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Preface

For an odd prime p, the Classical Iwasawa Main Conjecture for the extension
Q%¢/Q is a statement on formal power series over the p-adic integers: On
one hand, divisibility properties of zeta values are interpreted as existence of
an 'analytic p-adic zeta function’. To do this, one introduces p-adic (pseudo-
)measures which are evaluated at a character by integrating over it. On the
other hand, the structure theory of Galois modules for the cyclotomic exten-
sion associates to a class group tower a characteristic ideal in Z,[[T]]. The Main
Conjecture (MC) asserts that this ideal is indeed generated by the p-adic zeta
function.

The Non-commutative Main Conjecture of Iwasawa theory (NMC), as the
name implies, is a conjecture concerning more general (in particular, non
abelian) "admissible” extensions of totally real number fields, F,,/F. Like MC,
it also asserts existence (and uniqueness) of p-adic zeta functions. These inter-
polate complex L-values on negative integers and at the same time are linked
via K-theory to characteristic Galois modules. The role of Z,[[T]] and its frac-
tion field from the classical theory is now played by K;-groups.

To be more precise, for G = Gal(F/F) = H x Z, define the canonical Ore set
S ={f € AG) | A(G)/A(G)f is finitely generated A(H)-module}.

With it comes the exact localisation sequence
Ki(A(G)) = Ki(A(G)s) 5 Ko(A(G), A(G)s).

The p-adic zeta funktion ¢, is asserted to exist in the middle group and map
to a characteristic complex under d. Consequently, integration over characters
has to be replaced by a method to evaluate elements of K at (non necessarily
one-dimensional) Artin representations.

David Burns and Kazuya Kato proposed a strategy to prove NMC: First de-
scribe the K group wherein the p-adic zeta function is supposed to exist by K;
groups of abelian subquotients. Then show relations between classical p-adic
zeta functions in these quotients. The first part is often refered to as the alge-
braic part of the strategy, the second as analytic. In fact, Hilbert modular forms
and the g-expansion principle of Deligne and Ribet play a crucial role in the
latter. An account of this is not part of this work, but see for example [Kak10],
[DWOS].



We are concerned with the algebraic part of the strategy, given that G is iso-
morphic to L := Z, x Z), where the second factor acts on the first via mul-
tiplication of ring elements. This is a compact p-adic Lie group with non-
commutative completed ring A(L) := Z,[L]. The problem is to describe
Ki(A(L)) and K1 (A(L)g) by subsets in [ [, A(U#)* and [],.; A(U*)5, respec-

tively, the product ranging over a suitable family of open subgroups of L.

To this end we make several reduction steps that are also employed in the
much more general work of Kakde, [Kak10], and are dictated by representation
theory: First reduce to one-dimensional admissible quotients L.,c € N, of L
using a result of Kato and Fukaya on projective limits of K-groups, then to
hyperelementary subgroups H of L.. If H is [-hyperelementary for some [ #
p then group theoretic arguments show that NMC holds. So ultimately we
have reduced the algebraic part for L = Gal(F/F) to the case where H =
Gal(F. /F')is a p-hyperelementary subgroup of L., ¢ € N. Then a simple group
theoretic argument shows that H is already p-elementary: H = A x P, P pro-p,
A cyclic with p  |A].

We denote the dual group of A by A. One can now proceed in two ways:
Either use the canonical isomorphism A(H) = P,z Ay (P) and the integral
logarithm £ of Oliver and Taylor for the pro-p group P or make use of the fact
that £ is defined for all pro-finite groups and describe kernel and cokernel of
L. The latter involves group homology computations, of which we give some
examples to hint at techniques necessary in more general cases, but then will

follow the first approach.

The integral logarithm £, takes its image in the Z,-module Z,[Conj(L)]. We
define a suitable family of subgroups U; < L and trace maps 7, to give an
explicit description

7= (r): Z,[Conj(L)] = Q C Hzp[[Ugb]].

In the multiplicative world of K the role of  is played by ¥ C [], A(U#)™ and
7 is replaced by a norm map 6. It is the definition of this ¥ that really poses
problems when one deals with a non-p group: ¢: G — G,z — z? induces the
transfer map for abelian quotients only if G is a pro-p group. This is exactly the
reason why we will give a description of ¥ only for p-elementary quotients of
L.



By the following crucial diagram, cf. 0: K1(A(G)) — Vis an isomorphism

1 —= pu x G — K, (A(G)) =2~ 7, [Conj G] —<—~ G 1
lid LG ZLT Lid
l——ux Gy £ QO UV —1.

To finish the algebraic part of the strategy we define an analogous set Vg and
norm map fs: K;(A(G)g) = Vg for the localized Iwasawa algebras, such that
Vo], A(U)%® = . This will conclude the paper. To proof the main conjecture
one would have to show properties (is) and (iis) from sectiond.5relating pairs
of abelian p-adic zeta functions.

Kato computed K for open subgroups of L in [Kat05]. These are precisely the
groups p™ - Z, x (A x U™) with n,m > 0,A < p,— and U™ := ker(Z} —
(Z/(p™))”). His congruences relate not only pairs of p-adic zeta functions, but
take the form, cf. loc.cit. 8.12.1,

H N ()" = 1 mod p**, foralln > 1,

0<i<n

where each ¢; contains information about the 0-th as well as the i-th p-adic zeta
function in the tower of subquotients.

Some of these were proved in the thesis of Thomas Ward [DWO08|] by using
Hilbert modular forms associated to elliptic curves. It seems to me that given
the description obtained in section [4.5] one could expect a similar argument
as in [Lee09]], Chapter 4, to work. This is considerably easier, since the transfer
map ver is naturally defined on A-adic Hilbert modular forms and corresponds
to the p-power map ¢: A(U2®) — A(US,). If one skips the reductions in chap-
ter 3| then the first filtration step U, O U; were of index p — 1 leading to the
above mentioned problem.

The paper is structured as follows:
In chapter[I|we fix notation and recall the necessary algebraic K-theory.

In chapter 2| we explain the arithmetic setting and what is associated to it: A
canonical Ore set S C A(G), evaluation at Artin representations and a charac-
teristic complex C'(F../F).

We will then state the conjecture precisely in the language of Coates et. al., cf.
and in the formulation of Ritter and Weiss, cf. Both formulations are



in fact equivalent: A proof of this is given in the case where the Galois group
contains no element of order p. It is a well known result of Serre, that this
implies regularity of the completed group ring A(G).

We conclude the chapter by outlining the general strategy of Burns and Kato
of which the final proposition will be a variant.

In the short chapter [3| we follow the reduction steps usually used for Mackey
functors to reduce to Gal(F/F') being p-elementary.

The last and main chapter {4 finally gives necessary conditions for the NMC
to hold for certain extensions. Following Kato’s sketch [Kat07] of the same
strategy for the p-adic Heisenberg group, which was greatly expanded by A.
Leesch in [Lee09], we define an additive map 7, a multiplicative map 6 and
sets (2 and V¥ as in the five lemma diagramm above. This crucially involves the
integral logarithm L of Oliver and Taylor. We will just use it as a tool, since
there are already several references on its construction, convergence etc.

Acknowledgements. 1 would like to thank my advisor Prof. Otmar Venjakob
for the interesting topic and numerous helpful discussions in the course of
the work. Also I would like to thank him for the opportunity to attend the
workshop on Main Conjectures in Miinster, 2011.

I'm indebted to Christian Riischoff for years of mathematical discussions, his
proofreading and friendship and to Anna Bock for her encouragement and
belief in me.

Finally I would like to thank my parents most heartly for their moral and fi-
nancial support throughout my studies.



Chapter 1

Preliminaries

In this chapter we fix notation and basic facts that will be used throughout the
article. Most of it is standard and as a result we keep this as short as possible.

1.1 Notation

e We assume all rings to be associative and unital. We denote by R [[T7]] the
ring of formal power series over a ring R in one indeterminate 7. The
term R-module always means left R-module if not otherwise specified,
likewise the term ideal will be used for left ideal.

e We denote the Jacobson radical of a ring R, i.e. the intersection of all its
maximal left (or right) ideals, by Jac(R). A ring R is called local if R has
exactly one maximal (left or right) ideal. R is called semi-local if R/ Jac(R)
is a semisimple Artinian ring.

o Let Gy, G2 be topological groups. We write G;1 4,G5, G1<4,4Gs, Gi <, Gy or
G <a G5 if Gy is open normal, closed normal, open or closed subgroup
in G5, respectively.

e Asusual, for a group G and subsets U,V C G, the subgroup of G gener-
ated by the commutators uvu'v™,u € U,v € V is denoted by [U, V].

e In contrast, for a ring R, an R-algebra A and subsets S,7" C A, the R-
subalgebra of A generated by elements st —ts,s € S,t € T is also denoted
by [S, T].



e For a commutative topological ring R and a profinite group G we define
the completed group ring

R[G] = lim R[G/U].

U<G

For O the ring of integers in a finite extension of Q, we set Ap(G) :=
O[G], the Iwasawa algebra of G with coefficients in O. We simply write
A(G) for Z,[G] and Q(G) for F,[G].

e For a normal subgroup U <1 G the kernel of the R-module map R[G] —
R[G/U] is denoted by I(U). It is the ideal generated by elements (1 —
u),u € U. In the special case U = G the augmentation ideal ker( R[G] — R)
is denoted by /.

e For a profinite group G the G-homology groups of a compact G-module
A are the left derived functors of the G-coinvariants functor Ag :=
A/l - A. Denoting the Pontryagin dual by -¥, we have functorial iso-
morphisms H;(G, A)Y = H' (G, AY), cf. (2.6.9) in [NSWO0S].

Let R be a ring. A subset S C R is called multiplicatively closed if 1 € S and
z,y € S implies xy € S. Such S is called a right (resp. left) Ore subset for R if
foreachr € R, s € S there exists ' € R, s’ € S with §'r = r's (resp. rs’ = sr’).
If S is in addition right (left) invertibleﬂ Asano proved, building on work of
Ore, the

Lemma 1.1. For R as above and a right Ore and right invertible subset S C R the
right ring of fractions RS~ exists in the sense that there is a ring homomorphism
e: R — RS~ with

o c(s) € (RSTH¥,
e cvery element in RS~ is of the form (r)e(s) ™,

e andkere = {r € R|3ds € S:rs =0}, ie. ¢isinjective if S contains no zero
divisors.
An analogous assertion holds for "right” replaced by "left’.

An element x € R is called right (resp. left) regular if 2r = 0 (resp. rz = 0)
for any r € R implies r = 0. Left and right regular elements are simply called
regular. The subset X of all regular elements of a ring R is multiplicatively

'a condition which is trivially satisfied if S contains no right zero divisors of R



closed. In a commutative ring X is obviously Ore. We denote the localization
of Rby X with Q(R) := RX ! and call it the total ring of fractions of R.

If R is aring and Ry its localization at an Ore subset S C R a left R-module M
is called S-torsion if Rg ®r M = 0.

For more on this subject we refer to §10 of [Lam99].

1.2 p-adic Lie groups

A p-adic analytic manifold of dimension d is a topological space X with an
(equivalence class of an) atlas {(U;, ¥;)icz} of open subsets U; C X, the
@; : Uy = V; being compatible homeomorphisms onto open subsets V; C @g for
some d € N. Here ‘compatible’ means that ;0 ; ' : Qf — Q¢ are p-adic analyt-
ical maps, when defined (i.e., when U; N U; # (). For details see [DASMS99a],
Ch. 8, in particular definitions 8.2, 8.6 and 8.8.

A p-adic Lie group is a group object in the category of p-adic manifolds with
p-adic analytic maps as morphisms.

The interplay between algebraic and analytical structure of p-adic Lie groups
(or p-adic analytical groups as they are often called) is very strong and often
surprising:

Proposition 1.2. ([DdSMS990I, corollary 8.34) A topological group P is a compact
p-adic Lie group if and only if G is profinite containing an open normal unifornf|pro-p
subgroup of finite rank.

Lemma 1.3. Let G be a compact p-adic Lie group. Denote the radical of the Iwasawa
algebra Ao (G) by J.

1. The J-adic topology (where J",n € N is a fundamental system of neighbour-
hoods of 0) is the same as the canonical topology of Ap(G), the latter having
mg, + I(U),U C G open, normal as fundamental system.

2. No(G) is a semi-local ring and local if and only if G is pro-p.
3. If G is pro-p, the maximal ideal of Ao(G) equals mAp(G) + I¢.

2

a condition on certain subgroup series, which we are not going to explain



Proof. For the second and third assertion combine Proposition with
[NSWO08], Proposition 5.2.16. It is proved in loc.cit. that the J-adic topology
is always finer than the canonical topology of Ap(G). To see the first assertion
note that a compact p-adic Lie group always has an open pro-p subgroup by
prop. So the index (G : G,) of G by a p-Sylow subgroup is finite and then
J is open in the canonical topology. O

1.3 Lower Algebraic K-Theory

All definitions are standard and collected here for convenience. We associate
abelian groups K, and K; to an exact category in terms of generators and rela-
tions and denote their group operation additively for K, resp. multiplicatively
for K.

Let C be a full additive subcategory of an abelian category having a small skele-
ton, i.e. C has a full subcategory Cy;, which is small and for which the inclusion
Cs — Cis an equivalence of categories. Let C be closed under extensions. Such
a C is called an exact category.

Definition 1.4. K(C) is the abelian group generated by isomorphism classes
[M] of objects M of Cy, devided by the relation [M]| = [M'] 4+ [M"] if there is an
exact sequencef|0 — M’ — M — M" — 0.

Remark 1.5. Most important to us is the category of finitely generated projec-
tive (left-) modules over a ring R, denoted by P(R). The collections of direct
summands U @ V' = R" for all natural n are sets and their union constitutes
a small, skeletal subcategory of P(R). We denote K;(P(R)) simply by K;(R)
for i=0,1. Note that K,(R) is the Grothendieck group of the abelian semigroup
Psi(R) with the direct sum operation and the 0-module as unit element. This is
why K| of a ring can be thought of as the group where a universal dimension
function takes its values. Indeed, every additive function from P,.(R) to an
abelian group must factor through K.

Definition 1.6. K (C) is the free abelian group on pairs [M, f] with M an object
of Cy, and f an automorphism of M. The relations we mod out are

o [M,fog]=I[M f)]-[M,g]and

¥exact’ always means exact in the surrounding abelian category

10



o [M, f]=[M' f']-[M", "] if there is a commutative diagram

0 M’ M M 0
I e
0 M’ M M 0.

Remark 1.7. There is the following, well known (cf. [Ros9%6], Thm. 3.1.7)
equivalent description of K;(R): For a € R, define the elementary matrix
e;j(a) € GL,(R) as the matrix with 1’s on the diagonal, with « as the (i, j)-
entry and 0’s elsewhere. Let E,,(R) := (e;;(a) | 1 < i,5 < n,i # j,a € R) be the
subgroup of GL,,(R) generated by these elements. Via the canonical inclusions

GLA(R) = GLa(8), 9+ (§ )

we define GL(R) := lim GL,(R) and E(R) := lim E,(R).
Then K;(R) 2 GL(R)/E(R) = GL(R)® := GL(R)/[GL(R), GL(R)].

