Fp7

on which G acts by the same formula as above. Call L; the second axis; it is a
G-invariant line of the (F,, G)-module V;.

DEFINITION 11.11. We denote by & the exact exact sequence of (Z,, G)-modules
which is the direct sum of the exact sequences

& 10— K*(Vi, L) — (Vi) — @, (Vi/L;) — 0,
fori=1,... 7.

LEMMA 11.12. The exact sequence &£, up to isomorphism of exact sequence of
(Z,, G)-modules, is independent of the choice of the F,-basis (21,...,x,).

Proof. Pick another basis (2], ...,,). Denote by xi, V/, L}, & the constructions

< 70

explained before, but relative to this new basis. Clearly, we have a natural G-

invariant isomorphism
T T
D — v
i=1 i=1
(both sides are canonically isomorphic to V!). Tt is given by G-equivariant maps
fij:Vi— V;a
sending L; to L};. They induce, by functoriality, maps
91,5+ g, (Vi) — Q5 (V).
Taking the direct sum of these, we get a commutative diagram

D, 2, (Vi) — D, 2, (Vi/Ly) |

l |

Dj-1 4, (V) —= D), @, (Vj/L))

yielding the result. O
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LEMMA 11.13. The exact sequence
F 10— K*(V, Lo) — Q) (V) — Qy 4y (V/Lo) — 0,

seen as an exact sequence of (Z,,G)-modules, is isomorphic to £.

Proof. Put A’ = W(k), and A = Z,. The extension A'/A is an étale algebra
(even cyclic Galois, of course). If it was trivial (i.e. if A’ was isomorphic to A" as
an A-algebra), then the claim would be obvious, using Lemma 11.12, and picking
as a basis the basis of primitive idempotents. But the situation becomes so after
extending scalars to A’: the étale algebra A’ ® 4 A’/A’ is trivial. Hence, the two
exact sequences in question become isomorphic after extending scalars to A’. By
Corollary 10.7, they are already isomorphic over A. The Lemma is proved.

O

We thus have an isomorphism (of (Z,, G)-modules)

K*(V, Lo) = @D K*(V;, Ly).
i=1

We may view T as a Zp-module of finite rank (which is r times its rank as a
W (k)-module), endowed with a continuous Z,-linear action of G. By the case of
planes over [F},, which was dealt with in the previous subsection, we know that the
T arrows

K*(Vi, Li) ®z, T — K*(V;, Li) @z, T/p°
are n-surjective. Hence, the map

K*(V, Ly) ®z, T — K*(V, Ly) ®z, T/p°
is n-surjective. Considering the commutative diagram

K*(V, Lo) @z, T — K*(V, Lo) ®z, T/p* ,

| l

K*(V, Lo)(%) K*(V, Lo)(%)/p*
we see that it is enough to show that the canonical map
KS(V, L()) ®Zp T — KS(‘/, Lo)(*) = I(s(‘/7 Lo) ®W(k) T

is n-surjective. We are going to show more: it admits a canonical G-equivariant
section. We are even going to show this in a slightly more general setting. Taking
A=72, B=W(k), M = K°(V,Ly) and N =T in what follows yields the result.

Let B/A be a finite étale extension of commutative rings. Then, as it is well-known,
the multiplication map

w:B®aB— B
corresponds, geometrically, to an open-closed immersion. In other words, there
exists a finite étale algebra C'/A, and a canonical isomorphism

BesB ™Y BxC

Now, let M and N be two B-modules. Then M ® 4 N is a B ® 4 B-module, and
M®pN=(M®aN)®, B,
so that, by what precedes, the natural surjection
M®sy N— Mg N
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has a canonical section.

11.1.6. The case d > 3. Here k is arbitrary, of cardinality ¢ = p”. We thus have
canonical isomorphisms

W ~ W(T)’

for every (k, G)-module W. We will use them tacitly in what follows.
Recall that we are given a (k,G)-module V', of dimension d > 3, together with a
G-invariant line Ly C V. We have to show that the map

K*(V, Lo)(x) — K*(V, Lo)(*)/p®
is n-surjective. We assume the result known in dimension d — 1.
We have a commutative diagram
0 0
Ver”

K*(V, Lo)/p* —— K" (V, Lo) /p**"

V) fp —— = (V)

QO (V/Lo) /p* —5 Q7 (V/ Lo) /p*

0 0,

where the horizontal maps are induced by the Verschiebung homomorphism.
The lifting property we have to show is stable, in the sense of the Lemma below.

LEMMA 11.14. Let G’ C G be an open subgroup of finite index. Pick a class
a€ H"(G',K*(V,Lo)(x)/p*).
Assume that the class
Ver(a) € H"(G', K*""(V, Lo)(+) /p*'")
lifts to a class in H*(G', K5t (V, Lo)(x)).
Then a itself lifts to a class in H™(G', K*(V, Lg)(x)).
Proof. This is an easy chase in the (twist by T of the) diagram

0 LYy K*(V, Lo) K5V, Lo)/p® ——>0

lVerT lVerT

0— > Lés-i—?") . Kerr(‘/, LO) . K8+T(V, LO)/szrr — 0.

To understand this diagram, and why it commutes, recall the 9-term commuta-
tive diagram following Remark 11.2, making it clear that the top (resp. bottom)
injection is induced by Ver® (resp. by Ver"**). |
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Now, choose a G-invariant two-dimensional k-subspace
WV,

containing Lg. Such a W exists, since G is a pro-p-group.
For L e P(W), L # Ly, put
Wy =W,
and put
Wi, = Lo.
Denote by
f+ P vib— & v/iwg

LEP(W) LEP(W)
the sum of the quotient maps V/L — V/W,.

