1106.0513v1 [math.NT] 2 Jun 2011

arxXiv

THE STICKELBERGER SPLITTING MAP AND EULER
SYSTEMS IN THE K-THEORY OF NUMBER FIELDS

GRZEGORZ BANASZAK* AND CRISTIAN D. POPESCU**

ABSTRACT. For a CM abelian extension F'/K of an arbitrary totally real num-
ber field K, we construct the Stickelberger splitting maps (in the sense of [I])
for both the étale and the Quillen K—theory of F' and we use these maps to
construct Euler systems in the even Quillen K—theory of F'. The Stickelberger
splitting maps give an immediate proof of the annihilation of the groups of
divisible elements divKap (F'); of the even K—theory of the top field by higher
Stickelberger elements, for all odd primes I. This generalizes the results of
[1], which only deals with CM abelian extensions of Q. The techniques in-
volved in constructing our Euler systems at this level of generality are quite
different from those used in [3], where an Euler system in the odd K—theory
with finite coefficients of abelian CM extensions of Q was given. We work
under the assumption that the Iwasawa p—invariant conjecture holds. This
permits us to make use of the recent results of Greither-Popescu [16] on the
étale Coates-Sinnott conjecture for arbitrary abelian extensions of totally real
number fields, which are conditional upon this assumption. In upcoming work,
we will use the Euler systems constructed in this paper to obtain information
on the groups of divisible elements divKap (F);, for all n > 0 and odd . It
is known that the structure of these groups is intimately related to some of
the deepest unsolved problems in algebraic number theory, e.g. the Kummer-
Vandiver and Iwasawa conjectures on class groups of cyclotomic fields. We
make these connections explicit in the introduction.

1. INTRODUCTION

Let F/K be an abelian CM extension of a totally real number field K. Let
f be the conductor of F/K and let K¢/K be the ray—class field extension with
conductor f. Let Gf := G(K¢/K). For all n € Z>q, Coates [L0] defined higher
Stickelberger elements ©,,(b,f) € Q[G(F/K)], for integral ideals b of K coprime
to f. Deligne and Ribet [12] proved that ©,(b,f) € Z|G(F/K)], if b is also coprime
to wyy1 (F) := card HY(F,Q/Z(n + 1)). A detailed discussion of the Stickelberger
elements and their basic properties is given in §2 below. In 1974, Coates and Sinnott
[11] formulated the following conjecture.

Conjecture 1.1 (Coates-Sinnott). For all n > 1 and all b coprime to wp41(F),
O,,(b,f) annihilates K2, (OF).

This should be viewed as a higher analogue of the classical conjecture of Brumer.
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Conjecture 1.2 (Brumer). For all b coprime to wi(F), Oo(b,f) annihilates
KO(OF)tors = OZ(OF)

Coates and Sinnott [I1] proved that for the base field K = Q the element 04 (b, f)
annihilates Ko(Op) for F/Q abelian and b coprime to the order of K3(Op). More-
over, in the case K = Q, they proved that ©,(b,f) annihilates the I-adic étale
cohomology groups H2(Or[1/1],Zi(n + 1)) ~ KSt(Og[1/1]) for any odd prime I,
and any odd n > 1. One of the ingredients used in the proof is the fact that
Brumer’s conjecture holds true if K = Q. This is the classical theorem of Stickel-
berger. The passage from annihilation of étale cohomology to that of K—theory in
the case n = 1 was possible due to the following theorem (see [28], [8] and [9].)

Theorem 1.3 (Tate). The l-adic Chern map gives a canonical isomorphism
K2(01) ® Zi — K$H(OL[1/1),

for any number field L and any odd prime .

The following deep conjecture aims at generalizing Tate’s theorem.

Conjecture 1.4 (Quillen-Lichtenbaum). For any number field L, any m > 1 and
any odd prime [ there is a natural [-adic Chern map isomorphism

(1) Kn(Op) ® Zi — K (OL[1/1])

Very recently, Greither and the second author used Iwasawa theoretic techniques
to prove the following results for a general abelian CM extension F/K of an arbi-
trary totally real field K (see [16].)