In the case of semi-local rings Vaserstein (cf. [Vas05]) showed that the isomor-
phism in Remark [1.7)is drastically simpler:

Proposition 1.8. Let R be a (non-commutative) associative ring with unit such that
R/Jac(R) is a product of full matrix rings over division algebras, none of these rings
is isomorphic to My(Z/27) and not more than one of these rings has order 2. Then
K (R) = R*/|R*, R*|, the abelianization of the units of R.

Definition 1.9. The relative K, group, Ky(R, R’), for a ring homomorphism ¢ :
R — R’ is defined as follows: It is the (additive) abelian group generated by
triples (M, N, f) with M, N € P(R), such that f: " ®, M = R ®, N is an
isomorphism of R’-modules. The relations are generated by [(M, N, fg)] =
[(M’ N7 f)] + [(Ma N7 g)] and [(Ma N7 f)] = [(Mlv va fl)] + [(MQ, N27 fQ)] for every
commutative diagramm

0—ROM —ROIM—R ®@ My ——0

C

0— RN, —=R N — R ® Nyo——0.

11



Of course, the K are functors on Rings: A homomorphism of rings ¢: R — R’
gives rise to maps
Ko(p): [M] = [R @, M]

Ki(p): [M, f] = [R @, M, id ® f]

These are well defined homomorphisms since if M/ € P(R) then there exists
N € P(R) with M @ N = R", hence (R @ M)® (R®N) = R® (Mo
N) = R™. The tensor product commutes with finite direct sums so ¢ induces
a semigroup morphism Py, (R) — Psi(R'). From Remark (1.5 then follows the
homomorphism property of the induced map of Grothendieck groups.

Furthermore let R, R', S, S’ be rings with homomorphisms, such that the fol-
lowing diagram commutes

R g
R——35
and define the map

(907Q0,)*: KU(Rv R,) - KO(S7 S/)a <M7 Na f) = (S ®<P MvS®so N, idS’ ®<.0’ f)

Under some conditions there are maps going in the reverse direction:

Definition 1.10. Let ¢: R — S be a homomorphism of rings and for any S-
module M let rr M be the R module obtained by restriction of scalars, i.e. r -
m=@(r)-mforre R,me M.If R € Ob(P(R)) and S" € Ob(P(S)), as above,
are in addition finitely generated projective modules themselves then define
homomorphisms

Tr := Trace: Ky(S) — Ko(R), [M]w~ [rrM]
N := Norm: K;(S) = Ki(R), [(M,[f)] — [(reM, f)]
Tr := Trace: Ky(S,S") = Ko(R,R"), [(M,N, )] — [(reM,rgN, f)].

We recall some key facts about this K-groups:

Proposition 1.11. (Localisation sequence, cf. [Ven05l, §3) For the inclusion mor-
phism v: R — Rg of a ring R into the localisation at a suitabld!| multiplicative subset
S, there are maps

0: [(RS ®r M, F)] = [(MvMa f)]a

%S Ore without zero-divisors is sufficient by work of Berrick-Keating

12



A: [(M, N, f)] = [M] — [N]
yielding an exact sequence of abelian groups

Ki(v)

B0 K (R) % Ko(R, Rs) 2 Ko(R) 22V

The following diagram commutes with R, R, S, S" as in Definition [1.10]

K1(S) — K1 () —2= K(8, 5") 2 Ko(S) — Ko(5)
lN N Tr Tr LTr

K1(R) — K1 (R) —2% Ky(R, R') 2~ Ky(R) — K,(R).

Proposition 1.12. (Morita equivalence, cf. [Ros96l, 1.2.4, 2.1.8) For a ring R and
the ring of n x n matrices M,,(R) over R there are canonical isomorphisms

Ko(R) = Ko(My(R)), [M] = [R" @5 M],
Ki(R) = Ki(Mn(R)), [(M, f)] = [(R" ®r M, idgn @r [)].

Now let R be a Noetherian ring and Rg the localisation of R at a left and right
Ore subset S C R. Denote by HE the category of finitely generated S-torsion
modules that have a finite resolution by objects in P(R). It is an exact category
by the horseshoe lemma. Further let C# denote the category of bounded com-
plexes C* of modules in P(R), such that Rs ® C* is exact. This obviously is an
exact category. For the K, groups of these we have the technically important

Proposition 1.13. If 0 in diagram is surjective we have isomorphisms
Ko(R, Rs) = Ko(H§) = Ko(C§)

Proof. Since 0 is surjective, K,(R, Rs) is generated by elements of the form
[M, M, gs~'] with M a f.g. free R-bimodule, g € Homgr(M,M),s € S. By
tensoring the exact sequence Rs — R — R/Rs — 0 from left with Rg we see
that R/Rs and with it M /M s is a (left) S-torsion module. Therefore

Ko(R, Rs) = Ko(Hg§), [M, M, f]— [M/g(M)] + [M/Ms]
is a well defined map.

Let 0 — P* — H — 0 be a defining resolution of H € HE, then obviously

Ko(Hg) — Ko(CS), [H] = [P*]

13



is well defined. Finally, for an object (D*,d*) € CE the isomorphisms Rg® D’ 2
ker " ®im d" = im d"~ ' &im d", where d’' denote the induced coboundary maps
on Rg ® D*, give an isomorphism f fitting in the diagramm

@i RS ® D2z’ f @Z RS ® D2i+1

| |

@i(im d/2z‘—1 o) im d/Qi) _ld> i(im d/2i+1 D im d/2i+2),

This gives rise to a map
KoC§ — Ko(R, Rs),[D*] = [ D*, € D**, 1.

7 7

We want to apply the five lemma to sequences analogue to The maps
corresponding to J and \ are

Ki(Rs) = Ko(H1S), [Rs® M, gs™ "]+ [M/g(M)] + [M/Ms],
Ki(Rg) — KO(Cﬁ) [RS ® M, gs—l] > [M L]+ [M 3 M),
Ko(HE) — Ko(R ] — Z

Ko(C8) — Ko(R), [D* HZ

One checks easily that these give commutative squares with the above defined
group homomorphisms. Three applications of the five lemma finish the proof.
O

If R = A(G), the Iwasawa algebra of a profinite group, and S = A(G), for

some Ore subset 7" we will write HA(G) = ’HﬁgggT and C/T\(G) = Ci\((g))

Lemma 1.14. If A(G) is regular and D* € CQ(G) then the image of [D*] in KO(HQ(G))
is 3, (=1)'[H'(D*)].

Proof. For an object M € HQ(G) choose a projective resolution P* — M — 0. We
just proved in the proposition above, that ¢: Ko(Ha'@) — Ko(Ca'),[M] —
[P*] is an isomorphism. Set

Y1 Ko(Co D) = Ko(H'D), D] = > (-

14



By the regularity assumption H'(D*) € H3'“ Vi. We compute 1 o ¢([H]) =
> (=1){H(P*)] = [H°(P*)] = [H], hence ¢ o ¢ = id and ¢) = ¢! because we
already know that ¢ is an isomorphism. O

Definition 1.15. For a finite extension L of Q, let O be the ring of integers of L
and let A be a finite group. We define SK;(O[A]) = ker(K;(O[A] — K;i(L[A])).
For a profinite group G = lim A we define SKi(Ao(G)) = @SKl(O[A]). For
the ring homomorphisms Ap(G) = Ao(G)g and Ap(G) — A?(G\)S associated

to an Ore subset S, define SK;(Ap(G)g) and SK;(Ap(G)g) to be the image of

SKi(Ao(G)) under the induced maps of K groups. Here Ap(G) is the p-adic
completion of Ap(G)s.

15



Chapter 2

The Main Conjecture of
Non-commutative Iwasawa Theory

After a short review of some algebraic properties of Iwasawa algebras and
their localisations we introduce the protagonists of the theory: we define ad-
missible extensions of number fields and attach two objects to them, one of al-
gebraic nature, the other one analytic and then formulate the Main Conjecture
for Non-commutative Iwasawa Theory (MC for short) in the terms of Coates
et al. linking those two objects. In this formulation it was proven by Mahesh
Kakde (up to uniqueness of the p-adic zeta function) in [Kak10]. Jiirgen Ritter
and Alfred Weiss have also come forward with a similar conjecture, the Equiv-
ariant Main Conjecture (EMC for short). Its formulation doesn’t generalize as
well as for MC but in its scope it is equivalent, a fact that is surely known to
the expert but will be shown here in detail in the easier regular case. Ritter and
Weiss have also shown their Equivariant Main Conjecture to hold [RW10], also
up to a uniqueness assertion.

In what follows let p always be a fixed odd prime number.
2.1 A canonical Ore set

Suppose we are given a compact p-adic Lie group G with a closed normal sub-
group H such that G/H =T = Z,.

16



Definition 2.1. Let S C A(G) be the set consisting of all f € A(G) such that
A(G)/A(G)f is a finitely generated A(H )-module. S will be called the canonical
Ore subset of A(G).

The set S was first described in [Ven05]. Equivalent definitions and the follow-
ing properties of it are given in [CEK™05].

Proposition 2.2. (i) If J is any open pro-p subgroup of H, which is normal in G,
then f € A(G) is in S iff right multiplication by the image of f in Q(G/J) is
injective.

(i) S is a multiplicatively closed left and right Ore subset and contains no zero
divisors.

Proof. (i) is part 3 of lemma 2.1 in [CEK™05] and (ii) is theorem 2.4 in loc.cit.. [

We conclude that the left and right localisations w.r.t. to S exist (cf. [GW04],
theorem 10.3, propositions 10.6 and 10.7). We identify them and denote them
by A(G)g. It follows from the second part of the proposition that the natural
map A(G) — A(G)g is injective.

The notation S instead of the seemingly more appropriate S(G) is justified by
the following
Lemma 2.3. Let U C G be an open subgroup, then A(G) gy = AMG) 51

Proof. This is proposition 2.10 in [Lee09]. O

If M is a A(G)-module sucht that for each m € M there is some s € S with
sm = 0 then M is called S-torsion, in other words we have A(G)s ®aq) M = 0.

Proposition 2.4. ([CEKT05], prop. 2.3) A A(G)-module M is S-torsion if and only
if it is finitely generated over A(H).

Proposition 2.5. Suppose that G is a compact p-adic Lie group.
(i) The localisation of the Iwasawa algebra A(G) 4 is semi-local.
(ii) The O homomorphism in the exact localisation sequence coming from the

injection A(G) — A(G) 4 is surjective.

Proof. (i) is [CEKT05|], Proposition 4.2. (ii) was proven in loc. cit. under the
condition that GG contains no element of order p. M. Kakde observed in [KakO08],
Lemma 1.5, that this condition can be removed. ]
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2.2 Admissible extensions

The arithmetic situation is shown in the figure below and the fields involved
are supposed to satisfy the following conditions:

My, Assumption 2.6.
X
7 / e F'is finite over Q and totally real.
TN n o Fo|F is Galois and unramified
\ outside a finite set ¥ of primes of
G Freve F.
r o F is totally real.
/ o G := Gal(F|F) is a p-adic Lie
F group.

o I contains F¢, the cyclo-
0 tomic pro-p extension of F, with
Gal(FY|F) = Z,,.

If this is satisfied we call the extension F./F admissible and denote the maximal
abelian, pro-p and outside of ¥ unramified extension of F,, by My. Hence
X = Gal(My/F) is a natural Z,-module.

From [2.6/ follows that G has a closed normal subgroup H with G/H = I'. By
the previous section we can associate to A(G) a canonical Ore set S. From now
on fix an isomorphism I' = Z, by choosing a topological generator v € I'. Note
though, that the group law in I" will be denoted multiplicatively. Let My be
the Galois group of the maximal abelian pro-p extension of F,, unramified
outside the primes above ¥. We set X = Gal(My|F). As abelian pro-p group
X automatically is a Z,-module. For g € G let g be an inverse image of g under
the natural surjection Gal(Ms|F) — G and define ¢ - © = gz§~'; this extends to
make X an A(G)-module (for details see Appendix A.1 in [CSO06]).

Definition 2.7. We say that F,/F satisfies the condition p = 0 if there is a
pro-p open subgroup H’ of H such that the Galois group of the maximal un-
ramified abelian p-extension, L n', over F™' is a finitely generated Z,-module.

Remark 2.8. Iwasawa conjectured that for a finite extension F' of Q the cyclo-
tomic extension F'Y¢ always satisfies ¢ = 0. Ferrero and Washington proved
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this conjecture for F//Q abelian. The following proposition makes clear why
we need this arithmetic ingredient in the formulation of the Main Conjecture.

Proposition 2.9. X is S-torsion if and only if F., / F*V¢ satisfies the hypothesis p = 0.
Proof. See Lemma 9 in [Kak10]. H

We want to see X as an element in the relative K((A(G), A(G)g). In view of
this amounts to X having a finite resolution by finitely generated, projec-
tive A(G)-modules. In general, however, X fails to have such a resolution. The
infinite p-cohomological dimension of G = F,, hints to the problem: A(G) is
regular if G has no elements of order p. To circumvent this problem Kato pro-
posed the use of étale cohomolgy while Ritter and Weiss used group homology
via a translation functor to get a certain 2-extension, cf. section[2.4.3]

Kato and Fukaya introduced in [FK06] a complex closely linked to X:

Definition 2.10.

C* = Cpyr = RHomg, (RTa(Spec(Or. [1/%]), Qp/Zp), (Qp/Zy))
This is an object in the derived category of projective A(G)-modules.

If U C G is an open subgroup and V' < U is normal, denote by £y the fixed
field FY and define

C(.U,V) = RHomy, (RT&(Spec(Or, [1/X]), Qu/Zy), (Qp/Zy)) -
This is an object in the derived category of projective A(U/V')-modules.

The following facts on C* are proved in loc.cit.:

Lemma 2.11.

1. C* is quasi-isomorphic to a bounded complex of finitely generated A(G)-
modules.

2. For any Galois extension F' C K C F,, of F we have
AMGal(K/F)) @) Chjr = Ci/p-

Here the natural surjection G — Gal(K/F') induces the right module action of
A(G) on A(Gal(K/F)).
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o oL o __ e
Lemma 2.12. One has A(U/V)* @y C* = Cfy -
Proof. Well known. A detailed proof is in [Lee09], lemma 2.19. O

In view of this lemma and the prop. we regard C* as an element of the
relative K-group Ko(A(G), A(G)4). When we do this, this element will be called
[C(Foo/ F)].

Lemma 2.13 (cf. lemma 2.19, [LeeQ9]). The cohomology groups of C* are
HO(C.) = Ly,
HH(C*) = Xy,
and H'(C*) = 0,i # —1,0.