We have a canonical map
O K°(V,Ly) — K°(f),

fitting into the commutative diagram

o3l

K*(V, L) K*(f)
QBV) —— QS(@L@P’(W) V/L)

Q*(V/Lo) — QS(@LE]P’(W) V/Ww)

0 0.
We have another commutative diagram

0 0 0

00— @pepaw) Wi /L K*(f) K*(f)/p? ————=0

0 ——=Drerw) VE/LE) —— (D repwy V/L) (D repw) V/IL)/p* —0

0—— @LGP(W) V(s)/Wés) - QS(@LEP(W) V/WL) — QS(EBLGP(W) V/WL)/p® —=0
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Put

P(W) :=P(W) = {Lo};
it is a one-dimensional affine space over k, endowed with a continuous action of G.
Note that, for each L' € P'(W), we have a canonical homomorphism

K*(f) — K*(V/L',W/L"),
fitting into the commutative diagram
0 0

K*(f) ———— K*(V/L',W/L")

(D repwy) V/L) Q(V/L')

Qs (@LeP(W) VIWL) ———=Q*(V/W)

0 0,

where the horizontal arrows are induced by the projections
P vie—v/ir
LeP(W)

and
P viwL — VWL =V/W.
LeP(W)

LEMMA 11.15. The quotient map
K2(f)(x) — K°(f)(%)/p°

18 n-surjective.

Proof.

The claim follows from a straightforward chase in the twist by 7 of (the long
exact sequence in cohomology induced by) the diagram

0 —— D pepu) Wi /L) K*(f) K5 (f))p® —————>0

00— @LEP'(W) W(s)/L(s) - @LEP'(W) K*(V/L,W/L) — @LEIP”(W) K*(V/L,W/L)/p* —0

in which the lower line is n-surjective, Shapiro’s Lemma and by the induction
hypothesis (dimension d — 1). O

Now, recall that we have, at our disposal, the transfer

towy 1 (D V/L) — (V).
LeP(W)
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LEMMA 11.16. We have a canonical commutative diagram (of (W (k), G)-modules)

Y (Drerw) V/L) Qr(v)

Q5 (V/Lo@PV/W) —— QT (V/ L),

where the vertical map on the left is obtained as follows. It is induced, by functo-
riality, from the linear map

P viL—v/iLpv/w
LEP(W)

which is the direct sum of the identity map V/Ly — V/Lg, and of the projections
V/L — V/W, for L # L.

Proof.

Let us explain how to build the Pontryagin dual diagram, which occurs in the
following setting.
Put
Hy:= Ly ~ (V/Lo)*
and
K =Wt~ (V/W)*,

where Z+ denotes the subspace of V* consisting of linear forms vanishing on Z.
These are linear subspaces of V*. Put X := P(WW), seen as the set of hyperplanes
of V*, containing K. The formula

Ay(Ho) — TP (Hy ® K),
z = [(Frob” (), Ty, i (2))]ps
is a polynomial law, of degree p**". It thus defines a W (k)-linear map
©:T?"" (Hy) — I*" (Hy @ K).

Then, we have a commutative diagram

7" (Ho) —2>T%" (Hy @ K)

l can l can

s+r « t s
P (V) =T (@yex H)

where the vertical map on the right is induced, by functoriality, from the linear
map which is the sum of the identity map Hy — Hp, and of the inclusions
K — H, for H # Hy. The diagram of the Lemma is its Pontryagin dual.

The fact that the diagram above commutes follows directly from the commutative
diagrams

Thy, K

lcan J/(,‘an
Tv+ u

Ak(V*) HA]C(H),
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for each H # Hy, containing K, and from the commutative diagram

Ay (Hyp) frobe Ay (Hop)

L

Ty~ g

Ap(V*) —— Ar(Ho)
(cf. Lemma 8.5). O

From the preceding Lemma, we get a morphism W, fitting into a commutative
diagram

K°(f) ———= K**7(V, Lo)

tp(w)

V(D rerw) V/L) Q(v)

QS(@LEP(W) V/IWL) —— QS+T(V/LO)

LEMMA 11.17. The composite
K*(V, Lo) = K*(f) = K*" (V. Ly)

equals Ver”.

Proof. This is an immediate consequence of Lemma 8.10.

Remark 11.18. Note that Lemma 11.16 is just used to ensure that the map

toawy 1 (€ V/L) — @ (V)
LeP(W)

sends K*(f) to K57 (V, Lo).
LEMMA 11.19. The map
U K (f) — K*7(V, Lo)

maps

PR = @ w/Le

LEP(W)

to K**"(W, Lo) C K**7(V, Lo).
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Proof. Bearing in mind that ¥ is induced by the transfer ¢p(yy), this follows from
the commutative diagram

s s) Ver?® te(w) s
0 —— D pepur) Wi /LS " (D oy W/L) —> Q7 (W)
(s) /7 (s) s e s+r
0——=@rcpy Wy /LY ————— K*(f) ——————=Q*T"(V)).

That this diagram commutes is a consequence of the fact that the diagram

(D Lepw) W/L) —= Q@7 (W)

i can l can

(D cr V/L) — Qo47(V)

commutes. This can be seen, for instance, by writing down its Pontryagin dual
diagram. 0

te(w)

By the preceding Lemma, ¥ induces a morphism
U K*(f)/p° — K¥T"(V, L)/ K5t (W, Ly).
We also have a morphism
@ K*(V/Lo)/p* — K*(f)/p",
induced by .

We now have the tools to prove the induction step, which is the only part that
remains in order to prove Proposition 11.6. It is a chase in the (twist by T of the)
commutative diagram

K*(V, Ly) —2—> K3(f) ———2 = K*+7(V, Lo)

s |

V LO /p L Ks s Ks+r(V7 LO)/ps+r

: )

K*(V, L) /p* = K3(f)/p* —2= K*+7(V, Ly) / K=+ (W, Lo),

where the vertical arrows are the canonical projections. Remember that the com-
posite of the top arrows is Ver".
Let G’ C G be an open subgroup of finite index. Pick a class

a€ H"(G',K*(V, Lo)(x)/p%).

