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Cohomology of topological groups with applications to
the Weil group

M. Flach

ABSTRACT

We establish various properties of the definition of cohomology of topological groups
given by Grothendieck, Artin and Verdier in SGA4, including a Hochschild—Serre spec-
tral sequence and a continuity theorem for compact groups. We use these properties to
compute the cohomology of the Weil group of a totally imaginary field, and of the Weil-
étale topology of a number ring recently introduced by Lichtenbaum (both with integer
coefficients).

1. Introduction

Cohomology of topological groups has been a popular subject with many writers. Soon after the
introduction of cohomology of groups by Eilenberg and MacLane [EM47], cohomology of profinite
groups was defined by Tate (see the bibliographical notes in [Ser65, ch. I]) and cohomology of Lie
groups by van Est [vEsb3] and Hochschild and Mostow [HM62]. In both cases the definition is made
by simply using continuous instead of arbitrary cochains in the standard complex. A definition using
measurable cochains is due to Moore [Moo64] and categorical definitions are due to Wigner [Wig73],
Segal [Seg70], Grothendieck, Artin and Verdier [SGA4] and Lichtenbaum [Lic04].

In the first part of this paper we work out the definition of Grothendieck et al. in [SGA4] and
show that it has a number of agreeable properties. In particular, there is a Hochschild—Serre spectral
sequence under quite general assumptions and a continuity theorem for compact groups which
generalizes a well known statement for profinite groups. The definitions of [SGA4] and Lichtenbaum
turn out to be equivalent and agree with the continuous cochain definition, as well as those of the
other authors mentioned above, in many instances.

Our interest in topological group cohomology derives from Lichtenbaum’s recent intriguing
paper [Lic04] in which he defines a Weil-étale topos Yy, for Y = Spec(Of) the spectrum of the
ring of integers in a number field F', and shows that the groups H:(Yyy,Z), i < 3, are related to the
Dedekind Zeta-function of F' at s = 0. These computations are made by reduction to the topological
group cohomology of the Weil group Wr of F. For a complete relationship with the Zeta-function
one would expect H:(Yyy,Z) to vanish for i > 4 but, using the techniques developed in the first part
of this paper, we show in the second part that H*(Wp,Z) and as a consequence also H.(Yyy,Z) are
in fact infinitely generated abelian groups for even ¢ > 4 (and totally imaginary F'). We also show
that H'(Wg,Z) = 0 for odd i, a result deduced in [Lic04] for i = 3 from Rajan’s paper [Raj04].

This paper owes its existence entirely to the beautiful ideas of Lichtenbaum in [Lic04] and is
part of an on-going project with Thomas Geisser exploring the Weil-étale topology both for schemes
over finite field and in characteristic zero. What we do below is to a large extent only a reworking
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of [Lic04] using somewhat more machinery. Since the theory of Weil-étale cohomology is still in its
infancy it might be useful to collect such machinery. We hope the properties of topological group
cohomology we collect in §§2 to 9 are also of some interest independent of Weil-étale cohomology.

2. The ‘gros topos’ of topological spaces

We follow the foundational conventions of [SGA4| based on the axiom of the existence of universes
in set theory. Following [SGA4, IV.2.5] we let Top be the category of topological spaces (which are
elements of a given universe U) and Jopen the open covering topology on the category Top. The
pair (Top, Jopen) is a V-site and the category 7 = Sh(Top, Jopen) of sheaves of sets a V-topos where
V is a universe so that U € V. From now on we suppress any mention of universes and remark, as
in [SGA4], that any concrete computations we do later can also be justified by replacing Top with
the subcategory of spaces of appropriately bounded cardinality.

LEMMA 1. Let Jjs be the topology on Top generated by all families {f, : X, — X} of local section
coverings, i.e. so that for all x € X there is an open neighborhood x € U, an index ¢ and a continuous
s:U — X, so that f,s = idy. Then Ji; = Jopen-

because local section covers are a pretopology [SGA4, II, Proposition 1.4]. By definition a local
section cover can be refined by an open cover. So every covering family for Jjs lies in Jopen [SGA4,
I1, 1.1.1] and we have Ji; = Jopen- O

Proof. Clearly Jopen C Jis. Every covering family for Jj; can be refined by a local section cover

LEMMA 2. An object F of T = Sh(Top, Jopen) can be given by a collection of sheaves Fx for each
topological space X (i.e. functors Fx : Ouv(X)°® — Set from the category of open sets with the
sheaf property for open coverings) together with morphisms 7y : f*Fx — Fy for each continuous
map f : Y — X and transition isomorphisms for a composite Z — Y — X so that 77 is an
isomorphism if f is an open embedding.

Proof. This is [SGA4, IV.4.10.3]. O

Let
y:Top — T
be the Yoneda embedding which is fully faithful (since Jopen is subcanonical) and commutes with
arbitrary limits. We shall be interested in instances where y also commutes with certain colimits.

Recall that a diagram
X; = X (1)
in a category C is an equivalence relation on X if
Homc (U, X1) — Home (U, Xo) x Homc (U, Xo)
is the graph of an equivalence relation for all U, and that this equivalence relation is called effective

if the colimit X of (1) exists and X; = Xy x x Xp.

LEMMA 3. Suppose that Xy is an effective equivalence relation on Xy and that Xg — X is a
covering morphism for a subcanonical topology J on a category C with finite limits. Then the
Yoneda embedding

y: C — Sh(C,J)

preserves the colimit of (1) (and y(X7) is an effective equivalence relation on y(Xj)).

Proof. This is [SGA3, IV, Lemme 4.6.5] applied to the family (M) of covering morphisms for the
topology J. O
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Any homomorphism Gy AN G4 of group objects in a category C (with finite limits) which is a
monomorphism gives rise to an equivalence relation

G x Ga = Gy (2)
on Go (where the arrows are given by projection and multiplication). The sequence
1G5 G BGy—1 (3)

is called ezact if (2) is an effective equivalence relation with colimit Gs. If G3 is also a group
object and p a group homomorphism then the equivalence relation (2) is compatible with the
group structure, in the sense that the multiplication map u : Go X Go — G5 extends to a map

i (G x Go) x (G x Go) — (G1 x G3)

commuting with both arrows in (2). Equivalently, the conjugation action ¢ : Go x Gy — Go restricts
to an action ¢ : Go X G1 — G, i.e. G1 is normal. An immediate computation with fiber products
and the multiplication map then shows that the condition G x Gy = G2 X g, G2 is equivalent to
G1 = * xX@, Go, 1.e. Gy is the kernel of p in the usual sense. If C is an abelian category (in which

case all objects are canonically group objects) then the colimit of (2) and of Gy = G2 (inclusion
and zero map) agree, and we recover the usual notion of exactness.

LEMMA 4. Suppose that (3) is an exact sequence of topological groups, i.e. G3 is homeomorphic
via p to the coset space Go/G1 with the quotient topology and Gy is homeomorphic to the kernel
of p with its subspace topology. Suppose in addition that p is a local section cover, i.e. a covering
morphism for Jopen. Then the image of the sequence (3) under y : Top — T is exact.

Proof. This is immediate from Lemma 3. U

LEMMA 5. Suppose that X = [[,.; X, is a coproduct in a category C with a subcanonical topology
J so that the following hold.

(a) The natural maps X, — X are monomorphisms.

(b) Ift # k then y(X, xx X,) is an initial object of Sh(C, J).

(¢c) The family {X, — X} is a covering for the topology J.

Then the Yoneda embedding

y: C — Sh(C,J)

preserves this coproduct, i.e. yX =[],.;yX,.
Proof. This is [SGA4, II, Corollary 4.6.2]. O

COROLLARY 1. The Yoneda embedding y : Top — 7T commutes with coproducts.