A characteristic element for an admissible extension F,,/F is a { € K(A(G)g)
with 0(§) = —[C(Fx/F)]. By Proposition [2.5| there is always a (non necessary
unique!) characteristic element for £,/ F.

2.3 Evaluation of L-functions and the Main Conjec-
ture

First we recall the usual (complex) Artin L-function of a finite field extension.

Let K/k be a Galois extension of number fields with finite Galois group G. For
each prime p of k we choose a prime B of K lying over p. Let Gy be the decom-
position group and Iy be the inertia group. Then Gal(k(P)/x(p)) = Gy/Iyp is
generated by the Frobenius py: @ — 29 = 2%®), where k() := Ox /B, s(p) ==
Oy /p and 9(p) = #~k(p). Note that for any complex representation p: G —
Autc (V) we obtain an operation of py on the Iy fixed module, V7%,

For s € C, Re(s) > 1 we define the complex Artin L-function as

1
det(1 — gD (p) V)

L(K/k.p,s)=]] 2.1)

This series does not depend on the choice of 3 over p since all ambiguity is by
conjugation with elements of G which does not affect det. It is also not affected
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by the choice of p within an equivalence class of representations given by a
character x. Consequently we often write L(K/k, x, s) for the Artin L-function.

Now we let K/k be possibly infinite but unramified almost everywhere, i.e.
we are given a finite set > of primes of k such that Iy # 1 at most for 3 over 3.
In addition we require X to contain all infinite primes. Now fix an embedding
a: Q, = C. A representation of G is called an Artin representation if it is con-
tinuous with open kernel. For a p-adic Artin representation p: G — Aut(V),
V a finite dimensional Q,-vector space we define the complex Artin L-function
associated to p (with respect to X) Lx(p, s) = Lu(K/k, p,s) = Ls(K/k,aop,s)
where the Euler factors of primes p € X are omittet, i.e. if p: Gal(K/k) —
Autg (V) & GLn(@Q,) < GL,(C)

1
Lo = o = mr 22

Remark 2.14. The polynomial det(Id — p(¢y)t) € Q,[t] has its zeros in roots
of unity since ¢y is of finite order. Apart from that, its values depend on the
chosen embedding «. See section 1.2 in [[CL73] for a description of a canonical
choice of a. Klingen and Siegel showed that the values at negative integers
s € Z\ Ny are algebraic integers. The idea to interpolate this integers p-adically
lies at the heart of Iwasawa theory.

The above series converges uniformly on some right half plane (cf. [Neu99],
8.1) and has functorial properties in the argument "p:

Proposition 2.15. 1. If x, X’ are two characters of G, then

Ls(x +X',s) = Le(x, s) + Le (X', 5).

2. If K' O K D k are Galois extensions, x is a character of G = Gal(K/k) and
inf% (x) is the character of G’ = Gal(K'/k) factoring through x, then

Lo(K/k, x,8) = Ly (K' [k, inf§ (x), 5).

3. For an open normal subgroup U C G and p an Artin representation of U with
character x we have

Ls(K/KY, x, s) = Le(K/k,ind%(x), s).

Proof. [Neu99], 10.4 translates directly to our situation. O
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The p-adic L-function will live in K;(A(G)g) and consequently we want to
evaluate elements of this group at representations of . For that fix an em-
bedding a: Q, — C. Suppose now we are given an Artin representation
p: G — GL,(Q). The image of p is finite and adjoining the entries of all its val-
ues to Q, we obtain a finite extension L of Q, with ring of integers 0. Clearing
denominators we see that p is isomorphic to a representation p: G — GL,(O).
This continuous homomorphism induces a map A(G) — M,,(O). In addition a
surjection w: G — I' = Z, induces a map A(G) — A(I'). Combining both we
obtain

AG) = M, (0) ®z, A(T') = M, (Ao(I))
g plg) ®@w(g).

By [CEK™05], lemma 3.3, this extends to a ring homomorphism on the locali-
sation
P, A(G)g — M, (Qo(I)).

Denote by [ := I the augmentation ideal ker(e: Ap(I') — O) and as usual by
Ao(T'); the localisation at /. The augmentation extends toe: Ap(I'); — L.

Definition 2.16. We define the evaluation of an element f € K;(A(G)y) at an
Artin representation p by the composition

= Ki(MA(Qo(I) = (Qo(T)* = LU{oc},  (23)

where the second map is by Morita equivalence and the third map is « — ()
forz € Ap(I'); and z — oo, else.

As we would expect from seeing the Zeta-function in K, the evaluation map
behaves naturally with respect to different representations of G:

Proposition 2.17. Let f be an element of K1(A(G)g) and let O be the ring of integers
in a finite extension of Q,.

(i) For an open subgroup U C G and a continuous character x of U we have

N(f(x)) = f(indg(x))
with the norm map N : K1(A(G)g) — Ki(A(U)g).
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(ii) For a subgroup U < H = kerwg, U normal in G, and an Artin representation
p: G/U — GL,(O) let infg/U be the composition G — G/U 5 GL,(0).
Then

F(infG" (p)) = p(1)(p).

(iii) Let p: G — GL,(L),p": G — GL,,(L) be continuous representations of G.
Then p® p': G — GL, (L) is continuous with

flo@ )= flp)- f(©).

Proof. For (i) let a := Ki(®;,q5(,)) and B := Ki(®). Then by the defining
equation it suffices to show commutativity of

Ki(MG)g) == K1(Qo(I))

|

Ky(AU)g) —2= K1 (Qo(I))

=

where Z,, = I" is a quotient of U and the right hand is induced from the natural
inclusion I'" C T'. To prove the commutativity let t5: A(G) — M, (A(U)) be the
ring homomorphism that assigns to z € A(G) the coefficient matrix of right
multiplication with z on the free left A(U)-module A(G) with respect to some
basis B with cardinality » := (G : U). Choose for B a system of left coset
representatives for G/U and set o, € U, s.t. ox; = ;0 for o € G. By definition
of the induced representation, we have

ind$: G — Aute < EB mi(’)>, o= (xip — z;x(0j:)p) withy € O.

z,€EB
Then the following diagram commutes

ind§ (x)®wa

A(G) M, (O) @z, Ao(T)

|- J
M, (x)®wy

M, (A(U)) M, (0) ®z, Ao(I)
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and therefore

A<T>S M (Qo(T))
MAA(U) g) — 2 A (O ()

commutes. Application of K finishes the proof of (i).
For (ii) apply K to the commutative diagram

® aiu

inf 5"~ (p)
AG)g M, (Qo(I))
e
AG)/Ug M, (Qo(I))
Finally, (iii) is clear from definition of the evaluation. ]

We now state the

Main Conjecture 2.18. There is a unique ¢ = ((F|F) € K1(A(G)s), such that

9(¢) = —[C”] (2.4)

and for every Artin character p : G — O and every r divisible by p — 1 we have
C(pr") = L(p, 1 =7). (2.5)

Here x: G(F9°/F) — Z) is the cyclotomic character. An element ¢ satisfy-
ing equation [2.4{ will be called a characteristic element for the extension F.,/F.
Lemma [2.5)shows that there always exist characteristic elements.

Remark 2.19. One should think of equation as ‘¢ interpolates the com-
plex Artin L-function at certain integer points’. See O. Venjakob’s Habilita-
tion speech [Ven06] or K. Kato’s ICM 2006 speech [Kat06] for more on this
‘interpolation philosophy” dating back to Kummer’s results on the Rieman-
nian (-function. In the abelian case this was first formulated by Iwasawa (for
F = Q) and Coates and Greenberg (for general totally real F'). In the case
F = Q this was first proven by Mazur-Wiles (again after strong results by Iwa-
sawa) and later by Rubin using Kolyvagin’s Euler Systems. The totally real
case was finally settled by Wiles in [Wil90].
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2.4 The Main Conjecture of Ritter and Weiss

As before let G = Gal(F/F) be admissible and in particular G = H x I" with
aclosed H < G, I' 2 Z,. For this section let G be one-dimensional. For the
canonical Ore set we get S = {f | A(G)/A(G)f is a fin. gen. Z,-module}. The
action of I on H factors through a finite quotient of I and we fix a central open
[":=T*"inG.

Definition 2.20. Let 7" = A(I") \ pA(I"). Since A(I") is in the center of A(G) this
is a central, multiplicatively closed subset and hence left and right Ore. A(I") is
a domain and therefore right multiplication with f € T will be injective, which
implies f € S by lemma 2.1 in [CEKT05]. Consequently we have the inclusion

AG)p € AG)s.
Proposition 2.21. This inclusion is an isomorphism.

Proof. (cf. [KakO08], Lemma 2.1) First note that A(G), = A(I")r ®aqv) A(G). We
claim that
Q(A(I")) @aa AG) = QA(G)) (2.6)

by the map $ ® x +— =f. This map is surely injective and the lhs of 2.6/is an
Artinian ring as it is finite (of dimension #G/I") over the field Q(A(I")). In an
Artinian ring every regular element x is invertible, or else (z") would be an
ever decreasing series of ideals. As A(G) is contained in the lhs every regular
element of it is a unit. By the universal property of the total ring of quotients
must then be surjective. Now since S contains no zero divisors, every element
r € AG)g € Q(A(G)) can be written as v = ¢ with a € A(G),t € A(I"). We
want to show, that ¢ can be choosen in T, i.e. t ¢ pA(I”). If t € p"A(T”) then
a=tr € p"A(G) s N A(G) = p"A(G) so one can divide ¢ and a by p". O

Let Q(A(G)) be the total ring of quotients of A(G), i.e. the localisation at
the set of all (left and right) regular elements. It is A(G),. = Q(A(G)) =
{¢]aeAG),be A(I")} (see the first part of Proposition above), in par-
ticular this is a finite dimensional Artinian algebra over the field Q(A(I")).
Changing the coefficient ring from Z, to a finite extension O is well behaved,
as we will see in the following lemma. For Q°(G) := Q, ®g, Q(A(G)) however
the situation is more subtle:

A character x of an irreducible representation V,, of G is called of type W if x
factors through T" or, equivalently, resZ x = 1. If y is an irreducible character of
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G then associate to it a primitive central idempotent in Q°(G) as follows: Take
any irreducible character 7 contained in resf x, let e(n) = % Y onen (A~ Hh
and finally set e, := meg(x) e(n). This gives indeed all primitive central
idempotents (cf. [RWO04], prop.5).

Lemma 2.22.

i) If F'is a finite extension of Q, and O its ring of integers, then F ®q, Q(A(G)) =
Q(Ao(G)).

ii) Q°(G) is a semisimple Artinian ring and the components of its Wedderburn
decomposition are the simple rings Q°(G)e,, where x runs through a system of
irreducible characters of G up to W-twist.

Proof. i) is Lemma 1 in [RW04], ii) is Proposition 6 in [RW04] ]

2.4.1 The analytical side of EMC = MC: Burn’s lemma

Denote by Nrd the reduced norm K;(A(G)y) — Ki(Q(A(G))) —
Ki(Z(Q(A(G))) = Z(Q(A(G)))*, cf. 845A in [CR87]. For z € A(G)5 we
write [z] for the image of x under the homomorphism A(G)g — K1 (A(G)g).

To use a Hom-description of K;(A(G)g) Ritter and Weiss introduce a map Det
analogous to the evaluation defined in Let p be an Artin representation
of G on the Q, vector space V. For z € A(G) N A(G)g denote by r,(x) the
induced endomorphism on Q(A(G)) ®@a(a Homg (V,,Q, ® A(G)). The latter
is a finitely generated Q°(I') module by [RW04], lemma 2, and we can therefore
take the Q°(I')-determinant of r,(z). With R(G) denoting the free abelian group
on irreducible Artin characters of G, the map Det: x — (p — detoer)(r,(x))) is
a homomorphism K;(A(G)y) — Hom™((R(G), Q(T')*), cf. [RW04], theorem 8.
Note that K (A(G)g) is indeed generated by elements [z] as above, since A(G)4
is semi-local.

In [RW04], prop. 6, a homomorphism j, : Z(Ao(G)) - Z(Ao(G)e,) =
Q(Ao(I'y)) = Q(Ap(I')) was defined for every irreducible Artin representa-
tion p: G — GL,(OF) over the ring of integers O C Op of a finite extension
Q, C F. These j, have the following properties:

() ker(o) = {1}. 2.7)

pEA(G)
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For this note that Q(A(G)) is semisimple and therefore Q(Ap(G)) is, too.
Its primitive central idempotents e, correspond to the respective identities
of the Wedderburn components of Q(Ap(G)). Obviously an element = €
Z(Q(Ao(G)) is zero if and only if every projection z - e, of = on the differ-
ent simple subrings is zero. Since all the other maps in the definition of j, are
injective the assertion holds.

And theorem 8 of loc. cite gives for every x € Q(A(G))* N A(G)

et (r,(x) = J,(Nrd(a). 28)

The following lemma is a technical excercise in [Bro82] (cf. loc. cit. IIL5, ex.2).

Lemma 2.23. Let G be a profinite group and H be a closed subgroup of G. For an
Ao(H) module M and an Ao(G) module N there is an isomorphism of Ao (G) mod-
ules

N ®o (Ao (G) @aor) M) = Ao(G) @ne) (N @0 M).

Here G acts diagonally on the left hand side and by left multiplication on the right
hand side, while H acts diagonally on the inner tensor product on the right hand side.

Using this lemma and following Burns we show the

Lemma 2.24. For £ € K1(Qo(G)) and for every Artin representation p of G one has
£(p) = Jp(Nrd(E)).

Proof. By Propositions 2.5 (i) and [1.8| there is * € Qp(G)* with ¢ = [z], so
we can use equation For an Artin representation p: G — Aut(V') denote
the contragredient representation G — Aut(Hom(V,Q,)) by p. Now use the
isomorphisms of left Q°(G)-modules

Homg, (V,, @, ®o Ao(G)) = V; @0 Ao(G) = Ao (G) @ro(m) (Vs @0 Ao(H)).

The first isomorphism comes as follows: An element f of the left hand side is
determined by its image on a basis B of V,, say

finite

fO) =z @A,
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Since B is finite we can assume that the \; don’t depend on b. Hence we obtain
amap f— >, (b— xz(»b)) ® Ai. One immediately verifies that this is an isomor-
phism. The second isomorphism is Lemma when setting M = Ap(H),
N =V

Taking H-coinvariants gives isomorphisms
Qo(T) ®aq(r) Homg 1 (V,, Q) ®0 Ao(G)) = Q(T) &g, V.

Here r,(z) maps to 6,(2): Ao(G) — Endg(Q°(I') ® V;) with 6,(g9)(A ® v) =
Am(g) ® g~*(v). By definition of V; and Morita equivalence we are done. O

This finishes the “interpolation side” of the main conjectures.

2.4.2 The translation functor

The translation functor t as described by Ritter and Weiss uses group homol-
ogy to give a substitute for the Iwasawa module X in case of non regular A(G).
It provides an equivalence between the categories G, of certain group exten-
sions and GrMod,, exact sequences of A(G)-modules.