We want to show that it lifts to a class in H"(G’, K*(V, Lo)(*)). By Lemma 11.14,
it is enough to show that

= Verl(a) € H"(G', K**"(V, Ly)(x)/p*™")
lifts, via Q., to a class in H"(G', K*T"(V, Ly)(*)). By Lemma 11.15, the class
o.(a) € H'(G", K*(f)(x)/p")
lifts to a class b € H"(G', K*(f)(x)). Put
A= (b) € H(G', K*T"(V, Lo)(¥)).
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Modifying a’ by @Q.(A), we can assume that m.(a’) = 0. We now use the (twist
by T of the) diagram

0

KS+T(VV, LO) KS+T(V, LO) KS-H“(V, Lo)/KS—H”(VV, LO) —0
Jo |
0 K+ (W, Lo) /p" i K*+7(V, Lo) /p*+" —== K*+7(V, Lo) /K" (W, Ly) — 0.

We get a class
a” € H(G', K*"(W, Lo)(+) /p*™"),
such that i.(a”) = o’. But the map
Q'(x) : K*TT(W, Lo)(x) — K*"(W, Lo) (x) /p™*"

is n-surjective, by the two-dimensional case which has been treated independently
before. This shows that a” lifts via @', hence that o’ lifts via Q.. This finishes
the proof.

12. THE LIFTING THEOREMS.

We now deduce, from Proposition 11.6, some lifting Theorems in profinite group
cohomology.

THEOREM 12.1. Let k be a finite field, of cardinality ¢ = p”. Let G be a profinite
group. Letn > 0 be an integer. Let W (k)(1) be an n-smooth cyclotomic G-module.
Let V be a (k,G)-module. Then, for every integer s > 1, the quotient map

(V) (n) — Q*(V)(n)/p®
18 n-surjective.
Proof. We can assume that G is a pro-p-group. We proceed by induction on the

dimension d of V; there is nothing to prove if d = 0. There exists a G-invariant
line L C V. Recall the commutative diagram

K*(V,L) Q(v) Q(V/L)

| o, ke

0——= K*(V,L)/p* —= Q*(V) /p* —>Q*(V/L)/p* —=0

0 0.

We know that the map Q(n) is n-surjective, by the induction hypothesis.
Let G’ C G be an open subgroup of finite index. Pick a class

a€ H"(G',Q°(V)(n)/p®).
We want to show that a lifts via Q.. But we have a commutative diagram
Ql

Ver®

0 v @) QP (V) Q" (V) /p*

i\/err \LVerr

"

0 — V(p”’") ﬂ Qpr“ (V) L Qpr“ (V)/pr+s .0

0
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(recall k has cardinality p", hence M (") ~ M, for every W (k)-module M). By an
easy diagram chase, we see that it is enough to show that

a’ := Verl,(a)

lifts via @, which we now prove.
We have a commutative diagram

K"™+s(V, L) ¢ Qs (V) il Q+5(V/L)

| | |

00— KT+S(V, L)/pr+s # Qr+s(v)/pr+s i> Qr+s(v/L)/pr+s E—

0

0,

analoguous to the one at the beginning of this proof, but in degree s + r instead
of s.

There exists a class b € H"(G',Q°(V/L)(n)), such that
Q.(b) = 0.(a).
But we have the transfer
t=tyy: Q(V/L) — Q" (V),
which is such that the composite
Q(V/L) - Qs (V) T (V)LL)

equals Ver”. Hence, we may replace o’ by a’ — QY (¢.(b)), and reduce to the case
where

T.(a') = 0.
Hence, there exists a class
o € H'(@ K™ (VL) (n) 57 ),
such that 7.(a”) = a/. But he quotient map
K™V, L)(n) — K""*(V,L)(n)/p"**

is n-surjective, by Proposition 11.6. Thus, o’ lifts by Q”, and the proof is complete.
O

THEOREM 12.2. Let k be a finite field, of cardinality ¢ = p”. Let G be a profinite

group. Let n > 0 be such that G is n-smooth. Let V be a (k,G)-module. Let s > 1
be an integer. Then the natural injection

iv 1 V) — SymP (V),
T 2P,

is (n + 1)-injective.

Proof. We can assume that G is a pro-p-group. By definition of smoothness for
profinite groups, there exists an n-smooth cyclotomic G-module W (k)(1). Since G
is a pro-p-group, k(n) is isomorphic to the trivial representation k. Fixing such an
isomorphism k(n) ~ k yields, for every (k, G)-module W, a functorial isomorphism
W(n) ~ W. It is thus equivalent to show that the map

iv(n) : VI (n) — Sym?" (V)(n)
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is (n + 1)-injective.
But the map
Ver® : V) — Q%(V)
factors through iy, by Proposition 7.6 . It is thus enough to prove the result with
Ver®(n) instead of ¢y (n). But, in the exact sequence

0 — VO (n) Y8 0 (V) (n) — (V) (n)/p” — 0,

the surjection on the right is n-surjective, by Theorem 12.1. Hence, the injection
Ver®(n) is (n + 1)-injective, ged. O

LEMMA 12.3. Let k be a finite field, of cardinality q = p".

Let G be a profinite group. Let n > 0 be such that G is n-smooth. Let V be a
(k,G)-module. Let P C V be a two-dimensional G-invariant k-linear subspace.
Then the natural injection (of (k, G)-modules)

vV— P v/
LeP(P)

is (n + 1)-injective.

Proof. Apply the preceding Theorem (for r = s), together with Remark 8.12.
O

The next Theorem can be considered as the Hauptpunkt of this paper. It uses
everything that that been done before. It is, surprisingly, very easy to state.

THEOREM 12.4. Let k be a finite field, of cardinality q = p”.
Let G be a profinite group. Let n > 0 be such that G is n-smooth. Let V be a
(k, G)-module. Then the natural injection

V= kv,
v (f = f(v),

given by evaluation of linear forms, is (n + 1)-injective.