Proof. Coproducts in Top are the disjoint union of the underlying sets and a subset U C X is open
if and only if U N X, C X, is open for all ¢« € I. So clearly parts (a) and (c) are satisfied for Jopen.
If « # k then X, x x X, is the empty topological space (). The empty sieve is an open cover of (),
i.e. belongs to Jopen (). By [SGA4, II, Corollary 4.6.1 1] (or Lemma 5 applied to the empty set I)
yl = y(X, xx X,) is an initial object of 7 = Sh(Top, Jopen). Hence, part (b) is also satisfied. O

The following result might not be optimal but is sufficient for our applications.

PROPOSITION 2.1. Suppose that Gy is a closed subgroup of Go and that either (G1 is a Lie group and
G9 Hausdorff or Go compact with countable basis and G5 := G2 /Gy profinite. Then p : Gy — G35 is
a local section cover. In particular the image of the sequence (3) is exact in 7.
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Proof. If G3/G1 is profinite it is zero-dimensional in the sense of Lebesgue, i.e. every cover has a
refinement by a disjoint cover (see [Lic04, Corollary 2.4] for this argument). Since G is compact
with countable basis it is metrizable [Bou89, ch. IX, §3.1, Proposition 1] and complete [Bou89,
ch. II, §4.1, Proposition 1]. The same properties hold for the closed subgroup Gp. Then [Mic56,

Corollary 1.3] applies for n = —1 and yields that p is a local section cover. If G is a Lie group
then [Ser49, Theorem 1] shows that p is a local section cover. Lemma 4 shows the remaining
statement. ]

We end this section by introducing further terminology which will be used in the rest of the
paper. We call a geometric morphism f : & — & of topoi totally acyclic if R\ f,A = 0 for i > 0
and all abelian group objects A of £. We call f acyclic if R f.f* A’ = 0 for i > 0 and all abelian
group objects A" of &) and if in addition f is connected (i.e. the adjunction A" — f,f*A" is an
isomorphism). Hence if f is totally acyclic and connected then f is also acyclic. ‘Acyclic’ seems to
be standard terminology whereas we have borrowed the terminology ‘totally acyclic’ from [SGA4,
V, Problem 4.14].

We call f a homotopy equivalence if there is a geometric morphism g : £& — £ and natural
transformations ider — ¢* f* and f*g* — ide. For example, the canonical morphism f : 7 — Set is
a totally acyclic homotopy equivalence [MM92, IV.10], [SGA4, IV.4.10] since in that case f. = g*
is both left and right exact.

Given a set S we define a generalized topology on S to be a sheaf F on Top for the open covering
topology so that F({x}) = S. If F is represented by a topological space X then
S = F({*}) = Homrop ({*}, X) = Homget ({*}, X) = X,

and so a topology on S in the usual sense gives a generalized topology.

A generalized topology seems to be a rather weak structure but it is carried by the cohomology
groups defined in the next section.

We follow the conventions and definitions of Bourbaki [Bou89] concerning set-theoretic topology.
In particular, compact and locally compact topological spaces are assumed to be Hausdorff.

3. Definition of topological group cohomology

For any category C and group object G in C we denote by BcG the category of G-objects in C
(objects X together with an action G x X — X).

The functor y : Top — 7 commutes with arbitrary limits. Any topological group G therefore
gives rise to a group object yG of 7 and we define the classifying topos of G as

BG := B71(yG),

the category of objects F of 7 equipped with an action yG x F — F. By [SGA4, IV.2.4] the
category B@ is again a topos.

Given an abelian group object A of BG (i.e. a sheaf of abelian groups A on Top, together
with group actions Homr, (U, G) x A(U) — A(U) functorial in the topological space U) we define
as usual

H'(G, A) == (R'T)(A),
where T'(A) = A% := Hompg(*, A) is the global section functor. If A is a topological G-module
we set

HY(G,A) := H(G,yA).

This is just a special case of the definition of cohomology in an arbitrary topos £ which in turn is
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a special case of the formation of higher direct images with respect to a morphism of topoi & — &’
(namely the case of the unique morphism €& — Set). We have a factorization of morphisms of topoi
BG % Bx =T % Set, (4)

where eg is the morphism of classifying topoi induced by the unique homomorphism of group objects
yG — xin 7. So ej, A is A with trivial yG-action and eg A = Homg(*, A) where Homg(—, —) :=
Hom,;(—, —) is the internal Hom-object of 7" defined in [MM92, VIL3]. If 7 is an arbitrary topos
and G a group object of 7 then by [MM92, VIL.3, (8)] one has an adjunction

Homp,g(X x Z,Y) = Hom7 (X, Homg(Z,Y)) (5)

in the variables X of 7 and Y, Z of B7G. As remarked above, u is totally acyclic, i.e. u, is exact.
Hence the Leray spectral sequence for the composite u o e degenerates and gives a generalized
topology on the groups H' (G, A) = u.(R'eq «)(A) = (Rleg «)(A)({x}).

LEMMA 6. Let G be a topological group and
0— A5 Ay B 43— 0

an exact sequence of topological G-modules so that p is a local section cover. Then there is a long
exact cohomology sequence

- — H'(G, A1) — H'(G, Ay) — H'(G,A3) = H (G, A1) — -+ .
Proof. By Lemma 4 the sequence
0— yd, 5 ydy L oydy — 0
is exact in Ab(7") and hence in Ab(BG). O

4. Comparison to the definition of Lichtenbaum

If X is a G-space, i.e. an object of Br,,G, then yX is an object of BG and the functor
i: BropG — BG, X +— yX

is fully faithful. On the category Br., G we consider the Grothendieck topology Ji; generated by all
covering families {X, — X} with local sections in Top. In other words, the topology Jjs on BrpG is
induced by the topology J;s on Top via the natural forgetful functor Br,,G — Top. For the notion
of induced topology we refer to [SGA4, II1.3.1].

PROPOSITION 4.1. The topology on Bt.,G induced by the canonical topology on BG' via the functor
i coincides with Jj,. Moreover, the set of objects of Bro,G is a generating family for the category BG.

Proof. There is a commutative diagram of functors

BropG —— Top
l yl (6)
BG T

where the horizontal arrows are the forgetful functors. Since 7 is a topos, the forgetful functor has
a right adjoint Y +— Y@ (in fact the forgetful functor is the pullback for an essential morphism
of topoi 7 — BG). Together with the fact that the forgetful functor is faithful this implies that a
family {X, — X} in BG is epimorphic if and only if it is epimorphic in 7. Since the covering families
for the canonical topology of a topos are precisely the epimorphic families, we deduce from [SGA4,
ITI, Corollary 3.3] that the topology induced on BG from Jea, on 7 is Jeay.
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On the other hand, the topology induced on Top from Jean on 7 is Jopen = Jis by [SGA4, TV,
Corollary 1.2.1] and Lemma 1. The first part of the lemma then follows from the commutativity

of (6).
Given a category C with group object G the forgetful functor BcG — C has a left adjoint
HOmc(X,Y) = HOInBcg(G X X, Y)

Here G acts on G x X via the first factor. It follows that if {X,} is a generating family for C then
{G x X,} is a generating family for BcG. If £ = Sh(C, J) is a Grothendieck topos then ob(C), or
rather {ayc(C),C € ob(C)}, is a generating family for £ [SGA4, II, Corollary 4.1.1]. So if G is a
group object in C then {ayc(G x C),C € ob(C)} is a generating family for Be(ayc(G)). Hence so
is {ayc(X), X € ob(BcG)}. O

COROLLARY 2. The functor
BG — Sh(BTopG, Jls); f = Homgg(i(—),f)

is an equivalence of categories. In other words, the Lichtenbaum site (BropG, Jjs) of [Lic04, § 1] is a
site for the classifying topos BG considered in [SGA4].