The objects of Gr, are short exact sequences of profinite groups 1 — N —
G — (Q — 1 where N is pro-p and abelian. A morphism between two exact
sequences is the obvious commutative diagram. The objects of GrMod, are
pairs (G,0 - M — N — I; — 0) where G is a profinite group and the
diagram is an exact sequence of compact A(G)-modules. Remember that I
always denotes the augmentation ideal of A(G). The morphisms in GrMod,
between (G,0 - M — N — Iz — 0)and (G',0 - M' — N’ — Iz — 0) are
pairs

G, 0 M N Ic 0
| I
ed 0 M N’ Ier 0,

where ¢ is a homomorphism of profinite groups, ¢’ is induced by ¢ and the
diagramm is commutative in A(G)—Mod. To describe the translation functor
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first suppose 0 -+ N — G = Q — 0 is an object of Gr,, with N, G, Q all finite.
Then the snake lemma diagram

0—=I(N) "% A(G) "= AQ) —=0

augag augqQ

gives exactness of the sequence 0 — I(N) — I — Iy — 0 of Z,-modules and
consequently of [(I]\(,]; el ]\%" = — Ig — 0. This last sequence is a sequence
of Z,[Q]-modules: let ¢ € @ act through left multiplication by any preimage
g +> q. Ritter and Weiss then prove ad hoc, that the left term in this sequence is
isomorphic to N for abelian, pro-p N, the left map is injective, t is compatible

with inverse limits and that t is in fact an equivalence of categories.

All this can also be derived from the following abstract argument, cf. [NSWO08],
§V.6:

For an arbitrary sequence of pro-c groupdl|1 — H — G — G — 1 we take
H-coinvariants of 0 — Ig — A(G) — Z, — 0 yielding the exact

Hi(H.A(G)) = Hi(H.Z,) = (Ig)n = (A©))n = (Zy)n — 0.

Note that A(G)" = Hom(A(G),Q/Z) = Map,,(G,Q,/Z,) = Coind{(Q,/Z,)
is cohomologically trivial and by (2.6.9) in [NSWO08] we conclude that
Hy(H,\(G)) = 0. With H,(H,Z,) = H(p)* the sequence above amounts to

i
O—>H(p)ab—>] g] — Ig — 0, (2.9)
H LG

lwith ¢ a class of finite groups closed under kernels, images, extensions and containing
Z/pZ
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which is the t image of H — G — G for H pro-p, abelian.

2.4.3 The Equivariant Main Conjecture

The Equivariant Main Conjecture is formulated in [RW04] as follows:

Lemma 2.25. For an admissible one-dimensional extension F.,/F and a finite set ¥
of primes of F, containing all ramified primes and those above oo and p, let My, be
the maximal abelian, pro-p, outside of ¥ unramified extension of F., and set G :=
Gal(Fy/F), X5 := Gal(Msx/Fy,). Then for each A(G)-monomorphism 1p: A(G) —
I there is a commutative diagram of A(G)-modules with rows and colums all exact

0 0 0 (2.10)
0 0 AG) —~ (@) 0

v P
0 Xy Y I 0

id

0 —— Xy —— coker ¥ —— coker ) —— 0

and Y finitely generated and of projective dimension < 1 over A(G).

Proof. The only thing to prove here is existence of such an Y and exactness
of the middle row. Consider the arrangement of field extensions depicted in
the figure below. Let Fy, resp. Ny, be the maximal outside of ¥ unramified
extension of F), resp. its maximal subfield with pro-p Galois group. With the
notation from the diagram we have Xy = X2’ and Xy — G = Gal(Ng/F) - G
is exact. The middle row in diagramm [2.10]is the right column in prop. 5.6.7. in
[NSWO08]. Corollary 10.4.9 and prop. 8.3.18 in loc.cit. give cd,G < ¢d, G, < 2.
So the additional assumptions in prop. 5.6.7. of loc.cit. hold and the lower row
gives an exact sequence

0 — Hy(Xs,Z,) — N2 (p) = A(G)! = YV =0,
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where NP (p) is a finitely generated projective A(G)-module.  Finally
Hy(Xs,Z,) = 0by the weak Leopoldt conjecture (thm. 10.3.22 in [NSW08]). [

2.4.4 The regular case

If A(G) is regular, i.e. G has no elements of order p, then a finitely generated
A(G)-module has a finite resolution by finitely generated projective modules.

Given a A(G)-monomorphism ¢ like in diagram we have the following
commutative diagrams of A(G)-modules

A(G) = A(G) A(G) = A(G)
) PP
0—— X, Y Ie 0 0 Ic ANG) —=1Z,

from which we get by taking cokernels Xy, < coker¥ — cokeri and cokery —
cokery — Z,.

Since 1 is injective, 1)(1) is a non-zero divisor and since cokeri is annihilated
by (1), it is S*-torsion. Also I; is finitely generated (A(G) is Noetherian) and
so is cokerty. Xy is S*-torsion by prop. Since this implies Xy is finitely
generated over A(H ), it is clearly f.g. over A(G).
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If in a short exact sequence A — B 4 C of A(G)-modules A and C' are S*-
torsion then so is B: z € B = s¢(z) = 0 for some s € S* = sz € ker¢ =
A = tsx = 0 for some ¢t € S*. Now use that S* is multiplicative. Consequently
cokerV is S*-torsion.

If 4(1) is central in A(G), then cokert) is annulated by ¢(1): z € A(G) =
Y1)z = YP(x) € imy). Z, is obviously a finitely generated A(G)-module. It
is also annulated by (1).

So we have coker¥, cokery) € H2£G) and by prop. can regard their images
in KT'(A(G)).

Conjecture 2.26 (Equivariant Main Conjecture). Set O, := [cokerV] — [cokeri)] €
KoT(QA(G)) = Ko(A(G), Q(A(G))). Ritter and Weiss formulate in [RW04, p.14,
the Conjecture that there is a unique element ©g € K1(Q(A(G))), s.t.

0(Ox) = Us, (2.11)

As we have seen in lemma the second part is equivalent to Det(ég) = Liy.

The first, algebraic part of this translates to the Non-commutative Main Con-
jecture as follows:

Oy, = [coker®] — [cokeri)] = [cokery)] + [Xs] — [cokery] — [Z,] = [Xs] — [Z,] =
[HY(C*)] — [H™1(C*)] =Y., (=1)[H'(C*)] = —[C"] where the fourth equality is
because of lemma and the last is due to lemma

2.4.5 The non-regular case

In the non-regular case, i.e. when G has an element of order p, two strategies
were pointed out by O. Venjakob to show the correspondence between —[C*]
and Os..

The first relies on the observation (by K. Kato) that there is a totally real field
extension F. over F,, unramified almost everywhere, with its Galois group
G' = Gal(F!, /F') a p-adic Lie group containing no element of order p. Conse-
quently the regular case above applies and we have —[C*(F. /F]| = U's. The
extension F_ /F. is in general an infinite pro-p abelian one (cf. [BV05], lemma
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6.1). Its construction uses Kummer theory and supposes, that the p-th roots of
unity are in F), so it may not be applicable to every situation. To descent back
down to G, one uses a deflation map. If the extension F’_/F is finite this was
described by Ritter and Weiss in their paper [RW02].

The second strategy uses sequences of 2-extensions. An account of this strategy
can be seen in the recent course notes by Venjakob, [Venll].

2.5 The strategy of Burns and Kato

Burns and Kato have proposed a strategy for proving the Non-commutative
Main Conjecture if G is a p-adic Lie group with a surjectionw: G = I' = Z,. It
makes use of the Commutative Main Conjecture known to hold by the affore-
mentioned results of Wiles et al.

Let Z be a set of pairs (U, V') of subgroups of G, such that U C G is open, V is a
closed subgroup of ker w and V normal in U with U/V abelian. For such a pair
define

Oy Ki(AG)) =5 Ka(AU)) =5 Ka(AU/V)) = AMU/V)*
and analogous for the localisations

proj,

sy : Ki(AMG)g) 2% Ky (AU)g) 22 Ky (A(U/V) ) = AUV

For a given set 7 as above we combine them in the homomorphisms

0: Ki1(G)— [ aw/v)”,

(UV)eZ

0s: Ki(G)—~ ] AMU/WV)E
(UV)ez

Nowlet ¥ < [ A(U/V)* and ¥ < [z A(U/V)g be subgroups, such
(UV)EZL

that the following holds:

Assumption 2.27. 1. 0: K (A(G)) — V is an isomorphism,
2. ZWZ(Qs) - \Ifs,
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3. W =UsN[]yy)er MU/V)™ and

4. for any Artin representation p of G there is a finite family (U;, V;) in T and one-
dimensional Artin characters x; of U;/V; , s.t. p is a Z-linear combination of
ind$ ;.

The following theorem is due to D. Burns and K. Kato. For a closed subgroup
G’ < G let I/, be the fixed field FS' of G’ . We denote the p-adic zeta function
(with relation to X)) for the (abelian) extension Fy /Fyy by (w,v)-

Theorem 2.28. (cf. [Kat07]) Let ¥, Vg be subgroups as above and suppose we have
(Cuv)wyvyer € Y. Then the p-adic zeta function  for F, / F with relation to X exists
and 0(§) = —[C*].

Proof. Let f be a characteristic element for Fi,/F and for (U, V) € T define

(fuv) =0s(f) € MU/V)g,
(woyv) = o) (fur) "

Consider the following diagram

Ki(MG)g) —N™ Ky (A(U)) — 22— AUV

: 3 :

Ko[A(G), A(G) ] = Ko[AU), MU )] =5 A(U/V) 5 /AU V)™

It is commutative by the definition of restriction of scalars and the map 0 given
in section

By lemma[2.12} proj,oTr(—[C(Fx/F)]) = —[C(u,v)]. By Commutative Iwasawa
theory 9(Cu,v) = —[Cw,v)) and consequently uyy € kerd = A(U/V)™. The
image of f under fg is in ¥ ¢ by assumption [2.27)(2). By the assumption on (y,y
in the theorem (uyv) € s N[y yyer A(U/V)* = W by (3).

By assumption (1) the unique preimage of (uy,), say u, under 6 exists in
Ki(A(G)). Identifying K (A(G)) with its image in K3 (A(G)g) weset{ :=uf €
Ki(A(G)g). This is by definition a characteristic element for F,/F and has
05(&) = (Cuw)-
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It remains to show the interpolation property. For this let p be an Artin repre-
sentation of G and p = Y. r;ind} (x;) with y; according to assumption
(4). Then by proposition 2.15]

Ly(1—rp) = H L,(1—r, indgi(xi))” = HLz(l —7,xi)"

We have &(pr") = [[" £(indZ (x;)x")" by additivity of evaluation. If x;; denotes
the cyclotomic character for the fixed field F; = FY then

E(indg (xa)K") = Osuv (€) (xiklr) = Cuv (Xis K1) = Le(1 =7, x4).

This shows existence of the p-adic (-function for F,,/F. Uniqueness follows
from an easy diagram chase using the injectivity of 6. O
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Chapter 3

Reduction arguments

Mahesh Kakde [Kak10] recently reduced the proof of the main conjecture for
general admissible (see p-adic Lie extensions to the pro-p case. Another
account of this is in the lecture notes [Suj11] by R. Sujatha.

Each reduction step has two parts: One K-theoretic, giving an isomorphism
K{(A(G)) = lim K 1(A(G)) where the limit ranges over a suitable family of quo-
tients or subgroups of G with norm maps and one representation theoretic us-
ing the compatibility of evaluation and complex Artin L-functions with tensor
products of representations to glue the main conjectures on each level G to-
gether in one large commutative diagram. Kakde uses the uniqueness asser-
tion in the main conjecture in every reduction step. This is possible due to his
formulation using the quotient group K| = K;/SK, rather then the whole K.

Conjecture 3.1. (Kakde’s Main Conjecture)

There is a unique ((Fwo/F) in K{(A(G)g) such that for any Artin representation p of
G and any integer r = 0 mod p — 1

O(((Foo/ F)) = =[C(Foo/ F)] and
C(Foo/ F)(prr) = Lu(p, 1 = 7).
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3.1 Reduction to the rank 1 case

Lemma 3.2. For a compact p-adic Lie group P we have an isomorphism

K{(Ao(P)) —» lim K7 (O[A))

where A runs over the finite quotients of P and the inverse limit is taken w.r.t. the
norm maps.

Proof. Denote by Jp the Jacobson radical of Ap(P). Then Fukaya and Kato
show in [FK06], prop. 1.5.1, that K;(A(P)) — lim K1 (Ao(P)/Jp). So

K1(Ao(P)) = lim K1 (Ao(P)/Jp)

=~ lim K,(O[P/U]/m"O[P/U])
(Ur)
= Jim lim K (O[P/U]/m" O[P/U])

= i i K, (OP/U]/ T30

~ lim K, (O[P/U)).

Here U runs over the open normal subgroups of P and » € N. The first
and last isomorphisms come from the aforementioned result of Fukaya and
Kato. For the second isomorphism note that the Jp-topology on Ap(P) is
the same as the canonical one by lemma i.e. for any n € N there are
r € Nand U<, P withm"Ap(P)+I1(U) < Jp and the map ((U, r) — m minimal,
s.t.JE <m"Ap(P) + I(U)) gives a cofinal system. Then we use the usual cate-
gorial argument, [Mac98|] IX.3 theorem 1. For the third isomorphism, note that
GLy(R) surjects onto K (R) for semilocal rings R. Consequently the projective
limits are taken in the category of profinite groups and we use the corollary in
[Mac98] 8IX.8. For fixed U <1, P the m", r € N, constitute a fundamental system
of neighbourhoods of 0 € O[P/U]. By the same reasoning as in step two we
conclude that they are cofinal in the powers of the radical and get the fourth
isomorphism.
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Finally, SK;(O[P/U]) is finite by a result of Higman, [Hig40]. By definition
SKi(Ao(P)) = m, SK;(O[P/U]) and by the exactness of lim on sequences of
compacta we have

K{(Ao(P)) = lim (K, (O[P/U])/SK1(O[P/U])).

As immediate consequence we get the

Corollary 3.3. Let Q,(G) = {G/U; U is open in H and normal in G'}. Then
Ki(Ao(G) = lim  Kj(Ao(G")),
G'e€Q1(G)

where the projective limit is taken w.r.t the norm maps.

Proposition 3.4. Let F,,/F be an admissible extension with G = Gal(F/F'). Then
Kakde’s Main Conjecture is true if and only if it is true for every G' € Q1(G).

Proof. The “only if” part is clear from Fukaya/Kato (functoriality of C'(F'/F))
and the functoriality of the L-functions. For the "if” part consider the commu-
tative diagram

K1 (A(9)) Ki(A(G)s) Ko(A(9), A(G)g) ——0

lim ., K3 (A(G") —lim , K3 (A(G)g) —lim , Ko(A(G), A(G)'s).