Proof. By induction on the dimension of V', Lemma 12.3 implies that the mor-
phism of (k, G)-modules

0:V— P /H)
HeP(V*)
is (n 4 1)-injective (the sum is taken over all hyperplanes H C V). We can then,
as usual, assume that G is a pro-p-group. Then, for every open subgroup G’ C G,

one-dimensional (k, G')-modules are trivial. Hence, there exists a G-invariant map
(of G-sets)

oV {0} — || (V/H-{o0}),
HeP(V*)
such that
®(f) € V/Ker(f),

for each f € V* — {0}. Note that this amounts to choosing, for each hyperplane
H C V, a generator of V/H, in a G-equivariant way. It is then easy to see that
there exists a G-equivariant function

SV — {0} — k¥,
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where G acts trivially on k£, such that

f)e(f) =S(f)veV/H,
for each v € V, and for each non zero f € V*, with kernel H. Replacing ¢ by
S~1®, we can assume that S = 1, i.e. that

f)®(f)=v€V/H.
Then, we can form the composite

v LV @ (v/H),

HeP(V*)
where
() = 2(f),
for all f € V*, and
¥([0]) = 0.
It is straightforward to check that ® = —© (modulo p, there are —1 nonzero
vectors on each line!). Since © is (n + 1)-injective, so is ev, ged.

O

Remark 12.5. Let G be an arbitrary profinite group.
Since we know that G is O-smooth, Theorem 12.4 implies the following. Let k be
a finite field. Let V be a (k, G)-module. Then the natural injection

VS kv,
v (f = f(v),

is l-injective.

Remark 12.6. Using Shapiro’s Lemma, the conclusion of Theorem 12.4 can be
reformulated as follows. Pick ¢ € H"T}(G, V). Assume that, for each (nontrivial)
open subgroup G’ C G, and for each linear form f € Hom, ¢/)(V, k), we have

f«(Res(c)) =0 € H"H (G, k),

where
Res: H"(G,V) — H"TY(G',V)
is the restriction map. Then ¢ = 0.

Remark 12.7. Note the difference, for instance, between Theorem 12.1 and Theo-
rem 12.4. The first one concerns, in its very statement, (W (k), G)-modules that
are of pSTl-torsion, where s is an arbitrary large integer. In the second one, the
statements only imply (k,G)-modules! However, its proof (through the use of
Theorem 12.1), uses cohomological computations modulo very large powers of p.

We conclude this section with a nice exercise.

Ezxercise 12.8. Let F be a global field, of characteristic not p. For each place v of
F, denote by F, the completion of F' at v.

Choose a separable closure Fiep (resp. Fl scp ) of F' (resp. of F,).
Put G := Gal(Fip/F) (vesp. Gy := Gal(F, sep/Fy)).
Up to conjugacy, each G, might be viewed as a closed subgroup of G.
Let n > 1 be an integer. Let V be an (F,,G)-module, ie. a mod p Galois
representation over F. From what precedes, there are well-defined restriction
maps

Res, : H"(G,V) — H"(G,,V),
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for each place v of F. Put
m™(v) .= ﬂKer(Resv),
v

where the intersection is taken over all places v of F. It is the usual Tate-
Shafarevich group of V. We know that III*(F,) = 0 (Grunwald-Wang).
Use Remark 12.5 to show that

for every (F,, G)-module V.

13. THE SMOOTHNESS THEOREM.

In this section, k is a finite field of cardinality ¢ = p", and G is a profinite group.

DEFINITION 13.1. Let W(k)(1) be a cyclotomic G-module . Let s,n > 1 be inte-
gers. Cohomology classes in the image of the natural cup-product map

HY(G, W (k)(1)/p*)" — H"(G, W (k)(n)/p*)
are called symbols. If H C G is a nontrivial open subgroup , the image of a symbol
of H"(H, W (k)(n)/p®) by the corestriction (norm)
Cor: H"(H, W(k)(n)/p®) — H"(G, W (k)(n)/p®)

18 called an H -quasi-symbol. A class which can be written as a sum a1+ ...+ an,
where a; is an H;-quasi-symbol, will be called a quasi-symbol.

DEFINITION 13.2. Let G be a profinite group. Let W (k)(1) be a cyclotomic G-
module . We say that W (k)(1) has the weak Bloch-Kato property if the following
holds. For every integers s,n > 1, every class in H"(G, W (k)(n)/p®) is a quasi-
symbol.

LEMMA 13.3. Let W(k)(1) be a cyclotomic G-module, which is 1-smooth. Let
n > 1 be an integer. Assume that every class in H"(G,W(k)(n)/p) is a quasi-
symbol. Then, for every s > 1, every class in H"(G, W (k)(n)/p®) is a quasi-
symbol, and W (k)(1) is n-smooth.

Proof. First of all, notice that, by definition of 1-smoothness and of the cup-
product, the natural map
H™(G, W (k)(n)/p**") — H"(G, W (k)(n)/p)

is surjective on H-quasi-symbols (for every open subgroup H C G), hence on
quasi-symbols. Thus, we only have to show the assertion about quasi-symbols.
We now proceed by induction on s. Assume that the result holds for s; let us
prove it for s + 1. The (twisted) Kummer sequence

s

0 — W(k)(n)/p* =5 W (k)(n)/p**" == W(k)(n)/p — 0
induces an exact sequence
H™(H, W (k)(n)/p*) — H"(H, W (k)(n)/p*"") = H"(H, W (k)(n)/p),

for every open subgroup H C G. An easy diagram chase, combined with the
remark we just made, then yields the result.

O
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DEFINITION 13.4. Let G be a profinite group. Let k be a finite field. Pick an
element

e € H'(G,k) = YExt}, o (k. k).

The depth of e is, by definition, the lowest integer d, such that there exists an
n-extension (of (k, G)-modules)

E0—k—A)y— ... — A1 — k—0,
whose class is e, and such that
dimy Ag =d+ 1.
The depth of e shall be denoted by (e).

Remark 13.5. It is not hard to see that the depth of e may also be defined as
follows. Consider all injections of (k, G)-modules

i:k—V,

such that i.(e) = 0.
As an example of such i (using Shapiro’s Lemma), one may take

k — k[G/H),

L > [l

xeG/H

where H C G is a nontrivial open sugroup, such that the restriction of e vanishes
in H"(H, k).

Then §(e) is one less that the minimal possible dimension of V', where i ranges
through all such injections.