Proof. This is [SGA4, IV, Corollary 1.2.1]. O

COROLLARY 3. Let G'x Top be the full subcategory of Br,, G consisting of spaces of the form G x X
with G acting on the first factor. Then Sh(G x Top, Jjs) = Sh(B1opG, Jis ).

Proof. The proof of Proposition 2 shows that {y(G x X), X € ob(Top)} is a generating family of BG
and that the topology induced by Jean coincides with Ji;. The result then follows again from [SGA4,
IV, Corollary 1.2.1]. O

5. Comparison to continuous cochains

This section just works out an exercise in [SGA4, V, Exercice 3.6] and reproduces the results of
Lichtenbaum in [Lic04, §2]. For any topos 7 and group object G of 7 denote by EG the object of
B7G consisting of G with its natural left G-action.

LEMMA 7.
(a) For any object X of T there is an equivalence of topoi
BrG/(EGx X) = T/X
sending Y — EG x X toY Xpguxx {*} x X and Z — X to EG x Z — EG x X.

(b) If X is an object of BrG then EG x X with action on the first factor is isomorphic to EG x X
with diagonal action.

Proof. Both parts follow from the axioms for group objects and G-objects in a category. The iso-
morphism in part (b) is given by (p1, ) where p; : EG x X — EG (respectively pu: EG x X — X)
is the projection (respectively action map). O

For T = Sh(Top, Jopen) and a topological group G we write EG for E(yG). The map EG — *
in BG is an epimorphism because it is the image of the local section cover G — {*} in Top under y.
Hence the standard simplicial object of this epimorphism

-+ — FG x EG x EG — EG x EG — EG
gives rise to a Cartan—Leray spectral sequence [SGA4, V, Corollary 3.3]
HP(HL(EG*, A)) = HPM(G, A), (7)
638
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since by Lemma 7 we have, for n > 0,

H} (EG"T A) = HY (x, EG"! x A) = HY

BG/BGn+! (+, EG" x A) = HL.(EG", A).

JEG"

ProrosITION 5.1. If G is a topological group and A an abelian sheaf on Top with yG-action so
that the sheaf cohomology H%(G", A) of the space G™ vanishes for n,q > 0 then HP(G,A) is the
cohomology of a complex

A({*}) - T'7(G,A) = T'7(GxG,A) — -,

which agrees with the standard continuous cochain complex if A is representable by a topological
G-module A.

Proof. This is immediate from (7). O

COROLLARY 4. For a topological abelian group A with trivial G-action we have H'(G,A) =
Homeont (G, A).

Proof. (See also [Lic04, Corollary 1.5].) This follows from (7) and the fact that HZ({x},.A) = 0
for ¢ > 0. ]

PROPOSITION 5.2. If G is a topological group so that the spaces G™ are locally contractible, and A is
a discrete abelian group with trivial G-action, then HP(G, A) coincides with the singular cohomology
of the topological classifying space BG with coefficients in A.

Proof. (See also [SGA4, V, Exercice 3.6, 3].) The topological classifying space BG is the geometric
realization of the simplicial topological space G®, and if the spaces G" are locally contractible then
HZ(G", yA) coincides with singular cohomology. The natural map from the spectral sequence (7)
to the spectral sequence for the cohomology of a simplicial space [Seg70, Proposition 5.1] is then an
isomorphism on initial terms, hence an isomorphism on the end terms. [l

6. Functoriality in G

Any continuous homomorphism of topological groups f : G — G’ induces a homomorphism of group
objects yf : yG; — yGy in T, and we denote by Bf : BG — BG' the induced geometric morphism
of topoi [SGA4, IV.4.5.1].

PROPOSITION 6.1 (Shapiro lemma). If f : U — G is the inclusion of an open subgroup of finite
index then Bf is totally acyclic.

Proof. Since U is an open subgroup we have G = [[.. U Us both in the category Top and in
the category BropU. By Lemma 1, y : Top — 7 preserves this coproduct and since the forgetful
functors in (6) create colimits we also have EG = yG = [[,c/yy(Us) in BU. For any abelian
group object A of BU we have

(Bf)oA = Homy, (EG, A) = Ho_mU< IT v(us). A),
seEG/U

and for any object Z of T

H0m7<Z,HO_H1U< H y(US)aA>> gHOIHBU<Z>< H y(Us),A>

seG/U

= HomBU< H 7 X y(Us),A> = H Hompy(Z x EU, A),
seG/U
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since coproducts in a topos are universal [SGA4, II, Exemple 4.5.1] and for any s € G/U there is
an isomorphism y(Us) = y(U) = EU. The equivalence of categories of Lemma 7(a) shows that

Hompy(Z x EU, A) =2 Homy(Z, A)

and hence
(Bf)*A:HomU< 11 y(Us),A> =~ I 4
seG /U seG/U

Since finite products are exact in the abelian category Ab(7) we find that (Bf), is an exact functor.
U

Remark. Since infinite direct products are not exact in Ab(7) it seems there is no Shapiro lemma
if U is open but G/U is infinite. Likewise, if one just assumes that U is a closed subgroup, the
morphism Bf is in general not totally acyclic as the following lemma shows.

LEMMA 8. Suppose that f : G — G’ is a closed embedding of a nontrivial discrete group into a
connected group. Then (Bf), is not exact.

Proof. We have (Bf)«A = Hom(G’, A) and by (5) the value of this sheaf on a topological space
U is given by

HomBg(G/ x U, .A) = A(G/ X U)G.
In particular, the value at U = {x}, i.e. the stalk at the point of 7 given by the one-point topo-
logical space, is A(G’ )G. Restricting to sheaves A represented by discrete G-modules A we find
Homrop (G', A)Y = A% since G’ is connected. Since G is nontrivial there is a short exact sequence

of discrete G-modules the sequence of invariants of which is not exact. Hence (Bf), of this sequence
is also not exact. O

The following discussion applies to group objects in an arbitrary topos 7. Let
1-H5G5 01

be an exact sequence of group objects in 7 (in the sense explained before (3)). The restriction
functor (Bi)* : BrG — BrH has a left adjoint given by (Bi)(X) = EG x4 X which is the orbit
space of ) := EG x X under its natural diagonal H-action (right on FG and left on X), i.e. the
colimit of a diagram H x Y = Yin 7 (see also [MM92, VII.3, Theorem 1]).

LEMMA 9.
(a) For any object X of Br'H there is an equivalence of topoi
BrG/(EG xy X) — BrH/X

sendjngY—>Eg XHX tOYXngﬁx{*}XXandZHX tOEg XHZ—>EQ XHX.

(b) If X is an object of BG then EG x4 X with action on the first factor is isomorphic to EQ x X
with diagonal action.

Proof. (See also [SGA4, IV.5.8].) This is an immediate generalization of Lemma 7 (which is the
special case where H = 1). O

COROLLARY 5. For any abelian group object A of BrG the object H1(H, A) := Rley.(Bi)*(A) of
T (e defined as in (4)) carries an action of Q and there is a Hochschild-Serre spectral sequence

HP(Q, H'(H, A)) = H"™(G, A).
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Proof. Taking X = * in Lemma 9 and using (5) we have an identity of functors in the arguments
Z of T and A in B7@G, that is

Homy(Z, ey «(Bi)*A) = Homp, »(Z, (Bi)* A)

= HOIHBTQ/EQ(EQ XH Z, EG XH (BZ)*.A) = HomBTQ/EQ(EQ X Z,EQ X .A)

= Homp,g(EQ x Z, A) = Hom7 (Z,Homg(EQ, A)) = Hom7(Z, (Bp)..A), (8)
where the last identity is [MM92, VIL.3(12)] (note that this reference has a misprint: H should
be G). Hence we have an identity of functors ey .(Bi)* = (Bp)« on Ab(B7G). By [MM92, VIL3,
Theorem 1] the functor Bi* has both a left and a right adjoint, hence is exact. By Lemma 9(a)
BrH is a slice topos over BrG and hence the functor (Bi), : Ab(BrH) — Ab(B7rG) is exact and
the functor (Bi)* maps injective objects in Ab(B7G) to injective objects in Ab(B7H). Therefore
RY(Bp)« = Rley «(Bi)* = H1(H,—) and the Hochschild—-Serre spectral sequence coincides with the
Leray spectral sequence for the morphism Bp. O
COROLLARY 6. Let

1-HLGaL Q-1

be an exact sequence of topological groups so that p is a local section cover and let A be a topological
G-module. Then there is a Hochschild—Serre spectral sequence

HP(Q,HI(H, A)) = H'TI(G, A),

where however the objects H(H, A) of T = Sh(Top, Jopen) are not in general representable by
topological (Q-modules.