Let f € K{(A(G)g) be a characteristic element for F,,/F' and denote the image
N(f) by (fer). Let (o € K{(A(G")4) be the unique element satisfying the Main
Conjecture over G'. Set ug: = (¢ f5'. Then by commutativity of the right
square O (ue) = 0 and by exactness of the bottom row (ug) € Jim K TA(G).
The left vertical is an isomorphism by the corollary above. Let u denote a
preimage of (u¢) in K{(A(G)) under this map. Then w - f is a characteristic
element of I,/ F, too. Now let p be an Artin representation of G factoring over
a fixed G’. Then for r = 0(p — 1) we have uf(pr") = (e (pr") = Lx(p, 1 —7r). O

3.2 Further reductions

Suppose G is one-dimensional. Then by fixing a section of G — I' we get an
isomorphism G = H x I for some finite normal subgroup H of G. The action
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of I' on H must factor through a finite quotient and therefore we can and will
fix an open central " := I'?", where n is chosen minimal. For subgroups P of
the finite group G = G/(I'?) denote the inverse image of P in G by Up.

Definition 3.5. A finite group P is called I-hyperelementary for a prime [ if P =
Cn x m with 7 a finite [-group, C,, cyclic of order m with [ { m. It is called
hyperelementary if it is [-hyperelementary for some .

Theorem 3.6 ([Kak10], thm. 27). The main conjecture is valid for an admissible
one-dimensional p-adic Lie extension F.,/F with Galois group G if and only if the
following holds: for every hyperelementary subgroup P of G = G/(I'"), the main
conjecture is valid for F,,/ FIr.

Proof. Consider the commutative diagram with exact rows

K1 (A(9)) K1 (A(9)s) Ko(A(G), A(G)s)

| - |

lim,, K{(A(Up)) — lim,, K7 (A(Up)g) — 2 lim, Ko(A(Up), A(Up)),

where the projective limits in the lower row are taken with respect to the maps
induced by Norms and conjugation.

The “only if” part follows by the same argument as in Prop. Now let f
be a characteristic element for C(F./F) and let (fp) be its image under Ng.
The collection of p-adic zeta functions (p satisfying the main conjectures for
F../FYr is an element in the projective limit Hm , K 1(A(Up)g) by their respec-
tive uniqueness. By the commutativity of the right square 0p(fp(p') = 0,VP
and from left exactness of lim follows the existence of up € Kij(A(Up)) with
up +— fp(p'. By their definition (up) is in the projective limit Jm K{(A(Up)).
N is an isomorphism by [Kak10], lemma 26 EL and we conclude that there is
u € K{(A(G)) with u — (up). We let ( := fu. Then ( is a characteristic ele-
ment for F,/F. Now we have to show that ¢ interpolates the complex Artin
L-function for F,/F.

Letp : G — @p be an Artin character of G. Then by Theorem 19 in [Ser77]
there are (non-necessarily one-dimensional) Artin representations pp of Up and

!this is ultimately relying on work of C.T.C. Wall and A. Dress in the finite case
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integers np with p = >, np indlgjp pp. For any integer r = 0 (mod p — 1), we
have

C(pr) H ¢ mdUP ppkp)"”
= H Cr(ppkp,)""
P
=1 Ls(op. 1 =)' = Ls(p,1 = 7).
P
[

Remark 3.7. The [-hyperelementary case splits into two completely different
cases: | # p and [ = p. The former is easier, the latter is the main problem:
Kakde in [Kak10], as well as Ritter and Weiss in their sequence of papers, re-
duce the p-hyperelementary case to p-elementary groups, i.e. groups of the
form P x A,P pro-p and A a finite cyclic group of order prime to p. The non-p
part A can then be transferred to the coefficient ring by the isomorphism

AP x A) 2 I Ao, (P)

x€A

Here A is the group of characters of A and O, is the unramified extension of Z,
obtained by adjoining the values of . So using Burns and Kato strategy one is
finally down to the question of describing K (Ao (P)) for a pro-p group P and
a finite unramified extension O of Z,,.

Case 1:

Theorem 3.8. Let F,,/F be admissible and satisfy . = 0 and lets assume G is such
that G /1" is I-hyperelementary for | # p. Then the Main Conjecture 3.1|for F.,/F is
true.

Proof. Theorem 31 in [Kak10]. H

Case 2:

Assume that G is a rank one quotient of the false Tate group L. Consequently
it is of the form G = C x (I' x A) with C = (¢) cyclic of p-power order, say
|C| = p". Then G has a central open subgroup I" := I'*"" = 7 and G :=
G/T" = C % (D % p,_1) is finite with D cyclic of order p™~'.
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Lemma 3.9. Suppose H < G is a p-hyperelementary subgroup of G then H is already
p-elementary.

Proof. Let H = Cy xm with 7 a p-group and Cj, cyclic of order p { k. Since H < G
and ord(G) = p*™=Y.(p—1)itis k | p— 1. Then 7 acts on Cj, trivially, since the
image of m — Aut(C)) C S, must be a p-group and hence is trivial. O

Lemma 3.10. If G is isomorphic to the false Tate group Z, x 7 then SKi(A(G))
is trivial, hence Kakde’s Main Conjecture implies the Non-Commutative Main
Conjecture[2.18|

Proof. If G is a finite quotient of the false Tate group L, then its p-Sylow sub-
group is of the form N x C with N,C cyclic p-groups. Proposition 12.7 in
[O1i88] applies to give SK;(A(G)) = 1. SKi(A(L)g) is by definition the image
of SK;(A(L)) in the localisation sequence. We just saw that the latter is trivial
as projective limit of trivial groups. O
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Chapter 4

K of certain completed p-adic
group rings

In order to proof the Main Conjecture2.18|for a specific group G via the strategy
in section[2.5, we have to describe K1 (A(G)) and K (A(G)g) by sets U and Ve g
satifying certain assumptions. In particular we prove ¥ = K;(A(G)). To this
end Kato proposed the use of a logarithm map. This ‘integral logarithm” has
values in Z,[Conj(G)] and takes norm maps between K;-groups to trace maps
between Z,-modules.

the reduction steps in Chapter [3|it suffices to pursue the above program for
K;(A(G)) (and its localization) when

Suppose G satisfies assumption below, i.e. G = Z, x Z;, then in view of

a) G1 = H x I'is a one-dimensional quotient of G and
b) G = Up the preimage of a finite p-elementary subgroup of G, /(Z(G,)NT').

Since the additive side is considerably easier we will give a description of the
trace image of Z,[Conj(G)] for the whole false Tate group G in section For
the multiplicative part we will use the reductions a) and b) above and describe
Ki(A(A x P)) and K;(A(A x P)) for p-elementary subgroups of G.
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4.1 The false Tate group

We will be concerned with groups G satisfying the

Assumption 4.1. Let p be an odd prime. There is an isomorphism of topological
groups s: L = G of topological groups from the 'false Tate group’

X
L::przgz<zg Zip)

to G.

Remark 4.2. L is a compact p-adic Lie group: An atlas is given by the collection
of charts with disjoint images {v;: Z, x Z, — G, (a,b) = t(i +p-a,b),1 <i <
p—1}

A description of K;(A(G)) will only be done for groups G satisfying the fol-
lowing

Assumption 4.3. There is an isomorphism s: P — G of topological groups from the
maximal pro-p subgroup of the false Tate group

P:=7,xUY
to G. Here, as usual, U™ := ker (2 — (Z/p"Z,)*).
From now on suppose G satisfies assumption [4.1] or Denote by () the

nn

closed subgroup generated by "-".

We fix the following important notation: Let 2 be a primitive (p — 1)-th root
of unity in Z, and d = (1 + p), a topological generator of U") = 7Z,, s.t. ZX =
(z) x (d). We define elements ¢, 9, ¢ € L:

(31 = (30) - (32)

Then L, resp. P, has a surjection w to I' = Z,, with kernel isomorphic to (¢, ¢),
resp. (g).

If G falls under assumption[4.]]we omit reference to the isomorphism s: L — G
and denote the elements s(¢), resp. s(d), s(¢), by ¢, resp. 0, (. Any element g in
G can be uniquely written as g = £'6’¢*, with 4, j, k all minimal. For such ¢
define t, := t := d’z* € Z). With this notation the following relations in G are
verified by simple computations in L :
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e 0( =(0o
° 5n€k — Ed"kan’ Cngk — gz"kcn

o [67, V] = gld"~Dk,
Let Uy := G = ((,0,¢) and for n > 1 set
Up = (""", 6), Vi i= [Un, Un] 2 (7).
Identity (1) follows from [i67" igh™!] = (-a""Mit@"'=Di ¢ (1"} and

e’ = [, 0" mod [e, 67" .

Similarly, if G satisfies assumption[4.3} Let U} := G = (9, ¢) and for n > 1 set

U = (67" &),V == [U., U] = (&"").

Lemma 4.4. If G = L then U, is an open subgroup of G for all n, V,, is a closed
subgroup in the kernel of w: G — I', normal in U,, and U,,/V,, is abelian and analogous
ifG = P.

Proof. If G = L the first assertion is clear, since U, has index #((()) -
# ((5> / (5”"71>> in G. Since w has abelian image the other assertions follow
by definition of V,,; the same arguments work for G = P. O

For all n € N, the family C,, := {z,2%,...,2P" 1 dz d2?,...,d" 27~} is a sys-
tem of representatives for (Z,/(p"))”.

Lemma4.5. (i) The collections {6°C* | 0 < k < p—2,1 < j < p" 1} comprise
coset representatives for L/U.,,.

(i) The collection {e'6'¢* | 0 < k < p — 2j € Zyi =
0,1,p,p% ..., p»0=# -1 — yuw(=0-1Y s g system of representatives for
the conjugacy classes of L.

(iii) The collections {67 | 1 < j < p™} comprise coset representatives for P/U).

(iv) The collection {67 | j € Zp;i = 0ori = pupF,u=1,2,....p—1,0 < k <
v,(J)} is a system of representatives for the conjugacy classes of P.
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Proof. (i) and (iii) are obvious: For g = (§¢),h = ( ) itis gh = (“’cy xb*“) and
xb + a = 0 for a suitable choice of b.

For (i) note that hgh™! = (Z v*(1=2)%) with g, h as above. Choosing y appro-
priate one has ya = p*»(®). Then choose b such as to cancel ya if v,(1—z) < v,(a).

Lastly, for (iv) use the same notation as for (ii) and write
0 = agp™@ 4+ apr @+ 4 ...
with 1 < qy < p — 1. There is y € UM such that ya = aop*®. We can cancel ya
by (1 — z)biff v,(1 — ) < vy(a), butv,(1 —z) = v,(1 — &) = v,(5) + 1. O
Definition 4.6. e Let ¢ € Nbe minimal such that ”* = 1 and ¢ := oo if ¢ has
no finite order. For ¢ € NU {co} define ¢ := {0,1,...,¢} CN.
e The indexing sets in Lemma [4.5|will be of frequent use. We define
C :={(i,j, k) | i, 7,k as in Lemma[4.5] (ii) } and
C,:={(,j,k)eC|0<j<p" ' -1}
e Similarly we define
C":={(4,7) | i,7 as in Lemma[4.5|(iv)} and
C={(i,j)eC|0<j<p"—1}.
Remark 4.7. e The center of G is defined to be Z(G) = {9 € G | gh =
hg,Vh € G} = {g | [9,h] = 1,Vh}. To determine the center we note

that every g € G is of the form g = £'6’¢* and g is in the center if and only
if it commutes with all generators:

[67¢, e = dﬂz*1_1@k:p—1,jZc—lifceNandj:Oelse,
[e'07¢k 0] =D =1 =i =0and
[67¢F, (] =7 =1 i=0.

We conclude that Z(G) = (6 ') if ord(e) = p° is finite and in this case
G/Z(G) is finite and every element in the factor group has a unique rep-
resentation as g = £9/¢Fwith1 <i <p, 1 <j<pland0<k <p—2
ifG= Lorg=c¢'dwithl <i<p‘1<j<ptif G= P,respectively.
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e A group G satisfying assumption[4.1is the projective limit of groups with
open center, as can be seen directly:

NL(ZX /G >)_

In general a compact p-adic Lie G with H — G — I'is the projective limit
of its rank 1 quotients G with a similar sequence. I' is free,so H x ' = G
with finite # and the center of this contains I'?" for n > 1 and thus is
open.

4.2 Trace maps and the additive side

For an arbitrary group G and a commutative ring R, define R[Conj(G)] t
the free R-module on the set of conjugacy classes of G, i.e. R[Conj(G)
D ccconjie) BC- For g € G let classq(g) := {ogo™"! | o € G}. Note that

o be
]

¢ : R[Conj(G)] — R[Conj(G)], classg(o) — classg(o?)
is a well defined map, although the multiplication of G' does in general not
extend to R[Conj(G)].

For a group G, a subgroup H < G and a quotient G’ of (G, we define the natural
maps

R[Conj(H)] — R[Conj(G)], classy(o) +— classg(o)
T R[ConJ(G)] R[Conj(G")], classg(o) +— classq ()
Peonj: R|G] = R[Conj(G)], o — classg(0).

Suppose H has finite index in G and let C'(H, G) denote a system of represen-
tatives for the left cosets of H in G. We define the R-linear map

Tram : R[Conj(G)] — R[Conj(H)],
classg (o) — Z classy (vov™1).

veC(H,G)
vov—teH
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This is independent of the choice of C'(H, G) and well defined, i.e. not depend-
ing on the choice of o within a conjugation class.

Lemma 4.8. (cf. lemmma 3.4 in [Lee09l) pcon; induces an isomorphism

Ho(G, R|G]) = R[G]/[R[G], RG] = R[Conj(G)].

For a profinite group G we define R[Conj(G)] := Jm R[Conj(G/U)] using
the maps

7: R[Conj(G/U)] = R[Conj(G/V)], forU,V <,G,UC V.

Lemma 4.9. (¢f. lemmma 3.5 in [Lee09]) The map peon;: AM(G) — Z,[Conj(G)]
(induced from the maps p..; above) gives an isomorphism

AMG)/IMG), MG)] = Z,[Conj(G)].

The following lemma is key in understanding the image of the trace map.

Lemma 4.10. Let G be a p-adic Lie group and Z(G) its center. Z,[Conj(G)] is a
A(Z(G))-module and the A(Z(G))-module homomorphism

AMZ(G)IG/Z(G)] = Z,[Conj(G)]

is surjective.

Furthermore, if G falls under assumptionand Z(G)isopenin G, i.e. ¢ < oo, then

Z,[Conj(G)] = @ A(Z(G))classg (707 ¢CF).

(i,5,k)eCe

If G falls under assumption [d.3land Z(G) is open in G, i.e. ¢ < 0o, then

Z,[Conj(@)] = @ A Z(@G))classg(e'67).

(i,3)€C;

On the right hand side, A(Z(G))classg(g) means the A(Z(G))-submodule of
Z,[Conj G| generated by class(g).
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Proof. The first part is in [Lee09], lemma 3.7: For z € Z(G),g € G we have
classg(zg) = z - classg(g). Any continuous section of G — G/Z(G) will yield a
A(Z(G))-linear surjection

AMZ(G)IG/Z(G)] = AG).