LEMMA 13.6. Let G be a pro-p-group. Let k be a finite field. Pick an element
e € YExt{}, oy (k, k)(= H"(G, k).
Then é(e) =0 if and only if e =0, and 6(e) = 1 if and only if e can be written as
aUb, with a € H'(G,k) and b € H"(G, k).
Proof. This is obvious, since all one-dimensional (k, G)-modules are trivial. [

THEOREM 13.7. Let G be a pro-p-group, which is n-smooth, for a positive integer
n. Let k be a finite field, of cardinality g = p". Pick a class

e € YExt(" 0 (k, k) (= H'" (G, k),

with 6(e) > 2.
Then there exists a class x € H" (G, k), an open sugroup H G G, of index at
most p”, and a class y € H" "1 (H, k), such that

x4 Cor(y) = e,
where Cor : H""(H, k) — H" (G, k) is the corestriction map, with moreover
o(z) <1

and

5(y) < d(e).
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Proof.
Pick an (n 4 1)-extension (of (k, G)-modules)
E0—k—A)y—...— A, — k—0,

whose class is e, and with dimy Ag = d(e) 4+ 1. For sure, we can write £ as the cup
product of an l-extension

E:0—k"% Ay —B-—0
by an n-extension
& :0—B—A —...— A, — k—0.

We have dimp B = d(e) > 2. In what follows, the class of the extension &
(resp. &) shall be denoted by e; (resp. el). Pick a nonzero G-invariant line

< kby >= L C B (this is possible, since G is a pro-p-group). Form the pullback
diagram

P:0 k P—">1 0
5110 k A() 2 B 0.

If G acts trivially on P, then the 1-extension P is trivial, which means the following.
Denoting by
j:B— B/L
the quotient map, there exists an 1l-extension a € YExt%k_rg)(B /L, k) such that
j*(a) = e;. But then,
e=erUe, =j"(a)Ue, =aUj.(e,),
and we would get §(e) < dimy B — 1, a contradiction.
Thus, G acts non trivially on P (through a nontrivial additive character, with
values in k). Denote by H the kernel of this action; it is a normal subgroup of G
of index at most p”. In what follows, we denote by Res (resp. Cor) the restriction
(resp. corestriction) maps from the cohomology of G to that of H (resp. from the
cohomology of H to that of G). We put X := G/H. We are now at the main step
of the proof, which essentially uses all the theory developped before.
We have the (G-equivariant) trace map
B[X] -5 B,
blx] — b.

Denote by N the kernel of the surjective k-linear map
AP BIXIEPL = B,
which is the direct sum of s, of T, and of i. Consider the (n + 1)-extension
]-":O—>N—>AO@B[X]@L—>A1 —...— A, — k—0,
which is the cup product of
0—N— A@PBXIPL-"B—0

and &/. Denote its class by f. We obviously have a morphism of complexes
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e
Fi0—=N—=A@BX|DL A A, k 0,

showing that
(a) The pushforward of f by the quotient map

N — N/kag
is zero in H""1(G, N/kay).

But the trace map T obviously has an H-equivariant section. Thus, the 1-extension
0—N— A@BXIPL-"B—0
is killed by restriction to H. A fortiori, we have that

(b) Res(f) =0¢€ H" ' (H,N).

But we have a canonical injection

P— AP BIXIEPL.
x— (—z,0,7(x)),
which obviously takes its values in N, yielding a G-equivariant injection
¢:P— N.
It is clear that, for every x € P — Ker(n), the stabilizer of ¢(x) is H. From (a)
and (b) (using Shapiro’s Lemma), it follows that f is killed by ®., where
*:N— P (V)
deP($(P))
is the canonical map. Hence
f=0€ H"™ G, N) = YExt( 5 (k, N),
by Lemma 12.3. This implies that there exists a class

z = (21,22,23) € H"(G, Ay @B[X] @L)
= H"(G, A)) P H"(G, BIX])) P H™(G, L),
whose pushforward by o equals e/,. But, trivially, we have
e1Usy(z1) =0,
hence
e=-e1 Uo(z) =e3 U (Tu(22) +ix(23)).

By Shapiro’s Lemma, 2o can be viewed as a class in H"(H, B), and the preceding
formula means that

e=1i"(e1)Uzz +e; UCor(z) =i"(e1) U z3 + Cor(Res(e1) U 22).
Set x = i*(e1) U 23 € H" (G, k) and y := Res(e;) Uz, € H""Y(H, k). We

obviously have §(z) < 1. The action of H on P is trivial, so that we can conclude,
by the same argument already used at the beginning of this proof, that §(y) < d(e).

O
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We can now prove the main result of this paper, the Smoothness Theorem.

THEOREM 13.8. Let G be a profinite group. Let k be a finite field. Then every
1-smooth cyclotomic G-module is smooth, and has the weak Bloch-Kato property.

Proof.

We proceed by induction on n > 1. Thanks to Lemma 13.3, it is enough to show
that, if for every ¢ < n, we have that W (k)(1) is i-smooth and that every class in
HY(G,W(k)(i)/p) is a quasi-symbol, then every class in H"*1(G, W (k)(n+1)/p) is
a quasi-symbol. We can assume that G is a pro-p-group. Then W (k)(n+1)/p ~ k,
as (k, G)-modules. We are thus reduced to showing, under our assumptions, that
every class in H""1(G, k) is a quasi-symbol. This follows, by immediate induction
on the depth of such a class, from Theorem 13.7.

O

14. TWO APPLICATIONS OF THE SMOOTHNESS THEOREM TO GALOIS
COHOMOLOGY.

14.1. THE BLOCH-KATO GLITCH. The Smoothness Theorem yields, as a corollary,
the usual Bloch-Kato conjecture, proved by Rost, Suslin and Voevodsky. As it is
well-known to experts, the main part of this conjecture is the surjectivity of the
norm-residue homomorphism, which we now prove.

COROLLARY 14.1. Let F be a field of characteristic not p. Let d > 1 be an integer,
which is nonzero in F. Then, for every n > 1, the cup product map

®7ZLH1(F’Md) — Hn(F,‘u?n)

18 surjective.