Proof. This is immediate from Lemma 4. ]

PROPOSITION 6.2. If G and G’ are group objects in a topos T then the natural geometric morphism
B7(G x G') — BrG x1 Br¢G'
is an equivalence of topoi. In particular, for topological groups G and G’ we have
B(G x G') = BG x1 BG',
where T = Sh(Top, Jopen)-

Proof. This is [Dia75, Theorem 5.1] using the fact that Bp,g(A(G')) = Br(G x G') where A : 7 —
BrG sends an object to itself with trivial G-action (this is the pullback functor for the geometric
morphism B7G — 7). In fact both categories coincide with the category of objects in 7 equipped
with commuting actions of G and G'. We also refer to [Dia75] for a general discussion of fibered
products of topoi. O

Unfortunately we were not able to deduce from this proposition a general Kuenneth formula for
topological group cohomology. Below we shall prove a Kuenneth formula for compact groups and
Z-coeflicients.

7. The small classifying topos of a topological group

For any topological group G there is another classifying topos B*"*(G considered in Moerdijk’s
book [Moe95] and also in [MM92, II1.9]. B*"G is the full subcategory of Bro,,G consisting of
discrete sets X equipped with a continuous G-action. Hence we have a fully faithful functor

p*: B¥G — BropG - BG.
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PROPOSITION 7.1. The functor p* is the pullback functor for a (connected) morphism of topoi p :
BG — B*™G where p,F is given by the discrete set F({x})° with its action of Homr.,({*},G) = G.
Here, for any G-set X, we denote by X° = UUCGOpen XY C X the maximal subset on which the
G-action is continuous.

Proof. We consider the inclusion j : B*"G — Bt,,G as a functor between sites where B*™G has
the canonical topology and Bre,G the local section topology. Then j preserves finite limits (in both
categories these are computed on the underlying sets with the induced topology and G-action) as
well as covers (since a surjection of discrete spaces is a local section cover), so it is a morphism
of sites [SGA4, IV.4.9]. By [SGA4, Proposition IV.4.9.4] and Corollary 2 the functor j induces a
morphism of topoi

p: BG = Sh(BropG, Jis) — Sh(B* "G, Jean) = B G.
If X is a discrete G-space an element of Hompg(p* X, F) is an element £ of
Homy (yX,F) = F(X) = Homget (X, F({*}))

which commutes with the yG-action. This is the case if for all ¢ € Homge (X, G) and € X one
has ¢ (x)&(x) = £(Y(x)z), ie. if for all g € G and = € X one has g&(x) = {(gz). This is equivalent
to & € Hompsee o (X, F({*})) = Hompsmg(X, F({*})%).

Finally, by definition, p is called connected if p* is fully faithful. U

We shall see in § 9 that p is acyclic if G is totally disconnected, locally compact and paracompact.
On the other hand, if GG is connected then the action of G on any discrete set is trivial and p coincides
with the canonical morphism BG — Set giving rise to group cohomology.

8. Compact groups and continuity

The following proposition generalizes a well known fact from the cohomology theory of profinite
groups. If GG, is an inverse system of topological groups, a direct system of objects of BG,, is a family
A, together with morphisms (Bg)*A, — Ag in BGy for each G5 % G, so that (Bh)*(Bg)* Ay —

(Bh)*Ag — Ay equals (Bg o Bh)* : A, — A, for any composite G LR G % G,.
PROPOSITION 8.1. Let G = lim G be a filtered inverse limit of compact groups and A, a direct sys-

tem of objects of BG,,. Denote %y Do : G — G the natural projection and put A := li_n}la(Bpa)*Aa.
Assume that for all n > 1 the natural morphism of sheaves on G" (see Lemma 2)

lim pe* Aa, g — lim Ag gn = Agn (9)
o «
is an isomorphism. Then
HY(G,A) = li_H)lHi(Ga,.Aa). (10)

«

Proof. The Cartan—Leray spectral sequence (7) is contravariantly functorial in G and covariantly
functorial in A. Since a direct limit over a filtered index category (in the category of abelian groups)
is exact we obtain a map of spectral sequences

lim HP(HE(EGS, Aq)) —= lim HP*9(Go, Aq)

| l

HP(HL(EG®, A)) =——= H""9(G, A)
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and it suffices to show that the map on the initial terms is an isomorphism. Again using exactness
of the direct limit we have

lim HP(HE-(EGY, Ay)) = HP (h_n; H%(EG;,AQ)) — e (hig Hq(G;,Aa,Ga))
= 1 (H*(Im G2, i i Aa gy ) ) = HP(HY(G®, Ac)) = HY(HE(EG®, A).

where the third equality follows from a standard continuity theorem in the sheaf cohomology of
compact Hausdorff spaces [Bre97, Theorem 14.4], applied to the spaces G", and the fourth equality
is our assumption (9) on the direct system A,. O

COROLLARY 7. Assume that in the situation of Proposition 8.1 the sheaves A, are representable
by discrete continuous G,-modules A,,. Then (9) is satisfied and

Hi(G,l'LnAa) — lim H* (G, Aa)-

Proof. For any continuous map f : X — Y of topological spaces and discrete abelian group A we
have f*Ay = Ax where Ax is the constant sheaf represented by A. Hence pg’*Aa,GZ = Aqgn and
(9) holds by passing to the limit. O

ProrosITION 8.2. If G1 and Gy are compact groups then

L
RT(Gy x G3,Z) = RI(G1,Z) Q) RT' (G-, Z) (11)
Z

in the derived category of abelian groups.

Proof. Each compact group is a filtered inverse limit of compact Lie groups [Wei51, § 25] so we may
write G; = liila G, where the G; , are compact Lie groups. We have

H"(Gy x G2, Z) = lim H"(G1,4 X G2, 7)
(,8)
= hm Hsmg( (Gl,a X GQﬁ),Z)
(cx ,ﬁ)
= hm Hsmg( (GLO&) X B(G2,5)’Z))
(cx ,ﬁ)

where the first (respectively second) equality follows from Corollary 7 (respectively Proposition 5.2)
and the third follows from

B(Gl X GQ) = BGl X BG2 (12)
for arbitrary compactly generated topological groups when the product on the right is taken in the
category of compactly generated spaces.

For a compact Lie group G the abelian groups H'(G,Z) = H (B(G),Z) are finitely generated as

can be seen from the spectral sequence (7) and the fact that the cohomology groups Hi-(G™,Z) =

Smg(G" Z) of the compact manifolds G™ are finitely generated. Hence there is a short exact
Kuenneth sequence

0— @ s1ng Gl a) ) ®Z Hsu]g( (G276)’ ) - HSlng( (GLQ) X B(GQ,ﬁ)7Z)
ptq=n

— D Torf(HE,,(B(Gra) ), HY,, (B(G2p), Z)) — 0.
pt+gq=n+1
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Applying the filtered direct limit lim to this sequence and using the fact that — ®z — and

(. 8)
TorZ(—, —) commute with direct limits we obtain an exact sequence

0— P HP(G1,Z) @y H(G2,Z) — H™(Gy x G, Z)
prg=n
— @@ Torf(H"(G1,Z),H(G1,Z)) — 0,
p+g=n+1

which shows that (11) is a quasi-isomorphism. O

9. Locally compact groups

In this section we discuss the groups H*(G,.A) under the assumption that G is locally compact.
In fact all the results below show that H(G,.A) agrees with continuous cochain cohomology under
various assumptions. We first record the following general result which shows that one can replace
Top by a suitable full subcategory without changing the groups H'(G, A).