Note that the second part of loc.cite cannot be applied here, since [G, G| = (¢) ¢
Z(@). Rather, we us the ad hoc description of Conj(G) in lemma

Conj(G H Z(G)classg(z
the disjoint union ranging over z = '0’C*, resp. = = £'¢7, with (i, j, k), resp.
(i, j), in the purported index set. O
Definition 4.11. e The p-adic completion of a Z,-module M is, as usual,
defined by

M" = léI_nM/p”M

e Assume that GG is a one-dimensional p-adic Lie group with a surjection to
Z,. Then the center Z(G) C G is open and we define

Zp[Conj(G)]s := MZ(G))s(z(0) @az(@) Zp[Conj(G)].
By lemma this tensor product is well defined.

e For such G define

Zy[Conj(G)]s := (Zp[Conj(G)]s)".

Definition 4.12. Suppose G satisfies assumption For n € ¢ define the
A(Z(G))-module homomorphisms

7w =70 Trgu, : Zp[Conj(G)] — Z,[Conj(U,)] = AU, /V3),
T = (Tn)n: Zp[[COIlj(G)]] — HA(Un/VN)'

nec

If in addition c is finite then define
Traiu,,s: Zp[Conj(G)]s — Z,[Conj(Uy,)]s,

71 .
2 ® classg(x) Z D g, classy, (gzg™), ifz € U,
0, else
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and by functoriality of localisation and completion

Tn,s = s © Trau, s Z,[Conj(G)]5 — Z,[Conj(Uy,)]s = AUn/Vi)s,
75 = (Tu,s): Zp[Conj(@)]s — [ [AUL/V2)5-

nec

Analogous maps 7,, 7, 5 and 7/, 75 are defined for G satisfying

Ultimately we want to see that 7 and 7’ are injective. We start with describing
im(7,) in A(U,/V,) and turn to 7/, later.

Let Uy := Uy and for n € ¢,n > 1 define a family of subgroups of U, =
(0", €) by

n—1

Uny = (" e"),0 < k <n.

Then U,, = U,p 2 Uyy 2 -+ 2 Uy, each U, is normal in G and U,,,,/V,, =
Z(G/V,) by remark 4.7}
Forn € ¢,1 < i < p™ define the element

pn—vp(i)

hni = E €pup(i>.t.

t=1
(t,p)=1

Lemma 4.13. Let ¢ denote the Euler function. For n € ¢, the image of 7, is
Ly = (@), p" Vhai | 1 <0 <" )
and the image of 7, s in A(U,,/V},)s is
Ins = ("), 0"V | 1 < i < pn_1>A(Un,n/vn)s'

Proof. 1t suffices to describe the image of 7,,, since by definition of 7,, s its map-
ping properties are entirely analogous.

First, let n = 0, then im(7y) = im(7 o Trg|) = im(m) = A(Us/ V). On the other
hand ¢(p°) = 1.

So from now on let n > 1. The set {classq(¢0’C*) | i = 0,1,2,...,p% j <
P k< p—2} = {dassg(e'0’C) | i = 0,Lp....p%j < pTh k< p—
2} generates the A(Z(G))-module Z,[Conj(G)] topologically, see lemma [4.10]
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Note that, depending on the order of ¢, this set may be infinite. Since *" ' €

Upn/ Ve = Z(G/V,,) we have
im 7, = (7a(classa(e'07¢*)) | 4, j, k as before) szyv,))

= (1u(classg(e'07¢H)) | i = 1,p,...,p" 0< j<p" ' =1, 0 <k <p—2)aw,./vi)-

For the second equality note that

Ta(classg(g)) = 7r< Z classy, (;L-g;,;*l)> — Z classy, v, (xge=1t) = Z

z€G /Uy x T

1

8|
;S|

and therefore 7,,(classg(e?")) = 7,(classq(e?)).

If0#j < p* ', thend ¢ U, = (6" ) and consequently 7, (classg(707)) = 0
by definition. An analogous argument holds for 0 # k < p—1: £'67¢* ¢ U, for
n > 1.

Finally we deal with j = 0,k = 0, i.e. we compute

Tn<ClaSSG(€i)):7T( Z classUn(ékaaiC’k(S’mD

0<I<p—2
1<m<pn—?
s Mol —-
:7T( E classy, (" Z)) = E g,
I,m 1<t<p"

(p,t)=1

The last equation holds since d™2' runs through a system of representatives of
(Zp/p")* = G/Un.

These sums are “truncated” by the relation 7" = 1. If i = p" this evaluates
to ¢(p"). To determine the corresponding coefficients for ¢ # p", note that all
elements i-t have the p-valuation of i, of which there are (p—1)p"~*®~Lin Z /p".
(Z/p™)* is acting transitively on these elements and the order of the stabilizer

is given by o #EL/p)

o T = p*»(@). The assertion follows. O

To further describe the image of 7 in [ [, I, we need a relative trace map:

Definition 4.14. Let S be a finitely generated free left R-algebra. Define the

natural antthomomorphisnfl] from the left R-module S to the right R-module
R
Tr: S — Endg(S) = M,(R) =% R.

Imeaning f(Am) = f(m) -\ A€ R
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It induces a homomorphism of left R-modules
Tr: S/[S,S] = R/[R, R|

and, if R, S are topological rings, a continuos homomoprhism

Tr: S/[S, 8] — R/[R, R].

Remark 4.15. Assume there is a basis {z;};—
set z;; € R, such that

»CS*andforse S,j=1,....n

.....

Finally let m;: @, Rv; — Rx; = R denote the projection onto the i-th direct
summand. Then z;; and Tr can be computed with x;; = m;(x;s) = mo(z;82; ")

and
Tr(s) = me = Zwo(xisxgl). 4.1)

Lemma 4.16. For m < n € ¢, let

Tryn = Tr: AUp/Vin) = MU,/ Vi)
Trns = (Tr)s: AUn/Vin)g = AUn/Vin) g

and

Pnm = Dx: A(Un/vn) — A(Un/vm)a
Pnm,s = (p*)S: A(Un/VH)S — A(Un/vm)s

be the Trace, resp. projection, homomorphisms. We define the A(Z(G))-modules

Q:=Qq = {(:En)n € H[” | Tty (Tm) = Prm(@n) for m < n} ,

nec

QS = QG,S = {(xn)n S H ]n,S | Trm,n,S(xm> = pn,m,S(In)for m S n} .

nec

Assume that c is finite. Then im(7) C Q and im(7s) C Qs.
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Proof. Clearly it sufficess to prove the assertion for 7.

To this end we define elements c;;,, € A(G),i € Z,,t € Z,n € Nby
0, (1 —1) <n

Citn *=—

v(l—1t)>n

]
Il

10T
o

pn

>, €
s=1

(p,s)=1

The proof of lem. shows 7,(classq(¢0°C*)) = cyndiCk € A(U,/V,) with
t=d’ - 2*, as usual.

If m > 1theset {0*"' |1 =1,...,p" ™} is a basis of the A(U,,/V,,)-module
AU/ Vin). If v,(1 — t) > n then

o @EDh
Trm,n(citnéj Ck) = E 6pm 't 5 P t5] Ck
=1

—m m

p

p’n
iosedP Tl od Pl
_ 2 : 2 :lgzsd 5]{]{: n mE :/ i-8-d 5]gk

t=1 s=1

. T
i-s-dP L

The last equation holds since d*"! = 1 mod p™ for all ¢ and hence ¢+ ~ =
£ mod V,,. On the other hand

Pn, m Cztn(s C Z ,5Z 563
:pnfm Z /Ei-35jck.
s=1

If v,(1—t) < nthen §°¢* ¢ U, consequently 67" '5I¢* ¢ U,, and Tr,, ,,(cind?CF) =
0by . On the other hand p,, ,(¢itn6C*) = pp.m(0) = 0. So the assertion holds
in case m > 1.

If m = 0,m < n, similarly, the set {6'¢C* | [ =1,...,p",k=0,...,p—2} is abasis
of the A(U,,/V,,,)-module A(U,,/V;,). An analogous argument as above finishes
the proof. O
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Theorem 4.17. The homomorphism
7: Zp[Conj(G)] —
is an isomorphism of A(Z(G))-modules.

Proof. We remind ourselves of the definition of ¢ and C, in Define a possi-
ble inverse map

71 Q= Z[Conj(G)],  (2a)a > Y Taln),

where

0 if n #v,(1—1)

Fi I, = Z,[Conj(Q)],  cimd’ct 5
7i Iy = Zy[Conj(G)],  citnd’C H{classG(sl(F]Ck) if n =wv,(1—1).

First suppose ¢ < oo. Then by Lemma (i) the elements
classg(e'0’¢*), (i,4,k) € C. generate Z,[Conj(G)] as A(Z) module. Then
7 o7 =1id and 7 is injective.

We now show that 7 is injective. Let z = (z,,),, be in the kernel of 7. Write
Ln = Z Citn5jCkZitn
(i,4,k)€Ce

where z;;, € A(Z(G)). Then

C

0=7(z) =Y 7lan) =Y 7ulcitnd’¢*)zim

n:0 n i7j7k

= classg(s'67¢*) 27, with = v, (1 —1).

i?j7k

From the direct sum composition in Lemma (i) we see that classg('67¢C*) -
27 = 0,VY(4, j, k) € C.. Applying the A(Z(G))-linear map 7; to this we get

Cai * Zii = 0. (4.2)

It remains to show that ¢, - zi, = 0, for all (i, 5, k) € C,.,n < c¢. Note that we
have not used the condition that z € (), yet.
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In the previous lemma we saw that for 0 # n < ¢ < ¢,z € A(Z(G))

0 ifv,(1—1t) <gq,

n\Ci 6j F :Tn in(sj 2) = :
PanlCua®C72) = Tinglcun’C2) {pq-ncméac% if v,(1— ) > g

Applying this to z,, yields

Z pqincitnéjck < Zitn = Ty q(n)
(4,5,k)€C¢
q<vp(1—t)

= Pgn(Tq) = E P Citn 0 CF - 2y € AU, V3.
(i,j,k)eCe
q<vp(1l-t)

Hence ¢inZitn = CitgZitq, Y1 < ¢ and by equation .2l we see that

CitnZitn = CitnZy; = 0,Vn < v,(1 —1).

This finishes the proof of injectivity for 7 if ¢ < oo.

If € is of infinite order we make the usual projective limit argument:

Z,[Coni(G)] = lim[Conj (G/V,))] 2 lim Q v, = Q.

If we set Iz := Hngcc Tn(Zp[Conj(G))), fa == Trj;—pij: Ia — Hizj AU/ V;)
the last isomorphism is by the following clearly commutative diagram

0 Qg inl I e Hizj AU/ V)
2 2 Lz
. incl . lﬂl fa/vn .
Note that all maps here are A(Z(G))-module homomorphisms. O

To carry over this description of Hy(G,A(G)) = Z,[Conj(G)] to Z,[Conj(G)] 4
and then to its p-adic completion one uses once more the projective limit over
quotients with open center:
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Corollary 4.18. We have an isomorphism of A(Z(G))-modules

Ts1 Z,[Conj(G)]4 — Qg := @n@g}ws

Proof. This is Corollary 3.25 in [Lee09). O
One uses the exact same techniques as above to show the following

Proposition 4.19. Suppose G satifies assumption [d.3|and suppose c < oco.

Define forn € ¢, 1 < i < p"** the elements

n—uvp (i)

p
- gk
h/ r— ez'd
n,g * § .
k=0

Then the image of 7, in A(U,,/ V), resp. 7,, s in AU, /V,))g, is

I, : = (pnapvp(i)h%,i%(@p")),
resp. I;L,S t= <pn’pvp(i)h;17i>A(<6P”))

SA(SP™Y))

Furthermore
7 Z,[Conj(P)] — & (4.3)

is an isomorphism of A(Z(G))-modules and im(7g) C Qf, where Q' C [, I, and

Qs C Hneg I;,S are defined by the same conditions as Q2 and Qg, i.e. Try, ,(2,) =
pn,m(xn)'

Corollary 4.20. Let O be the ring of integers in a finite algebraic extension of Q,, then
tensoring [4.3| with O we obtain an isomorphism 7(,: O[Conj(P)] — Q, since O is
finite, free over Z,.

4.3 The integral logarithm £

The integral logarithm £: K;(A(G)) — Z,[Conj(G)] was constructed for finite
groups by M. Taylor and R. Oliver simultaneously to be used in the study of
the Whitehead group, i.e. the quotient of K, by the canonical units. For the
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construction of the integral logarithm for pro-finite groups we refer to chapter
5 of [SV11]]. The calculations omittet there can be found in [Lee(09], chapter 3.3.

We also need an integral logarithm for K 1(/@), compatible with the non
localized map from above. If the following assumption holds, the construction
of such an extension can be simplified as in [Lee09]. There are results in this
direction, cf. [Burl0] lemma 5.1 and remark 5.7.

Assumption 4.21. Suppose G is a compact p-adic Lie group that is p-elementary
with open center Z. Every v € (A(G)s(e))* can be written as x = wv with u €

MZ)gz) v € AG)™

Since we could not show the asserted decomposition, we will instead use the
construction of Kakde, relying on

NGy = (14 Jac(A(G)g)) - Alo(D))s, (4.4)

where o is a continuous, homomorphic section of the surjection G — T, cf.
lemma 5.1 in [SV11]].

Proposition 4.22. Let p: Conj(P) — Conj(P) be the map classp(g) — classp(g*)
and denote the induced map on Zp[Conj(P)] also by ¢. For a compact p-adic Lie
group P there is a well-defined group homomorphism

Lp: Ki(A(P)) — Z,[Conj(P)], =z~ (1—p '¢)olog(z),
where log is defined by the usual power series.

If in addition G is pro-p and there is a surjective homomorphism P — 7, with kernel,
say H, and N an open subgroup of H that is normal in P, we can write an element

v € (AP/N)g)P) < asx = uv , u € 1+ Jac(A(P/N)g) , v € (A(Z(P/N))g)*
according to[.4, where Z(P/N) denotes the center. Define

Lrs: Ki(A(P)g) — Z,[Conj(P)]

to be the composition of the natural homomorphism

—

K1(A(P)g) = lim K1 ((A(P/N)g)®)

and the homomorphism

lim K, (A(P/N)g) — lim(Z, [Conj(P/N)]s).
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Here N is as above and the later map is induced from the maps
Ki(A(P/N)g) = (Zy[Conj(P/N)]s)",

1 1
MA(?/N)S = ]‘DZOQ(UPSO(U)_I) +(1— FP) o log([v]acp/ny)-

Proof. The last definition makes sense, as %log(xpgo(x)_l) = (1 - }%gp) o
log([x]a(p/n)) for x in the intersection of the domains. There are various con-

vergence and well definedness issues here, for details consult [SV11], chapter
5. ]

By varying the coeffient ring over unramified extensions O of Z, one can easily
extend this to p-elementary groups P.