Proof. Denote by Fi,/F a separable closure of F, and by G its Galois group. We
immediately reduce to the case where d is a power of the prime p. By Proposition
9.11, we know that the Tate module

H= r&lﬂp" (Fsep)

is 1-smooth (for k¥ = F,). By Theorem 13.8, we obtain that every class in
H™(F, uf?”) is a quasi-symbol, i.e. a sum of corestrictions of symbols. But, by
the fact that the norm-residue homomorphism is compatible with the norm in
Milnor K-theory ([GS], Proposition 7.5.5), such a class is a sum of symbols as
well, ged. O

14.2. A BOUND ON SYMBOL LENGTH. A careful examination of the recursive pro-
cesses used in this paper would yield bounds for the symbol length of cohomology
classes. For example, here is what we can (easily) get in the Merkurjev-Suslin
case, i.e. when n = 2, for prime exponent, and for a p-special field.

THEOREM 14.2. Let F be a p-special field of characteristic not p. Take a central
simple algebra A/F, of exponent p and of index p?. Then A is Brauer-equivalent

d
pr -1
p—1

to the tensor product of at most cyclic algebras of degree p.
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Proof. Put G := Gal(Fsep/F); it is a pro-p-group. It is 1-smooth by Proposition
9.11. Under our assumptions, it is legitimate to identify p,, and k =F,. Let E/F
be a splitting field for A, of degree p?. Then the exact sequence (of finite F-groups
of multiplicative type)

L — pp — Re/p(pp) — Re/p(pp)/pp — 1

is, in the langage of Galois representations, nothing but
0 — F, = F,[X] — F,[X]/F, — 0,

where X is the finite G-set, of cardinality p?, associated to the extension E/F.
Denote by z € H?(G,F,) ~ T,(Br(F)) the class of A. Then

iv(z) =0 € H*(G,F,[X]) ~ T,(Br(E)).
Hence, z is represented by a 2-extension of the shape
0—F, —F,[X] —A4A—F, —0,

with A an (F,, G)-module, showing that §(z) < p?—1. Recall the theorem of Rosset
and Tate in Milnor K-theory ([GS], Corollary 7.4.11). It implies the following. Let
H C G be an open subgroup, of index p™. Then the image by the corestriction

Cor : H*(H,F,) — H?*(G,F,)

of a symbol is a sum of p"™ symbols. It then readily follows, by induction on the
depth using Theorem 13.7, that z is a sum of

pé(x)—l +p6(x)—2+.“+p_~_1

symbols, whence the result. (I

15. AN APPLICATION OF THE SMOOTHNESS THEOREM TO GALOIS
REPRESENTATIONS.

In this section, we apply our lifting Theorems to the problem of lifting mod p
Galois representations.

DEFINITION 15.1. Let G be a profinite group. Let k be a finite field. Let V be
a (k, G)-module. If there exists a a (W (k), G)-module V, which is a free Wo(k)-
module, and such that

V~V/p

as (k,G)-modules, we say that V has a lift modulo p?, and that V is a lift of V
modulo p?.

THEOREM 15.2. Let G be a profinite group, which is 1-smooth (e.g. the absolute
Galois group of a field F, of characteristic not p). Let k be a finite field. Then
every (k,G)-module has a lift modulo p?.

The rest of this section is devoted to the proof of this Theorem.
Let us first discuss facts about n-extensions.
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15.1. COMPARING YExt( o) AND YExt{yw ) c)- Let k be a perfect field of char-
acteristic p. Let G be an arbitrary profinite group.

DEFINITION 15.3. Let A, B be (k,G)-modules. The canonical map

will be denoted by O .

LEMMA 15.4. Let A, B be (k, G)-modules. Then the map © g is injective.

Proof. This is obvious, for an extension & € YExt%k’G)(A,B) is trivial (in
YExt(; (A, B), or in YExt (w1 ) (4, B)) if and only if it is split. O

Pick an extension

£E:0—A—B-5C—0,
of (W(k),G)-modules. Assume that A and C are (k, G)-modules.
Then B is obviously a Wy (k)-module.

DEFINITION 15.5. With the preceding notation, the map
B — B,
T — px,
takes values in A and contains A in its kernel. Hence, we have a well-defined map
C — A,
m(x) — px.
We denote this map by k(E).

The map x(E) enjoys a few elementary properties, which we now list. Proving
them is an easy exercise, left to the reader.

The map k(FE) is k-linear and G-equivariant.

It depends only on the isomorphism class e € YExt%W(kL@(C, A) of &, and will

thus often be denoted by «(e).

It vanishes identically if and only if B is a k-vector space, i.e. if £ belongs to

YExt(;, ¢(C, A).

If f:A— A’ and g : ¢’ — C are morphisms of (k, G)-modules, then we have
k(feg"(E)) = forog.

If F is another object of YEXt%W(k),G)(C> A), we have k(€ + F) = &(€) + k(F).

Remark 15.6. Let M be a W (k, G)- module, which is a free Wa(k)-module. We
then have an exact sequence

S§:0—pM — M — M/p—0,

where £(S) is an isomorphism. It is then clear that the following holds.
For a (k, G)-module V, to say that V has a lift modulo p? is equivalent to requiring
the existence of an exact sequence of W (k, G)-modules

E0—V —V—V—0,
with x(€) = 1d.
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LEMMA 15.7. Let V be a (k,G)-module. Assume that V admits a lift V, modulo
p?. Pick an exact sequence of W (k, G)- modules

E 00—V —>YV—V-—0,
with k(&) = Id.
Then, for every (k,G)-module W, the map

U 2 YExt(), o) (V, W) @D Hom(V, W) — YExt{wz) ¢y (V, W),

(z,0) = Oy (@) + ¢ (E),

is an isomorphism.

Proof. Pick an object F in YExt%w(k),G)(V, W). Then, a straightforward com-
putation yields

Kk(k(F)«(&) = F) =k(F)— k(F) =0.