PROPOSITION 9.1. Let Top’ be a full subcategory of Top closed under finite limits and so that any
open subspace of a space in Top’ again lies in Top'. Set T’ = Sh(Top’, Jopen) and for any group object
G of Top' set B'G = B7/(y'(G)). Then there is a commutative diagram of geometric morphisms

BG ST

|,

B'G—=1T'
where the vertical arrows are totally acyclic homotopy equivalences. In particular for any abelian
group object A of BG we have H' (G, A) = H(B'G,v..A).

Proof. The inclusion functor Top’ — Top commutes with finite limits, preserves covers [MM92,
p. 411] and has the covering lifting property [MM92, p. 412] for the open covering topology on both
categories. The discussion on [MM92, p. 416] then shows that there is a totally acyclic homotopy
equivalence 7 — 7. The same applies to the functor G' x Top’ — G x Top, where the notation
is as in Corollary 3, and hence there is a totally acyclic homotopy equivalence v : BG — B'G
extending 7 — 7. O

By [Bou89, I, §9.7, Propositions 13 and 14] the category Top™ of locally compact spaces with
countable basis satisfies the assumptions of Proposition 9.1. We denote 7" (respectively B'G, respec-
tively el;) by 7 (respectively' BG, respectively eX) in this case. The following proposition high-
lights one advantage of working with 7% in that the generalized topology on the groups H(G, .A)
can sometimes be shown to be an actual topology.

PROPOSITION 9.2. If G is locally compact with countable basis then H' (G, A) = H'(B*G, v, A).
Moreover, if A is represented by a discrete G-module A, then the generalized topology on
H(B"G, A) is the discrete topology, i.e. the object Rielé’*A of T% is representable by the dis-
crete group H'(B*G, A).

Proof. The first statement is Proposition 9.1. For any object F of 7% and locally compact topo-
logical space ¢ : X — {*} we have a morphism ¢*F({*}) — Fx of sheaves (functors on open
subsets) on X and F is represented by the discrete group F({*}) if and only if this morphism is
an isomorphism for all X. This in turn can be checked on stalks. For any abelian group object A

of B“G the sheaf F = Rielé’*/l is the associated sheaf of the presheaf F(U) := H]Z‘B,ZCG(elCC;’*U, A) on
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Top'® and its stalk at z € X is therefore given by
(Riels \A) = lim  Hii(el U, A). (13)
zeUCX
For any topological space U, the projection G x U — U is a local section cover, hence gives rise to
an epimorphism EG x U — U in BG which in turn gives rise to the simplicial object
-—=> EGX EGXx EFGxU — EGx EGxU — EG xU

and the corresponding Cartan—Leray spectral sequence

HP(HL,(BG® x U, A)) = HYLL (U, A),
functorial in U. The argument here is identical to the proof of the spectral sequence in (7), using
Lemma 7 for X = yU instead of X = y{x}. Since the colimit in (13) is filtered, hence exact, we

obtain a spectral sequence

Hp( lim HY,(EG* x U, A)) = (RPH1el  A),,
zeUCX

functorial in the pair (X, x). Indeed, given a continuous map f : (X, z) — (Y, y) of pointed spaces,
and induced map f : (U,z) — (V,y) of open neighborhoods, we obtain the following map of spectral
sequences.

HP(HY, (EG® x V, A)) == HY1%(e("V, A)

HP(HY,(EG® x U, A)) == H'IL(cl*U, A)

Taking the limit (first over neighborhoods of z, then over neighborhoods of y) we then obtain the
following map of spectral sequences.

H( i HY, (BG® x V. A)) RrHacls ),

HP( hi,n H%C(EG’ x U, .A)) - (Rp"'qelé’*/l)z
zeUCX

Taking f to be ¢ : (X,x) — ({*},*) we obtain a map of spectral sequences
Hp(Hglc(EG',A)) —— HPM(G, A)

vl [ (149)

HP( lim  HL, (EG® x U,A)) . (Rrrecle_A),
2eUCX o

since all neighborhoods * € V reduce to {x}. We now assume that A4 = yA is represented by
a discrete G-module A. By [Bre97, Theorem 10.6] (with ® the family of all closed sets which is
paracompactifying) the natural restriction map

lim H7,.(EG® xU,A) — HI,.(EG® x {z}, A)
zeUCX

is an isomorphism, since for any n the restriction of Aggny«x, the constant sheaf represented by
A, to the closed subspace EG™ x {z} of EG™ x X is again the constant sheaf represented by A,
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i.e. coincides with Apgny ;). Since the restriction map splits the map ¢*, the map of spectral
sequences (14) is an isomorphism on initial terms and therefore an isomorphism on end terms. We
conclude that the morphism of sheaves ¢* H'(G, A) — (Rieg*A) x 1s an isomorphism. O

Remark. The category of locally compact spaces also satisfies Proposition 9.1 and the first statement
of Proposition 9.2 has an analog for any locally compact group G. However, to compute stalks as
in the proof of Proposition 9.2 we have to assure that all spaces are paracompact. For a locally
compact space as well as all its open subspaces this is assured by assuming a countable basis.

9.1 Discrete groups

If G is discrete then we may take Top’ = Set, the category of discrete topological spaces, in Propo-
sition 9.1 and B'G = BgetG is then simply the category of G-sets. Proposition 9.1 implies the
following result.

PROPOSITION 9.3. (See also [Lic04, Lemma 5.1].) IfG is discrete then H' (G, A) agrees with the usual
group cohomology of the G-module A({x}). In particular, if G = Z then H*(G, A) is concentrated
in degrees zero and one.

9.2 Totally disconnected groups

This includes profinite groups and groups of rational points of algebraic groups over local fields.
If G is profinite and A a discrete continuous G-module then H'(G, A) is usually defined as right
derived functor of the invariant functor A — A%, i.e. as cohomology in the topos B*"G. If A is just
a continuous G-module then H'(G, A) is usually defined via continuous cochains and it is shown
that both definitions agree for discrete A. The following proposition shows that both definitions
also agree with H*(G, A) as defined in this paper.

ProrosITION 9.4. If GG is a totally disconnected, locally compact paracompact group then p : BG —
B*™@ is acyclic. In particular H'(G,p*A) = H'(BS"G, A) for any discrete continuous G-module A.
Moreover, H (G, A) is computed by the complex in Proposition 5.1 for any abelian group object A
of BG.

Proof. All the spaces G" are again totally disconnected, locally compact and paracompact. Since
such a space has vanishing sheaf cohomology in positive degrees (any open cover has a refinement
by a disjoint cover) Proposition 5.1 applies and gives the last statement.