4.4 Kernel and cokernel of £

For a finite group G and a fixed prime number p let G, denote the p-regular part
of G, i.e. the elements of G whose orders are prime to p. If  is arbitrary in G
then write ord(x) = p"-m, (m, p) = 1 = pup"+ A m. Since z! = gHP TAm = " pAm
we have the decomposition = = z, - z, = z, - ©,,p | ord(z,),p { ord(z,). Note
that G, is in general not a subgroup of G but closed under conjugation by
arbitrary elements of GG. The quotient set of this G-action plays an important
role in modular representation theory: The number of elements of G\G, is the
number of irreducible characters of G modulo p, cf. [Ser77].

Lemma 4.23. Let f: G — H be a homomorphism of finite groups. Then
(i) f restricts to a well defined map G, — H,.

(ii) If f is surjective, f induces a surjection G, — H,.

Proof. (i) If there is n with p { n, 2™ = 1 then (f(z))" = 1, too. For (ii), note that
with y € H, itis y* € H,,Vk and hence (y) C H,. Now let z € G with f(z) =y
and ord(z) = p' - m,p t m. Then z* is p-regular. Since p t |(y)| the p'-power
map is an element of the automorphism group of (y). Hence there is y/ = y*
with y? = y. Now z* is a preimage of y* and consequently (2*)*' = (2')* is a
p-regular preimage of y. O
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For a ring R, let R(G,) be the free (left) R-module on the set of p-regular ele-
ments of G. G operates on R(G,) by conjugation on the basis. If G = hm G is
the projective limit of finite groups G and 7, denotes the canonical projection,
by Lemma we can define the projective limit of the sets G, of p-regular
elements.

Lemma 4.24. Denoting by G, the set {x € G | mx(x) € G\, YA} we have a bijection
a: G, = m Gy,

Proof. This is obvious since the maps over which we take the projective limits
are the same. O

Let ¢ : R — R denote the Frobenius map for a finite, unramified extension R
of Z, and consider the map ® : R(G,) — R(G,),>_rigi — > (r;)g’. If we take
homology with R(G,) coefficients, ¢ denotes the induced map on homology,
too.

For an abelian group A let A(p) denote the p-primary subgroup. If ¥ is an
endomorphism of A, AY denotes the subgroup of elements fixed by ¥ and Ay
denotes the quotient of A by all elements (¥ — id)(a),a € A. We now state the
crucial

Proposition 4.25. (cf. [Oli88], thm 12.9 iii)
For a finite group G and a local field F', unramified, of finite degree over Q,, and with
ring of integral elements R = Op, the following sequence is exact

1

H\(G, R(G,))" ® Hy(G, R/2(G,))* — K{(R[G])(p) >

L>H0(G, R[G)) — H\(G, R(G,))s ® Ho(G, R/2(G,))s

Remark 4.26. e In our situation R = Z, so the Frobenius action on coeffi-
cients is just by g — g¢”.

e Since p # 2, R/2 = 0 and the corresponding summands vanish.

A result of Wall gives the following splitting of K; for finite groups.
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Proposition 4.27. Let G be an arbitrary finite group and let J denote the Jacobson
radical of the p-adic group ring A = Z,|G|. Then there is an exact sequence of abelian
groups

1 -V — KA — Ki(AJ) =1,
in which V' is a pro-p group and K,(A\/J) is a finite group of order prime to p.

Furthermore this sequence splits canonically to give an isomorphism K,(A) = V x
Ki(A)J).

Proof. [CR87] Theorem 45.31 ]

Remark 4.28. This combined with the previous proposition shows exactness of
the sequence

1— (M) x Hi(G,Z,(G,)* x SK(Z,[G]) — K1(Z,]G))
— Ho(G, Zp[G]) — Hl(G,ZP(Gr))¢ —1

for a finite group G.

Lemma 4.29. If G is a profinite group, let Aq denote the projective limit
fm, Z,((G/U),). Then taking the projective limit over the sequence in remark

we conclude exactness of the following sequence

1 — Hy(G, Ag)® x (M(G)/Jac)* x SK(A(G)) = K (A(G))
— Z,[Conj(G)]| — Hi(G, Ag)e — 1.

Proof. The projective limit commutes with taking K; and SK; by lemma
Group homology commutes with projective limits by Theorem 2.6.9 and
Proposition 1.2.5 in [NSWO08]. Since all terms involved are compact abelian
groups, the projective limit is exact. For finite G' the ® invariants, resp. coin-
variants, of H,(G, Ai) are compacta as closed subset, resp. quotient set, of a
compact set. Hence the projective limit over G is exact on the first and last term
of the sequence. O

Remark 4.30. Some remarks on computing H,(G, Ag):

e Note that e € G, for a finite group G and G acts trivially on the sub-
module Z,e of Z,(G,). If G is a pro-p group this inclusion is an equal-
ity, hence kernel and cokernel of our sequence specialize to H,(G,Z,) =
G® = (G x p,_1)(p). Compare Lemmata 66 and 67 in [Kak10] or Corol-
lary 3.42 in [Lee09].
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e If (G is finite and a direct product A x 7, with A abelian, p { |A| and an
arbitrary (not necessarily abelian) p-group 7 then G, = A and

H\(G, Ag) = Hi(G, Z,(A)) = €D Hi(G, Z,) = P ="

TEA

In particular any p-elementary group falls under this assumption.

4.4.1 A computational example

In this section we compute kernel and cokernel for a specific family of non p-
groups. The results will not be used in the remainder of this paper, but are
supposed to point at the involved difficulties and techniques. In general one
may try to use group theoretic reductions and the Hochschild-Serre spectral
sequence to generalize these computations.

For this section let p be an odd prime and let G" := Z/p"Z x Z/p"Z x Z/2Z,
where the last term acts by inversion on the second. Since #G™ = p** - 2 the
order of any x € G,z # eis 2. Then G} = {e := (0,0,0),¢; := (0,4,1);7 €
Z]p"Z}. Let G = lim G" with the natural projection maps. Note that ® acts
trivially on the coefficients, as (0,,1)> = e and p is odd.

Lemma 4.31. With R = 7Z, the action of G™ on R(G}) introduced above, we have
Hi(G", R(GY)) = Z/p"Z & L/p"Z & Z/p" L, Vn.

Proof. Denoting the Pontryagin dual Hom.s(X,R/Z) of X by XV one has
Hy(G",2,(Gr) = HNG",Z,(GV)Y = HY(G",Qy/Z,(G)V (ct. [NSWO],
2.6.9) and we therefore deal with cohomology with A, := Q,/Z,(G}) coeffi-
cients instead. The exact sequence

=U" =V
—~ —~
0——=Z/p"Z x Z)p"L —= G" —= 7,)27 —= 0

=:H"

yields a Hochschild-Serre spectral sequence. Denoting G, H", V", U" and A,
by G, H,V,U and A, respectively, the corresponding 5-term exact sequence is

0——= HY7,/2Z, A") 2 HY(G, A) <> HY(H, A)2?%2 2 (45)

s HX(Z)27, AT —~ H*(G, A).
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Note that U = (u=(1,0,0)) is central in G, hence it operates trivialy on
A. The action of V = (v =(0,1,0)) on G} gives a decomposition in two or-
bits: {e}[[{ei,i = 0,...p" — 1}. Indeed, we have e¢; = (0,i,1) and e} =
(0,1,0)(0,2,1)(0,p™ — 1,0) = (0,7 + 2,1) = e;42. Since 2 1 p" the operation of V'
on the ¢;’s is transitive. An element & € A can be written as Zf;a Yzie: + ze.
From this we deduce A” = AV = RV@& RV = Q,/Z, ® Q,/Z, =: R & R, one
summand per orbit. Note also that this module has trivial Z/2Z-action. So we
get HY(Z/2Z,R & R) = Hom(Z/2Z,R & R) = 0 since R has no 2-torsion. For
the cyclic group Z/27Z the cup-product induces (cf. [NSWO08], prop 1.7.1) an
isomorphis
H*(Z)2Z,R & R) = H*(Z)2Z, R & R) =

(R® R/ \, ppom) = ROR/2R G 2R =0

since multiplication by 2 is an isomorphism of R. So we get from that
HY(G,A) = H'(H, A%/,

In the same way the exact sequence 0 — U — H — V' — 0 gives rise to
0—— HY(V, AV) s gY(H, A) <= HY(U, A)Y 2~ (4.6)
s H2(V, AV) —— H2(H, A).

From what we said above we see that A has trivial U action. So

HY(U,A)Y =Hom(U,A)Y ={t € A|p" -7 =0}"
={teA|lx;,=2;,Vi,j=0,...,p" —land p" -z =p" - 2; =0}
= 7/p"7 & L/p L.

For later use, we point out that 0,,: U = (u) — A,u — 1/p"e, resp. 7,,: U —
A,u— 1/p™ ", e, are generators of these cyclic groups.

To compute H?*(V,A) we use once more the isomorphism induced by the
cup-product on the (Tate-)cohomology of the finite cyclic group V' = (v):

2N for a finite group G as usual denotes the element Y sec 9 in the integral group ring
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H?*(V,A) = }AIO(V, A)=A"/nya 2 RBR,/ n(a)- On asingle element & € A it
is
pr—1 pr—1

Ny - &= Z vj(z Tie; + xe)

j=0 i=0

i j J

i

so in all e; components Ny - & has coefficient ), z;. Hence we mod out by
R @ p"R and so H*(V,A) ¥R,/ p"R = 0.

The computation of H'(V, A”) in proceeds as follows: Note that AV = A
and let f: V — A denote any (inhomogenous) 1-cocycle in Z'(V, A). For the
moment write V' = (v) multiplicatively. By the cocycle relation

f(z) +af(y) = flay), Yo,y € V
we see that f is uniquely determined by its image f = fe + 3, fie; on v. Fur-

thermore, 0 = f(e) = f(W"") = Ny f = p"fe+ 3, (32,07 fiei) =p"fe+ 3, Se,
with S =3, f;. We conclude p"f =0 = 5.

Since V' is cyclic, the 1-coboundaries are of the form (v — 1)y = 0e + >_.(yi—2 —
yi)ei, where § = ye + . y;e; € A arbitrary. To decide whether f = (v — 1)y is
solvable we are reduced to the system of linear equations

fo= Yprn—2 — Yo,
f1 = Ypn—1 — Y1,
fa=yo — vo,

f;n"—l = Ypn—-3 — Ypr—1,

which has a solution, since ) . f; = 0 and the linear system on the right hand
side has rank p" — 1. We conclude that H'(V, A) = {feR|p" - f=0} =
Z]p"Z, with generator w,,: V — A, v — 1/p"e.

So far, we have shown that the sequence

Tes

0 — (wa) = HY(H, A) " (0,) @ (7,) — 0

is exact with ord(w,) = ord(c,) = ord(r,) = p". As before write the groups U,
resp. V, multiplicatively with generators u, resp. v. To construct a splitting of
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the sequence define s,: H — A, u'v/ — i/p"eand t,: : H = A, v/ —
i/p" Y, ei. One verifies that these are cocycles and hence define classes of order
p"in H'(H, A). Since res(s,) = oy, res(t,) = 7., we get a splitting H'(H, A) =
HY(V,A"Y® HY(U, A)V.

The operation of Z/27Z = (1) on H'(H, A) is defined by conjugation and com-
mutes with inflation and restriction ([NSWO08], prop 1.5.4) so we get a commu-
tative diagram

00— HY(V, AV) 22 gV (H, A) " HY (U, A)Y —=0

0—= HY(V, AV) 2L gV (H, A) " HY (U, A)Y —0.

Hence we can compute ¢.-invariants on the direct summands of H'(H, A) =
HY(V, A)@ HY (U, A)V: H'(V, A)= = H=Y(V, A)** and since o : 37! e+ e —

fig Y2 .e; + zeon A, A and the e;-components get factored out, ¢, acts trivial
on the first summand. Finally H*(U, A)"** = H'(U, A)” because V already acts

transitively on the e;’s.

We compile everything together: H,(G", R(G?)) = (H'(H", R(G?))Z/m)v =
(H' (V" R(G)) & HN (U™ R(G)V)Y = (202 & Z/p" L& Z/p'Z)" and
the assertion follows.

]

Lemma 4.32. Using the notation from the previous proof, the natural maps
(Z/p"Z)® = HY(G" A") =5 HY G AHY) = (Z/p"+Z)3 are multiplication
by p. Hence Hy(G, Z,(G,)) = Z by duality of homology and cohomology.

Proof. To avoid confusion we denote the elements of G and GI'*! by {e, ¢}
and {¢', €/}, respectively. Similarly, we denote generators of U™, V", U"! V"
by u,v,u, v, respectively. The reduction of elements ¢ € Z/p"**Z modulo p" is
denoted by .

The previous proof shows that H'(G™, A") is generated by inf(w,), s,,t, €
H'(H", A"), with resf(s,) = onresf(t,) = 7,. Let p: H""' — H" and
F: A" — A" be the natural maps induced from the projection G"*! — G™.
Then for f € Z'(H™, A™) the canonical map on cocycles is 7(f) = F o fop €
ZYH" A1) Here F is the Pontryagin dual of the map Z,(G™*!) — Z,(G™).
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Viewing A™ as the set of maps from G} to Q,/Z,, I corresponds to the reduc-
tion map

Maps(G),Qp/Z Z,) — Maps(Gy*, Qp/Zp), [ (e fle),ep— fleg).

This yields
7(50) (W07 (€) = F 05, 0 p(uv)(€') = F o s, (u'v7)(€)
= su(u'v?)(e) = i/p" = pi/p"*" = ps,a (W0)(€)
7 (sn) (") (€]) = s (u'v?)(eg) = 0 = psnyr (uv”) (e])
7 (tn) (u"0)(€) = tn(w'v))(€) = 0 = plyya (u"v7)(¢')
() (W'0)(€)) = ta(u'v?)(e) = i/p" = pi/p™*" = ptua (uv7)(e])
7(inf(w,)) (W 07) (') = inf(w, ) (u'v?) (e) = wa(v7)(e)

=j/p" = pj/p"t" = pinf(w,i1) (W07 ()

7 (inE (o)) (w07) (€)) = wn(v7)(e) = 0 = pin(wnss) (wv) ()

4.5 Norm maps and the multiplicative side

Suppose G is a group satisfying assumption [4.3/and furthermore ¢ < oo.

For the rest of the chapter 7, resp. 7,, will denote the map 7/, resp. 7, from
section4.2] i.e. the additive map for the group G.

Let n > 0 and let O be the ring of integers in a finite algebraic extension of Q,.
Then we define the maps

N: Ki(Ao(@)) = Ki(Ao(U)),
pe: Ki(Ao(Uy)) = Ki(Ao(Uy,/V;)) = Mo(UL/V,) ™,
0 =p. o N: Ki(Ao(G)) = Ao(U,/V,)",
where N is the norm and p, is the projection map.
For m < n we define the relative norms and projections
Nt Do(U/ Vi)™ = Ao(Un V),
P Do(Up/V2)™ = Mo (U /Vy)™.