Hence, the extension x(F).(E) — F actually belongs to YExt%k,G)(V, W). Passing
to isomorphism classes yields the formula

YExt{w k), c) (V. W) — YExt{y, o (V, W) €D Hom(V, W),

f = (f - Ii(f)*(e), K(f)%
giving the inverse of V. |

PROPOSITION 15.8. Let V' be a (k, G)-module, which has a lift modulo p?. Then,
for every (k,G)-module W, the map

O w YExt(Qk,G)(V, W) — YExt%W(k%G) (V, W)

18 injective.

Proof.

This is a straightforward consequence of Lemma 15.7, by dimension shifting. In-
deed, pick w € Ker(@%ﬂw). Pick an exact sequence of (k, G)-modules

0—W -5 X Y —0,

such that i¢.(w) = 0. Then there exists a class y € YExt(lkG)(V, Y) such that
0(y) = w, where

§: YExt(y 6y (V,Y) — YExt3), o (V, W)

is the connecting homomorphism. Since w € Ker(@aw), there exists z’ €
YExt%W(k)G)(‘/', X) such that m.(2') = ©'(y). By Lemma 15.7, we can write
1’ = O (z) + ¢.(e), for unique = € YExt%k’G)(V, X) and ¢ € Hom(V, X). We can
assume that x = 0. Then 7o ¢ = 0, hence ¢ = i o, for ¢ € Hom(V,W). But
then

2" = i, (1« (e)),

hence ©'(y)=0. By injectivity of ©!, we get y=0. Thus w = 0 as well. |
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15.2. THE FUNDAMENTAL 2-EXTENSION. In this subsection, V' is a (k, G)-module.

DEFINITION 15.9. We put
V(V) =T7(V)/p=Ti(V).
We define v5(V) to be the kernel of Frob : 4?(V) — V1),

Recall that we have an exact sequence (of Wa(k)-modules)

=&y :0— T,(IP(V)) = Sym?(V) — TP(V) 22 () 0.

One easily checks that wg, is induced by Ver : V(1) — Sym? (V') C T?(V).
Dually, we have the exact sequence

Ey=Ev:0— VD YETP(V) 5 42(V) — 0.

One checks that kg, is induced by Frob : v*(V) — V1),

The composite
Sym?(V) — IP(V) — +"(V)
has image equal to v (V), and has kernel equal to V(). Tt thus yields a canonical
isomorphism
Sym”(V)/ VD — 4§ (V),
which we use to identify these two spaces.

Ezercise 15.10. Show that A5 (V*) and ~§(V)* are canonically isomorphic, as
(k, G)-modules.

The pushforward of &; by the surjection Sym” (V) — ~% (V) is nothing but the
exact sequence

E1=E&yv:0— (V) v, ¥P(V) frob (1) .

Dually, the pullback of & by the injection 75 (V) — 47 (V) is the exact sequence
&y =6y :0— VY — SymP(V) — A5 (V) — 0.

DEFINITION 15.11. The cup product of &, and £} is a 2-extension

E2(V): 0 — V) % SymP (V) — 47(V) — VI — 0,
which we call the fundamental 2-extension associated to V. Its class in
YExt(Qk.’G)(V(l),V(l)) will be denoted by (V).

Remark 15.12. Here is another way of defining £2(V).
Consider the extension (of (W (k), G)-modules)

0 — Sym?(V) — IP(V) 22 v 0,

Applying the functor . @w ) k to this extension yields a 2-extension

0 — Tor" V), k) — Sym? (V) — 7(V) =2 VD — 0.

But we have a canonical isomorphism
Torfv(k)(V(l), k) ~ vy,
The 2-extension above is then nothing but £2(V).
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Remark 15.13. The arrow
Sym?(V) — 7*(V),
in £2(V), is the map
T1®...Q0xp = [T1]1 ... [Tp)1-

If we identify vP(V) with (V®P)S» this arrow is the so-called 'symmetrizing oper-
ator’.

LEMMA 15.14. Let V be a (k,G)-module. Then ¢*(V') belongs to Ker(©?).

Proof. As an extension of (W (k), G)-modules, &} is the pullback of

Ey =8y :0— VD YETP(V) 5 4P(V) — 0

by jv. Hence the cup product of £ and &5, in YExtfw(k)G) (VD V(D) s trivial,
qed. O

PROPOSITION 15.15. Let V' be a (k, G)-module. The following are equivalent.

(a) the (k,G)-module V has a lift modulo p?,
(b) The class e2(V) € YExt?k7G)(V(1),V(1)) vanishes.

Proof. We have €2(V) € Ker(©?), by Lemma 15.14. It then follows from Propo-
sition 15.8 that (a) implies (b).
Let us now prove that (b) implies (a). Assume that
(V) =0 € YExt{), o, (VI v).
Then there exists an extension
F:0—VY 5 F ——4P(V)—0,

in YExt%kﬁc) (v2(V), VD), such that j;,(F) is isomorphic to £. In the category
1
YExt (w 1)) (7P (V), VD), put

GgG=&—F.
Clearly, we have
k(G) = k(&) — K(F) = Frob — 0 = Frob,
and j3(G) is trivial. Hence, there exists an extension
H:0—VY - H VD 0,
in YExt%W(k)yg) (VW V(W) such that Frob*(H) is isomorphic to G. We compute
Frob = k(G) = x(Frob*(H)) = k(H) o Frob.

Since Frob is surjective, we infer that #(#) = Id. Hence H is a lift of V(1) modulo
p?. Since k is perfect, V also possesses a lift modulo p?, qed.

O

Combining the previous Proposition and Proposition 15.8, we immediately get the
following.
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PROPOSITION 15.16. Let V' be a (k, G)-module. The following are equivalent.