Recall from [MM92, II1.9, Theorem 1] that B*"G = Sh(S(G), Jatomic) Where S(G) is the full
subcategory of objects of B*™( of the form G /U with U an open subgroup. The sheaf R'p,p* A is the
sheaf associated to the presheaf G/U — H'(p*(G/U),p*A) = H'(U,p*A). The last identity follows
since G — G/U has a continuous section, hence by Lemma 4 the effective equivalence relation
given by U on G is mapped by y to an effective equivalence relation in 7 with quotient y(G/U).
Then by Lemma 9 we have an equivalence of topoi BG/(y(G/U)) — BU. Now since U is again
totally disconnected H'(U,p*A) is computed by continuous cochains. Since A is discrete, each such
cochain ¢ is constant on a smaller open subgroup U’ C U and hence the image of ¢ vanishes
in H(U',p*A) = H'(p*(G/U"),p*A) for i > 0. Since G/U’ — G/U is a covering for the atomic
topology, the sheaf Rip,p*A vanishes. O

We note that p is in general not totally acyclic. For example, if G = Z, and A = Z, with trivial
G-action and its profinite topology, then Rip,(yA) = 0 for i # 0,1 and p,(yA) = Zg (discrete
topology), Rlp.(yA) = @g. The Leray spectral sequence for p degenerates to an isomorphism
Ly = HO(BsmG,Zg) = HY(G,Z,) and an exact sequence

0— HYG.Z,) — H*(B*"G, R'p.Z,) = Q) — H*(B*"G,Z)) = Q,/Z, — 0,
since H2(B*™G,Z3) = HY(B*"G,Qy/Zy) = Qp/Z,.
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9.3 Vector space coefficients
We denote by R := y(R) the ring object of 7 represented by R with its standard topology.

PRrROPOSITION 9.5. Suppose G is locally compact and paracompact. If A is a sheaf of R-modules
then H'(G, A) agrees with the cohomology of the complex in Proposition 5.1. In particular if V is
a topological R-vector space with a continuous G-action then H'(G,V') is computed by continuous
cochains.

Proof. If G is locally compact and paracompact, so are all the spaces G™ [Bou89, I, §9.9]. Since a
sheaf of R-modules on a paracompact space is soft [Bre97, Theorem 9.16] it has no cohomology in
positive degrees [Bre97, Theorem 9.11]. We conclude by Proposition 5.1. ]

This proposition makes available all the results of the book [BW00, ch. IX] by Borel and Wallach
concerning continuous cochain cohomology of locally compact groups with vector space coefficients.
For example one has the following result.

COROLLARY 8. Suppose V' is a locally convex, Hausdorff, quasi-complete topological vector space
over R with a continuous action of the compact group G. Then H'(G,V) =0 for i > 0.

Proof. This is [BWO00, IX, Proposition 1.12]. O

PROPOSITION 9.6. If A is a discrete abelian group then H (R, A) = 0 for i > 0. If V is a locally

convex, Hausdorff, quasi-complete topological R-vector space with a R-linear differentiable action
of R, then H*(R,V) =0 for ¢ > 1.

Proof. If A is discrete then Proposition 5.1 shows that H*(R, A) is the cohomology of the continuous
cochain complex because the space R has no higher cohomology with constant coefficients A. On the
other hand, any continuous map from R" to A is constant since R™ is connected, so the continuous
cochain complex is the complex associated to the constant simplicial object A, hence acyclic in
degrees ¢ > 0.

If V is as in the lemma then H*(R,V) agrees with the cohomology of the Lie algebra of R by
[BWO00, IX, Lemma 5.2, Proposition 5.6], hence vanishes in degrees i > 1. O

Unfortunately we were not able to compute the groups H'(R,.A) for arbitrary coefficients A,
even if the action of R is trivial. Does one always have H*(R,.A) = 0 for i > 1?7

10. Cohomology of the Weil group

For any number field F' and any set S of places of F' containing the archimedean places we denote
by Crs = AIX, /F* - Urgs the S-idele class group of F. Here Up g C AIX, is the subgroup of ideles
with component 1 (respectively component in O;ﬂ) at places v € S (respectively v ¢ S). We allow
S to be infinite; if S is the set S(F) of all places then Cr := Cpgp) = A /F* is the idele class

group.
The Weil group Wp of F' (or a Weil group of F') is a topological group defined as the projective
limit
WF = l&l WK/F,S (15)
K/F,S

over either all finite Galois extensions K/F and S = S(K), or all finite Galois extensions K/F and
finite sets S of places of K containing the archimedean ones and the places ramified in K/F (the
equivalence of the two definitions is [Lic04, Lemma 3.1]). Here Wy /F,s 1s the group extension

1— OK’S — WK/F,S — Gal(K/F) — 1
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corresponding to the canonical class in H?(Gal(K/F),Ck.s). There is a short exact sequence of
inverse systems

1
1—>Cl’,5 CK’,S og | R 0
NK//Kl NK’/Kl H
1
1 Ck Crs 20 r 0

where C’Il< g is a compact Hausdorff group. Since the inclusion C’Il< g — Ck s induces an isomorphism

on H?(Gal(K/F),—) the canonical class also leads to compact Hausdorff groups W} /K, and Wi
There are direct product decompositions

Wp 2 Wi xR, Wgpg = W}QF’S x R
in the category of topological groups.
LEMMA 10. Let A be either a discrete, continuous Wg-module or A = R with trivial Wg-action.
Then

HZ(WF7A) = h_H)l HZ’(WK/F757AWK/F’S),
K/F,S

i.e. the definition of H'(Wg, A) as a direct limit in [Lic04, Definition 3.2] coincides with topolog-
ical group cohomology. If A is discrete we have H'(Wp,A) = H' (W}, A) and if A = R we have
H{(Wp,R) = H(R,R).
Proof. If A is discrete then
A =lim AWr/rs
—
and since the limit in (15) is filtered Corollary 7 applies to the compact group W}; to give
HZ(WI%'W A) = h_H,l HZ’(WII{/Fﬁ‘v AWK/F’S)'
K/F,S
The Hochschild—Serre spectral sequence
HP(GY, HI(R, A)) = HPT(G, A)
associated to the group extension 0 — R — G — G! — 1 for both G = Wr and G = Wk/Fs
degenerates by Propositions 9.2 and 9.6, and gives isomorphisms H'(Wpg, A) = H' (W}, A) and
H' Wk /pg, A) = Hi(WII(/FS, A) (see also [Lic04, § 3] for this argument).
If A =R with its standard topology it is not true that
p*K,S HomTOp(_7 R)WK/F,S - HomTOp(_J R)WF?

where pr s : Wp — Wi pg is the natural continuous map, and neither is condition (9) satisfied.
However, we can follow the computations in [Lic04, Lemma 3.4] and use the Hochschild-Serre
spectral sequence of [BW00, ch. IX, Theorem 4.3]

HP(R, HY(G',R)) = HPTY(G,R)

associated to the group extension 1 — G!' — G — R — 0 for both G = Wr and G = Wk/Fs
together with Corollary 8 to deduce
H'(Wp,R) = H(R,R) = H' (Wg/p,s,R) = lim H' (Wg/p,g,R). 0
K/F,S

The following result is proved in [Lic04, Theorem 3.6] for i < 3 and any number field F'. We
restrict to totally imaginary F' to ease notation in the proof although the method of proof will quite
likely extend to general F'.
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THEOREM 10.1. Denote by AP = Homeont (A, R/Z) the Pontryagin dual of a locally compact abelian
group A. Let I' be a totally imaginary number field and Z the discrete Wr-module 7. with trivial
action. Then

z i=0,
H (Wp,Z) = { (CL)P i=2,
0 i odd,

and H'(Wp,7) is an abelian group of infinite rank, in particular nonzero, for even i > 4.