64



Analogous maps are defined for the localized Iwasawa algebras and denoted
by Ng,ps.s,0n.s, Nimns and py, ., s, respectively.

Finally, for n > 1, define
o: Uy Vo = UV, g g

¢ is a continuous group homomorphism by [DdSMS99b], 0.2 (iii). It extends to
continuous ring homomorphisms

w: No(U,,_1/V, 1) = Do(U),/V,) and @: Ao(U,,_1/V, 1)s = Ao(U,/V,)s.
Indeed, ¢ restricts to an injection U/**; D T' — I'? C U/**, hence

AU —= AU")

.

F, [ F, [[7]

commutes. And by [CEK™05], lemma 2.1, fisin S(U},_,) if and only if ¢)(f) # 0.
o(f) € S(U!) follows.

Note that ¢ is not well-defined for the whole group L, as ¢(¢) = ¢ ¢ Uh.
This and the generalization of lemma below are the reasons why a direct
generalization of this approach from the maximal pro-p subgroup to L fails.

Remark 4.33. Recall that for n > 0, U™ := ker(Z) — (Z,/p"Z,)*). Kato defined
in [Kat05] rings B, = Z,[(][U™], A, = Ao(U™) C B, and representations
pn: G = GLy@ny (B,). The induced maps det(p,): Ki(A(G)) = Ki(B,) = B
correspond to the maps 6,, from above.

Define the sets
U= Vo = {(zn)n € [[Ao(UL/V)[(2n)n, s.t. (i) and (ii) below hold}
n<c
(1) Non(2m) = Pmn(n), form <n <,
(i) Tpp(r, 1)t €141, for1 <n <c
and
Ug:=Ups:={(z,)n € HA@(U,’L/VH’)§|(:En)n, s.t. (i) and (iig) below hold}

n<c
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(is) Npm(2n) = Pmn(@m), form <n <c¢,
(iis) Tnp(zn_1) P €1+ I, 5,for1 <n <c

Lemma 4.34. We have a well-defined map o*: G — ¥, g+ (¢™(9))n-

Proof. By multiplicativity of ¢ it suffices to show this for the generators ¢ and
§ of G. For condition (i) note that {1,5?",... §*"®" ™=V} is a basis for the
Ao(U! /V!)-module Ap(U/ /V.!) so

m

eP 0
Npa(™(e)) =det | 0 " 0 | =" =pum(e"(e))
D0 e?
0 0 o
m 1 e O nom_1 cp™ n
and Ny, ,(¢™(6)) = det = (=17 70" = pam(©"(6)).
o0
1 0
Condition (ii) is obvious from the homomorphism property of ¢. O]

Lemma 4.35. Let W, is p-adic Lie group and W be an open subgroup of Wy. If W5 is
commutative consider the Trace homomorphism

Tr: Q,[Conj(Wh)] — Q,[Wa].

Then the following diagram commutes

K1 (Ao(W7)) —2 @, [Conj(W1)]
lN lTr 4.7)
A(Wy)< — = Q,[Ws].

From this we get commutativity of the following diagram for every n < c

K1 (Ao(G)) —2-Q,[Conj(G)]
len J 4.8)
Ao(UL )V 225 @, [UL V],
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Proof. cf. [Lee09], Lemma 3.48: Use Theorem 6.2 in [Oli88] to derive
log(N(z)) = Tr(log(x)) for x € 1+ Jac(Ao(G)) and finite G. Then take the
projective limit to generalize this to the profinite case. In a second step observe
that p.: Ao(G) — Ao(G/V,)) commutes with log. O

Lemma 4.36. For n > 1 the set I,, is multiplicatively closed. As a consequence 1+ I,
is a group.

Proof. 1t suffices to show p®h,, ; - p*»Wh,, . € I, for v,(i) < v,(4). Itis h,,; =
> &%, where k < p"*! ranges over the integers with k& = 0(mod p*(®). Hence
this sum has p" % terms.

First suppose v,(i) < wv,(j) then multiplication by /™ is a permuta-
tion of the summands in h,; and consequently p’*®Wh, ;. p*»Wh, . =
P D=y, = prpue®p, e I,

Similar if v,(i) = wv,(j) with i + j # 0(mod p**®): p»@h, ;. prWh, ; =
pvp(i)'i‘”p(j)p”—vp(j) Z 5i+j+k — pnpvp(i‘f'j)hn it c In

Finally if i + j = 0(mod p*»®),

PO by g Dhy = o ST g 3§

(k:)>vp(‘) n>1>vp (1) vp(k)=I1
_ ZZ Z gk — prtunli Zzhnﬂpl el,.
=1 k=jp
mod plt1

Then 1 + I, is a multiplicative group: 1+ € 1+ I, has > . (—z)" as its
inverse. 0

Lemma 4.37. For n > 1, log is well-defined on 1 + I,, and gives an isomorphism of
groups

1+1, = 1,.
Proof. log converges by [Lee09], corollary 3.30 and yields a map

log: 1+ I, = Q,[U./V.].
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It remains to show that 2*/k € I, for x € I,,n > 1, or equivalently z* €
pr® 1, for all k > 1. To see this note that z* is a Z,[(6*")]-linear combination
of elements of the form

k
r=1

In the proof of we saw that p"t(ir) | poeli) o) o p
quently

Conse-

Tylr g1

k
Hpvp(ir)hn,iqn _ pn(k71)+vp(i1)+---vp(ik,1) Ly
r=1

with y either h,,;,, iy +i,_, OF va(l)zw)(ik)
the three cases in the proof of the lemma.

hy, or a sum of these, according to

Accounting for the p-power coefficient of y in I, we get 2¥ €
prlk=Dtu) vl - C pe® [ Note that the induced homomorphism
log,: (1+1I.)/(1+ IitY) — I /I**! is an isomorphism, since

"

-2
log, (1 —xz)=—z— x2z =

k>2

Then log is an isomorphism by continuity, cf. Lemma 3.54 in [LeeQ9].

O
Lemma 4.38. There are the following commutative diagrams of O-modules:
O[Conj(G)] ——O[Conj(G)]  O[Conj(G)]§ —— O[Conj(G)]4
lp'Tnl lTn LP'Tn—l,S lTn,S
No(Ur-1/Viea) =R (Ui/V2):  Ao(Uy1/Vi )5~ Ao(Up/Vi)s",
Ot/ Vind] == OLUL/Vi] OU; 1 [Vl = OLUL VDS
lp'Tn—l L'Tn Lp'Tn—l,S lTn,S
No(U; 1/ Vi) =20 (Up/Vi),  ANol(U; 1/ Vi)s == Mo (U}/V,)5.
Proof. Note that v,(p - (" '~1)) = n + 1, hence [¢7,§"" '] = eP@" ") e V! =

n—1 (%)

(") and " gPa " = gP € No(U,/Vy) for g € U,
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For the upper left square consider g € U;,_,. Using (x) we have

pr—1 p"il—l
7. 0 ¢(classg(g)) = Z classq(6'gP6 ) = p - Z classq(6°gP6 1)
i=0 =0

=0

Pl
=p-g ( > classG((Sig(Sl)) =p-porT, 1(classg(g)).

If g ¢ Ul_, wehave ¢ ¢ U] and so both ways around the diagram are the zero
map.

Since ¢ and the 7, g are Ap(Z(G))s-linear we can also derive commutativity of
the upper right square from this.

For the two lower squares let ¢ € U}_, Then Tr,,,op(g) =
" el spm dgh§TPT = (p(zp el g go P ' > = poTry,_1,-1(9) and
analogous for the right one. O

Lemma 4.39. For n > 1, we have

To(La(w)) = log (0 () (01 (x)) ") forall w € Ki(Ao(G))
and Tnys(ﬁgys(l’)) = lOg(Qn S(l’) ( n—1 S( )) 1)fO?’ all x € Kl(A0<G)g)

Proof. The proof is lemma 3.50 in [Lee09] when one uses that Ao(G) g =
AO(G)S(U;Z) - AO(G)S(Z(U{T))’ -

Proposition 4.40. We have §(K(Ao(G))) € Vand 0s(K1(Ao(G)g)) € Vs.

Proof. We proof the first assertion, the second follows analogously; compare
proposition 3.57 in [Lee09]. Let = € K;(A(G)) and (x,,) be the image of x under
6. Denote by r the index of U], in G, then an application of K to the commuta-
tive diagram

AG)

l l

MG/Vin) — M. (AU, /Vin))

M, (A(U);,)

n
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yields

Nn

K1(AMG)) Ki(A(U)y)

| |-

Ky(A(G V) =2 K (AU V),

or p,, o N,, = N, o p,, for short. Consequently p,,(x,,) = pm © 0,(x) = pm 0 pp ©
N, 0 0,,(x) = N,(x,). This is exactly condition (i) in the definition of ¥. A
similar argument shows g(z) € ¥g for z € K;(A(G)g).

For z € K (A(GQ)) let g,(z) == 0,,(2)p(0,_1(x))~" € AU} /V!)*. Condition (ii)
for U is then rephrased as ¢,(z) € 1 + I,,,1 < n.

By the previous lemma we conclude im(logog,) C I,. If log were to be
injective on im(g,) then ¢, (z) would be the unique preimage of 7,, o L(z) € I,
under log, which by lemma isinl+ I,,.

Hence let 0 = log(g,(x)) = 7, o Le(x). Here is an error in [Lee09]: 7, is by no
means injective, though it is the component of an injective map, 7. A correct
argument can be found in proposition 5.1 in [Har10] which in our situation
gives 0,,(2)¢(0,-1(x))~" € 1+pA(U}, /V}!). Since log: 1+pA(U,,/V,!) — pA(U},/ V)
is an isomorphism, we can proceed as described above.

O
Theorem 4.41. The map 0 is an isomorphism of abelian groups 0: K,(Ao(G)) — .

Proof. Define
L:V—=Q  (zp)n— (Yn)n,

with yo = ﬁUé/v(; (7o) and y, = 108;(%90(%—1)_1), forn > 1.
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This is well-defined, since y,, € I,, by the definition of ¥ and Lemma For
1 <m <n < cthey, satisty

Trmn(Ym) = Trmpn(log(znp(vn—1)~ 1))
= Trpn(log(xm)) — Trp. 0@ 0 log(z,—1)
= 10g(Nimn(zm)) — ¢ 0 Trpy—14—1 0log(xm—1)
=10g(Npn(xm)) — pologoNy 1 1(Tm-1)
= log(pn.m(n)) — ¢ 0 log opn—1,m-1(Tn-1)
= Pmn(10g(7n)) — 0 0 Pp1m—1 0 log(zn1)
= P ©108(20(20-1)"") = Doy (Yn)-

Now let 0 = m < n. We have p, o(log(z,)) = log(pno(z,)) = log(Non(zo)) =
Tro , (log(z)). Using this we get

Tro, (3 0g0p(20) ) = o Tro1log(oo))
= ¢ (P-10(l0g(@a-1)) )
= Pno < log ogp(xn_l)> )

Applying this to the definition of the integral logarithm we have
Tro (40) = Tro, (log(eo) = - log(i(an) )
= Pno ( log(z,) — log(w(fvm))> = Pno(Yn)-
Define the continuous group homomorphisms

0 Q= US/VY,  (n)n + 20 if 79 € Ug/Vy and
0: o x G =W, (¢, 9) — (4" )n.

Lemma shows that 6 is well-defined.

We will show that the following diagram is commutative with exact rows:

1 — pio X G — K, (Ao(G)) —% O[Conj(G)] —4— G 1
Lid le ZLT jid (4.9)
o x G — 1 g £ QO— 2 UV —1.
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The left square commutes by Lemma The middle square commutes by
diagram (4.8) in lemma The right square commutes by definition of Uj.
The upper row is exact by lemma .29

It remains to proof exactness of the lower row.
Injectivity of § is clear from looking at the n = 0 component of the image.

Now we show exactness at V. Commutativity of diagram 4.9| and exactness
of the upper row imply im(f). Now let z € ker(£). By lemma log: 1+
I, — I, is injective for all n > 1 and we can write x = (¢"(zy)),, for some
zo € AU/ Vy)*. Choose y € K;(A(G)) with p.(y) = x. Using condition (i) of
U for the last step we have 6,,(y) = p. o N(y) = Nop.(y) = N(zg) = ¢"(x) €
AU} VY, ie. O(y) = . Since 7 is an isomorphism, y must be in ker(Ls) and
it gives rise to an inverse image of = under .

For the exactness at €2, observe that by lemma applied to G = Uj/V we

have im(£) C ker(w). On the other hand, since 7 is an isomorphism,
ker(@) = 7(ker(w)) = 7(im(Lg)) = im(£ o §) C im(L).

So we get im(L) = ker(w). The five lemma finishes the proof. O

Now let G be a group satisfying assumptions a) and b) in the beginning of
this chapter, i.e. G = A x P, where P is the maximal pro-p subgroup of a
one-dimensional quotient of the false Tate group and A is a cyclic subgroup of
fip—1. Recall that ¢ := ¢; € Nsuch that e” = 1. Following Kakde (cf. prop. 86 in
[Kak10]), we now bring the strategy from section 2.5{to work: Every character
X € A takes its values in an unramified extension O, of Z,. For a profinite
group W denote the Iwasawa algebra Ao (W) justby A, (W). Forn < clet(, €
A(A x U JV))< be the abelian p-adic zeta function for the admissible extension
FYr | R0,

Proposition 4.42. The NMC is true for F../F with Gal(F/F') = G if and only if
(x(Cn)) € Vg for all characters x of A.

Proof. Fix x € A. Denote by C, the class Ao, @ne C(Fs/F)] €
Ko(Ao, (P), Ao, (P)s). Chose an element f, € Ki(Ao, (P)s) with d(fy) = —[C,]
and denote the image 05(f) € [],-.Ao (U, /V,)s by (fn). Itis (f.) € Vg
by proposition By exactness of the localisation sequence for A, (P) —
A (P)g we get u, = x(G)f,' € Ay(P)*. Assuming (x(¢,)) € ¥s we have

n
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(un) € UsNT], Ay(U, V)™ = U. The last equality holds since the norms maps
in the definition of Vg restrict to the ones in the definition of ¥. Denote the
unique preimage of (u,,) under # by u € K;(A,(P)) and let L, := uf.

Denote by e, the idempotents corresponding to the decomposition A(A x P) =
> A (P). We claim that ( = ) e, L, is the p-adic zeta function for ' /F. By
defintion ( is a characteristic element, i.e. 9(¢) = —[C(F/F)).

It remains to proof the interpolation property: Let p be an irreducible Artin
representation of P. Then there is an n < c and a one-dimensional Artin repre-

sentation p,, of U], such that p = x md@ pn. Consequently, for x € Aandr €N
divisible by p — 1 it is

COepr) = Galxpariy ) = Llxp, 1 = ).
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