(a) The (k,G)-module V has a lift modulo p*.
(b) For every (k,G)-module W, the map
OV w 1 YExt{), o) (V. W) — YExt{w ). (V. W)
18 injective.
(¢c) The class e*(V) € YExt?k’G)(V(l),V(l)) vanishes.
Remark 15.17. Let V be a (k, G)-module. It is given by a group homomorphism
p: G — GLy (V)
The 2-extension
E2WV):0 — VD — SymP (V) — 4P (V) — VI — 0
is actually a 2-extension of (k, GLy(V))-modules. Hence, the class e2(V) is in the
image of

p* : YEXt%’C,GLk(V)) (V(l), V(l)) — YEXt%k7G) (V(l), V(l))

15.3. PROOF OF THEOREM 15.2. We proceed by induction on the dimension d
of V. There is nothing to prove if d = 0, and the result is standard if d = 1
(Teichmiiller). We may thus assume that d > 2, and that the conclusion of the
Theorem holds for all finite fields &, and all (k, G)-modules of dimension < d — 1.
By Proposition 15.16, we see that it suffices to show that (V) = 0. By Lemma
3.7, we can view e?(V) as a class

h*(V) € YExt{, ¢ (k, Homy, (VD VD)) = YExt?y, o (k, VD @ V1),

Let us briefly recall how. By definition, ex(V') € YExt%k,G)(V(l), V) is the class

of

E2(V):0 — V) 2% gumP (V) 25 4P (1) B2 (),

where s, is the symmetrizing operator. Tensoring by V*() | we get a 2-extension

(of (k, G)-modules)

0— VO VW Ly gymP(1) o v*® 2 4p (V) oM L yO gy

whose class we denote by €/?(V) € YExt?k,G)(V(l) @ VW v @ V*(1), Define
Uk — VD gy

by the formula
A= Ald.

Then h?(V) = U*(e’?(V)). We now have to show that h?(V) = 0.

By Theorem 12.4, or more precisely by Remark 12.6, it is enough to prove the
following. Let G’ C G be a (nontrivial) open subgroup, and let

f € Hom oy (VP @ VO ).
Then, we have

feRes(h*(V))) = 0 € H*(G', k),
where Res is the restriction map, from the cohomology of G to that of G’.
Without loss of generality, we can assume that G’ = G. There exists

g € Hom, oy (V, V)
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such that
Fa @ oY) = é(g(x))”
(this is a fancy reformulation of the standard fact that any linear form on the

space of n x n matrices is of the shape X — Tr(XY'), for a unique matrix V).
Let k' /k be a finite field extension. The the natural map

H*(G, k) — H*(G, k)

is obviously injective. Hence, enlarging k if necessary, we may assume that g
possesses an eigenvalue \ € k. From the decomposition

g = (g — A\Id) + A\Id,

it follows that it is enough to show that f.(h*(V)) = 0 in one of the following two
cases.

(a) The endomorphism g is not injective.
(b) We have g = Id.

In case (a), The endomorphism g factors as
V—V/W -5 Z—V,

with W = Ker(g) and Z = Im(g); these are k-subspaces of dimension < d — 1.
Denote by 7: V) — (V/W)D) (resp j : Z() — V(1)) the natural map.
The map f hence factors through the quotient map

v @ v TEL (1) g 7+ M)
It is thus clear that f.(h?(V)) depends only on
J(m(e(V) € YExtf, o) (2, (v/W)®).

But this class belongs to Ker(@QZ(l) (VW) ), which is trivial by Proposition 15.16,

since Z(M) admits a lift modulo p? by induction.
Hence, in case (a), we can indeed conclude that f.(h%(V)) = 0.

To finish the proof, it remains to show that f.(h?(V)) = 0 in case (b), i.e. when
f is the trace map

Tr:vO v sk,

M @ oM = ¢(x)P.
Let
p: G — GLk(V)
be the group homomorphism giving the action of G on V. By Remark 15.17, and
since Tr is GLy(V)-equivariant, it is clear that Tr,(h?(V)) is in the image of the
map
p*: H*(GLg(V), k) — H?(G, k).

But, by [Q], Theorem 6, the source of p* is trivial if r(p — 1) > 2, where ¢ = p" is
the cardinality of k (i.e. for all finite fields, except possibly for those of cardinality
2,3 and 4). But replacing k by a finite field extension does not affect what has to
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be proven. To see this, take a finite field extension k'/k, put V' := V ® k', and
have a look at the commutative diagram

H2(GLy (V7). ') 2> H2(G, ¥)

L

H2(GLy(V), k) ——> H2(G, ¥)
H2(GLy(V), k) ——= H2(G, k)

where the two vertical arrows going up are injective. If &’ is large enough, we
have H?(GLy/ (V'), k") = 0 by loc. cit.
Hence, by an easy diagram chase, Tr,(h?(V)) = 0, and the proof is complete.

In the course of the preceding proof, the crucial fact that Tr.(h?(V)) = 0 was
shown using a result of Quillen. The next exercise provides a self-contained proof
of this fact.

Ezercise 15.18. Let k be a finite field. Let d > 1 be an integer. Let Ms be a free
Wy (k)-module of rank d. Put M; := My /p.

(1) Show that we have an commutative diagram (with exact rows and columns)

1 1 1

b

1 — Endy,(M{")g —— SLyy, (k) (Mz) — SLj,(M;) — 1

1 —— Endy(M{") —— GLy, (x) (M) = GL(M;) — 1

Tr det det

1 k Wy (k) I 1

1 1 1

where Endk(Ml(l))O denotes the kernel of the trace map Tr, and where the
horizontal surjections are given by reduction mod p.

(2) Show that the action of GL;(M;) on Endy (Ml(l)) induced by the middle row
of the preceding diagram is the natural conjugation action (twisted by Frobenius).

Now, let G be a profinite group, acting trivially on the groups in the diagram
above. Let V be a (k, G)-module.

(3) Show that V corresponds to a GLji(Mjp)-torsor X, whose class in
HY(G,GLg(M;)) we denote by x. Show that V can be lifted mod p? if and
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only if x in in the image of
Tt H'(G, GLw, 1) (M2)) — H' (G, GLy,(My)).

(3) Show that the twist of Endk(Ml(l)) by X is canonically isomorphic (as a
(k,G)-module) to Endg(V™1), and that the obstruction to lifting = via 7, is a
class h'2(V) € H?(G,End;, (VD).

(4) Use the diagram above to show that Tr.(h'?(V)) = 0 € H?(G, k).

(5) Show that h'Q(V) = hZ(V).
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