Proof. The idea to compute H*(Wp,Z) is to use the Hochschild-Serre spectral sequence for the
group extension

1—>W}’O—>W}LGF—>1,
where

1,0 _ 4. 1,0 T 1,0

W™ =1m Wy o s0) = 1%101{ (16)

is the connected component of the identity of W} For any topological group G we denote by G
the connected component of the identity in G which is a closed normal subgroup by [Bou89, III,
§2.2, Proposition 7]. The Hochschild—Serre spectral sequence

HY(Gp, (W', 2)) = HIT{(W, Z) (17)
then exists by Proposition 2.1 and Corollary 6 and computes H'+ (W, Z) by Lemma 10. By Propo-
sition 9.2 we may replace 7 by 7% in this spectral sequence and H Z'(V[/l[l,ﬂ’o,Z) is then represented
by the discrete Gp-module H "(W}’O, 7). Alternatively, we may use the Leray spectral sequence for
the geometric morphism

p: BW} — BW}E = B Gp.
An argument as in the proof of Proposition 9.4 shows that the sheaf R'p,Z is the sheaf associated

to the presheaf K — HEWI (p~YK),Z) = H(W}-,Z) where K runs through finite extensions of
F

F (the objects of the category S(Gr) in the proof of Proposition 9.4) and W} = 77 1(Gg) is the
compact Weil group of K. The discrete G p-module corresponding to R'p,Z is

M :=lim H' (W}, Z) = H' (ﬂ W}<,Z> = H'(W;°,2),
K K
where the first isomorphism follows from Proposition 8.1 and W}’O = Nk W}( inside W}; since
{1} = Nk Gk inside GFp.
Again using Proposition 8.1 as well as (16) we find that
M' = lim H'(CR°, Z).
K

For any number field F' and Galois extension K/F with group G we have an isomorphism of G-spaces

1

c’ [I Mapg, (G.S) x V(K), (18)
V€S, c(K/F)

where So c(K/F) is the set of archimedean places of F' which become complex in K and V(K) is a
compact group G-isomorphic to V®z O = yrE)+s(K)-1 [NSWO00, ch. VIII, Theorem 8.2.5]. Here
r(K) (respectively s(K)) is the number of real (respectively complex) places of K and

V:zliLnSl ~ QP

is the solenoid.
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LEMMA 11. We have

Z 1 =0,
H'(V(K),Z) = { a Q-vector space i > 2 even,
0 1 odd.

Moreover H*(G, H*(V(K), 7)) = H*(V(F),Z).

Proof. By Corollary 7 and Proposition 5.2 the cohomology of V is given by

7Z i=0,
H'(V,Z) =lim H'(S',Z) = { Q i > 2 even,
0 ¢ odd,

since the cohomology ring of BS! = CP™ is a polynomial ring Z[h] with a generator h of degree
two with n*h = nh where n* is the map induced by multiplication by n on S*. The first part of the
lemma then follows from the Kuenneth formula of Proposition 8.2. By Proposition 9.6, Corollary 4
and the long exact cohomology sequence induced by the short exact sequence of topological groups
with trivial action

0—-2Z—-R—S'—o, (19)
we have an isomorphism of functors
Homeont (—, S') = HY(—, S") = H*(—,Z) (20)
on the category of compact groups. Hence there is an isomorphism of G-modules
H*(V(K),Z) = V(K)P = Homz (0%, Q).
Clearly Homyz(Oj:, Q) has Galois descent which gives the last statement. O

If F is totally imaginary then Map(G, St) = [] 9eG S and the Kuenneth formula (Proposi-
tion 8.2) implies that

RI(CY,Z) = ( & Rr(51,2)®|G> ® RT(V(K),Z) (21)
VESao (F)
and a decomposition of G-modules

H'(Ck.Z)= P @ NP (hy) ® HUV(K),Z),

> ou 2Pvt+q=i vESe(F)

where
Ne(h)y = @ Z-hi by (22)
i1+ Fig=p
is the permutation module on the set of monomials of degree p on the variables hi, ..., h, indexed

by G. Note here that
RIU(SY,72)®l¢ = RT(BSY, 2)®!¢ = Z[hy, ..., hy).
From Lemma 11 we deduce that
oG u )= @ H (G, Q) NP (hy)® Hq(V(K),Z)> (23)
> 2pvtq=i VES (F)
and
H(GH(C\2)= @ H <G, (129 NPv(hn)
S, 2pu=i VESoo (F)
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for j > 1, as G is finite and H?(V(K),Z) a Q-vector space for ¢ > 0. Moreover
H(GHC\2) = @ 2o H(V(F),2) =251 x V(F)P = (Cp")P.
VESso (F)
The E2-term of the Leray spectral sequence for the morphism p : BW}; — B"Gp,

lim B (Gal(K/F), H'(C}, Z)) = HY (Gp, M) = HIY (W}, Z),
K

or equivalently of the Hochschild—Serre spectral sequence (17), therefore looks like

E3 0 E3 O
0 0 0 0
C9P 0 0 0 (24)

0 0 0 0
Z 0 (G¥)P o

where the vanishing entries are given by the following lemma.

LEMMA 12. The following entries in (24) vanish.

(a) All rows with odd index.
(b

) The row with index 2 after the first entry.
(¢) The column with index 1.
)

(d) All columns with index 3 or more.

Proof. Ttem (a) follows since RI‘(C’[I{’O,Z) is concentrated in even degrees by (21) and Lemma 11.
Concerning (b) we have

HI(G, HA(C, 7)) = (P H/(GN'(h)) =0
VESso (F)
for 5 > 1 because N'(h) = Z|G] is Z[G]-projective, hence cohomologically trivial. For any tuple
(pv) the coefficient module @),cg (p) N7 (ho) is a permutation module, i.e. the free abelian group
Z[S] on a G-set S. For such a module H°(G,Z[S)]) is the free abelian group on the set of G-orbits
and H°(G, A[S]) = H°(G,7Z[S]) ®z A for any abelian group A. Hence H°(G, —) applied to the short
exact sequence
0— Z[S] — Q[S] — Q/Z[S] — 0

gives an exact sequence. Since Q[S] is uniquely divisible and G finite we have H'(G,Q[S]) = 0
and hence H'(G,Z[S]) = 0. This gives item (c). Finally (d) follows from the fact that the strict

cohomological dimension of the Galois group Gp of the totally imaginary field F' is 2 [Mil86,
Remark 1.12]. O

It follows that all differentials in (24) vanish, that E? = E* and that H (Wp,Z) = 0 for i odd.
The computation of H*(Wg,Z) is (20) combined with Lemma 10 since W}’ab >~ (O1. There is a sur-
jection H(Wp,Z) — E3, = H(GF, Hi(W}’O, Z)) and it remains to show that H(Gp, Hi(W}’O, 7))
is an abelian group of infinite rank for even ¢ > 4. Consider the summand in (23) corresponding to
q =0, p, =1/2 for exactly one w € Soo(F') and p, = 0 for v # w which is isomorphic to

H° (G, &b Ni/2(hw)>. (25)

WESo (F)
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In the formula (22) for p = i/2 consider the G-submodule

Z[ZP(G)] = @ Z - hg hg, - hy,
{91,--,9p}CG

of polynomials with all exponents equal to 1 which is isomorphic to the permutation module on the

set ¥p,(G) of subsets of order p of G. This set has cardinality (‘g') and the number (G, p) of its

orbits is at least (‘f')/\G\. Since p > 1 the group

#(6 @ 2ty ) 2T
{917..~,gp}gG

has rank tending to infinity as |G| tends to infinity, hence the same is true for (25). If K'/F is
a Galois extension containing K and with group G’, the surjection 7w : G’ — G induces a G’-
homomorphism N?(h) — NP(h') sending hy to >, hy- This homomorphism is injective and
hence so is

7(g")

HO <G, @ NZ/Q(hw)> _ HO <G/, @ NZ/Q(h;))
WESeo (F) WESeo (F)
This implies that the abelian groups

lim H° (G, P Ni/Q(hw)>

K WE S (F)
and
HO(Gp, H'(Wg" . 2)) = lim H'(G, H'(Cy", )
K
are of countably infinite rank. O

Remark. By analyzing the cohomology of V(K') one can also produce a Q-vector space (likely of
infinite rank) in H*(Wg,Z) for even i > 4.

11. The global Weil-étale topology

Let Y = Spec(OF) be the ring of integers in the number field F. In this section we briefly record
the consequences of Theorem 10.1 for the Weil-étale cohomology groups H'(Yy,Z) and H.(Yyy,Z)
defined by Lichtenbaum in [Lic04], following his method of using the Leray spectral sequence of the
inclusion of the generic point.

For any nontrivial absolute value v of F'; we denote by W, the Weil group of the local field F,
and by W) = Z the Weil group of the residue field if v is nonarchimedean. In the case where v is
archimedean we let W, (,) be the canonical quotient R of W, given by the logarithm of the absolute
value map. For all v there is a short exact sequence of topological groups

0—>Wvl—>WU—>W,i(U)—>O,

where W is the maximal compact subgroup of W,. Hence W,! = I, is the inertia subgroup for
nonarchimedean v and W,! & S! for complex v.

THEOREM 11.1. Let F be a totally imaginary number field. Then the abelian groups H(Yyy,7Z)
and H.(Yy,Z) are of infinite rank for even i > 4 and vanish for odd i > 5.

Proof. By [Lic04, Theorem 4.7] there is a spectral sequence
H?(Yy, R15,.7) = HPTI(Wg, 7) (26)
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which is in fact a direct limit over K and finite sets S of Leray spectral sequences for morphisms of
topoi jx.5: BW K/FS — Yk sw where Yi gy is the category of sheaves of sets for the site TK’ S.¥
defined in [Lic04, §4]. By [Lic04, Corollary 4.12] there is an isomorphism

HP(Yw, R5.Z) = @) HP(Wy), i3 RY4.2) (27)

for ¢ > 0 where the sum is over all places v of F.

LEMMA 13. For an abelian group object A of BW ¢/ 5 and any place v of F' the objects iy, Rj s +A
of BW (. are given by ﬂq(Wj, A) where Wvl is the image of W,! under the homomorphism W, —
Wk/F,s-

Proof. Recall that Ty gy is a site with objects (Xy, Xy, fy) where X, (respectively X,,) is an

object of BropWiy(w) (respectively Brop,Wg rs) and f, : X, — Xy, a map of W,-spaces. Coverings
are local section covers in each component. The sheaf jx 5.4 is given by

jK,S,*-A(Xm Xvoa fv) = A(Xvo)'
Fix a place w. The sheaf i} jx s +A is the sheaf associated to the presheaf
Z hi,n(jK,&*'A)(vaXUo’ fv) = h_H}A(XUO)v

where the limit is over the category with objects (X, Xy, fu,g) where g : Z — X,, is a map in
BropW(w)- This category has the initial object (Z,, Zyy, ¢v,idz) where Z,, = Z, Z, = () for v # w,
Zyy = EWgkps xw, Z and ¢y 1 Z — EWg/p g Xw, Z the inclusion. Here EW g /p g Xw,, Z is
the quotient of EW g /r ¢ X Z by the diagonal action of W, and the fact that this object is initial
follows from the adjunction

HomBTopWK/F,s(EWK/F,S X W Z,X) = HOIIlBTOpr(Z,X).
By Corollary 3 we may take as a defining site for BW () the category of all W ,,-spaces Z =
W (w) X Z' with a topological space Z’. Denoting by y : Top — 7 the Yoneda embedding we have
Y(EW k/p,s xw, Z) = Y(EW /5,5 XW,, Wiw) X Z')
= yY(EW i/5,8) Xywa YW oy X yZ' = y(EW g )p,5) Xyw,, 92,

where the second identity follows from Proposition 2.1. Hence 4,/ s A is the sheaf associated to
the presheaf

Z — A(EW g/ps Xw,, Z) = Hompw . s (W(EWgk/ps Xw,, Z),A)
= HomBWw (Wﬁ(w) X Z/,.A) = HomT(Z/,HO_InWw (Wﬁ(w),A))
= HOH]T(Z,,HO_IHW&) (x,A4)) = HomBWK(w) (Z, I{()_mwug(*7 A)),

where the last (respectively second to last) identity is Lemma 7(a) (respectively equation (8)). We
conclude that this presheaf is already a sheaf given by

bk s A = Homy (%, A) = Homyy (%, A) = ey LA (28)

Since W) — Wi /p,s is a subgroup, the restriction functor Ab(BWg/pg) — Ab(BW]}) sends in-
Jective objects to injective objects and hence the right derived functors of (28) are the objects
HIY(W,}, A) := RleW A of BWy,). Since i, is exact these agree with i}, R1jk g ..A. O

COROLLARY 9 (See also [Lic04, Lemma 5.2] for nonarchimedean v.). For any place v of F' we have

Hp(Wn(v) ) Z:RQJ*Z) = Hp(Wn(v) ) Hq(Wvlv Z))
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Proof. By definition
HP (W), iy R Z) = lim HP (W), iy RYjK 5,4 2) = lim H? (W), HU(W,, Z)).
K.,S K,S
By Proposition 9.2 the sheaves H?(W,!, Z) are represented by the discrete W (v)-module H YW, Z).
Using Propositions 8.1 and 9.6 we find that

h_H>1Hp(Wn(v)7ﬂq(Wz}7Z)) = Hp(Wn(v)qu(WUl’Z)) [
K,S

In this computation we have maintained compatibility with the definitions of [Lic04] (and our
results are only slightly more general in that they cover archimedean v). One could instead define a
site Ty with objects (X, Xy, fv) where X, is a Wpg-space, obtain a Leray spectral sequence (26),
prove Lemma 13 in the same way with Wi/ ¢ and W, replaced by Wr and W, respectively, and
end up with the same computation of H'(Yy,Z) (where the analog of (27) remains to be verified,
however).

For nonarchimedean v, by [Ser65, ch. I, Proposition 13, ch. II, Proposition 12], the strict coho-
mological dimension of W} = I, is 2 and

Z q=0,
HY(I,,Z) = (G%,)P q=2
s Fur q=2,

0 ¢#0,2,

and therefore by class field theory and the fact that (G%, )" is divisible,

Z p€{071}7q207
Hp(Wn(v)7Hq(Iv7Z)) = (O;‘U)D p=0, ¢=2,
0 otherwise.

For archimedean v we have W, & C*, W}l = S,

7. q even,

HYW,,Z) = HI(W,,Z) =
0 ¢ odd,
and therefore by Proposition 9.6

Z =0 and
HP (Wi, HIW,, Z)) = {7 P 7 aneaevem
0 otherwise.

The spectral sequence (26) therefore looks as follows:

B Z 0 0 0 0

0 0 0 0 0

@U@(O}v)D ® Dyjoe Z 0 0 0 0

0 0 0 0 0
H(Yy,Z) H'(Yw,Z) H?*(Yw,Z) H*(Yw,Z) H*(Yw,Z)

Using Theorem 10.1 we recover Lichtenbaum’s computation of H'(Yyy,Z) for i < 3 in [Lic04,
Theorem 5.10] and an exact sequence

0— H'(Vw,Z) —» HWp,2) & @ Z—H (Yw,Z) -0
VESo (F)

for even i > 4. Hence for such i the group H*(Yjy,Z) is of infinite rank. For archimedean v the
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morphisms of groups W} — Wg — C’% induce the following commutative diagram.

Hi(Wp, Z) == H(Gp, H(W}, ) < H'(C%, Z)
H'(Wr,Z T vesw(F) H'(Cp. Z)

The proof of Theorem 10.1 shows that the map « is surjective, and the map [ is surjective by the
Kuenneth formula and the fact that W} — C’% is the inclusion of the factor corresponding to v in
(18) for K = F. Hence p is surjective and therefore H**1(Yy,, Z) = 0 for even i > 4. The long exact
sequence

- — Hi(Yw,Z) = H (Yw,$Z) —» H' (Yw,Z) = @ H W), Z) — -+
VESeo (F)

induced by the short exact sequence [Lic04, Proposition 6.1] together with the vanishing
H' (W, Z) for i > 0 (Proposition 9.6 or [Lic04, Lemma 6.2]) then shows that H:(Yyy,Z)
H (Yy,Z) for i > 2.

O m e
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