Theorem 1.5 (Greither-Popescu). Assume that | is odd and the Iwasawa p—
invariant pr,; associated to F' and | vanishes. Then, we have the following.
(1) T,A = (1, F/K)~'-N1)-O(b,f) annihilates C1(OF),, for all b coprime to
w1 (K)I, where the product is taken over primes | of K which divide | and
are coprime to f.
(2) O,(b,f) annihilates KS.(Or[1/1]), for all n > 1 and all b coprime to
Wn+1 (F)l

In fact, stronger results are proved in [16], involving Fitting ideals rather than
annihilators and, in the case n = 0, a refinement of Brumer’s conjecture, known as
the Brumer-Stark conjecture (see Theorems 6.5 and 6.11 in loc.cit.)

Results similar to the Fitting ideal version of part (2) of Theorem were also
obtained with different methods by Burns—Greither in [5] and by Nguyen Quang
Do in [19], under some extra hypotheses.

Note that a well known conjecture of Iwasawa states that pp; = 0, for all [ and F'
as above. This conjecture is known to hold if F' is an abelian extension of Q, due
independently to Ferrero-Washington and Sinnott. Consequently, if the Quillen-
Lichtenbaum conjecture is proved, then, for all odd primes [, the [—primary part of
the Coates-Sinnott conjecture is established unconditionally for all abelian exten-
sions F'/Q and for general extensions F/K, under the assumption that pp; = 0. It
is hoped that recent work of Suslin, Voyevodsky, Rost, Friedlander, Morel, Levine,
Weibel and others will lead to a proof of the Quillen-Lichtenbaum conjecture.
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In 1992, a different approach towards the Coates-Sinnott conjecture was used in
[1, in the case K = Q. Namely, for all n > 1, all b coprime to w,+1(F), and | > 2,
the first author constructed in Ch. IV of loc.cit. the Stickelberger splitting map
A := A, of the boundary map Or in the Quillen localization sequence

oF
—
0— KQH(OF>Z — KQn(F)l (L @Kgnfl(kv)l — 0.

By definition, A is a homomorphism such that dr o A is the multiplication by
O,(b,f). Above, k, denotes the residue field of a prime v in Op.

The existence of such a map A implies that ©,(b,f) annihilates the group
div(Kon(F);) of divisible elements in K, (F); (see loc.cit. as well as Theorem
@23 below.) This group is contained in Ka,(Op);, which is obvious from the exact
sequence above and the finiteness of Ka,_1(k,);, for all v.

The construction of A in loc.cit. was done without appealing to étale cohomology
and the Quillen-Lichtenbaum conjecture. However, it was based on the fact that
Brumer’s Conjecture is known to hold for abelian extensions of Q (Stickelberger’s
theorem). Since Brumer’s conjecture was not yet proved over arbitrary totally real
base fields (and it is still not proved unconditionally at that level of generality), the
construction of A in loc.cit. could not be generalized. Also, it should be mentioned
that in loc.cit. various technical difficulties arose at primes I|n and the map A was
constructed only up to a certain power [*(™ in those cases.

In 1996, in joint work with Gajda [3], the first author discovered a new, perhaps
deeper and farther reaching application of the existence of A for abelian extensions
F/Q. Namely, A was used in [3] to construct special elements which give rise to
Euler systems in the K -theory with finite coefficients { Ko, +1(L,Z/1¥)} 1, where L
runs over all abelian extensions of Q, such that ' C L and L/F has a square-free
conductor coprime to fl. Now, it is hoped that these Euler systems can be used
to study the structure of the group of divisible elements divKa, (F);, for all n > 1.
This is a goal truly worth pursuing, as this group structure is linked to some of the
deepest unsolved problems in algebraic number theory, as shown at the end of this
introduction.

The main goal of this paper is to generalize the results obtained in [I] and [3]
to the case of CM abelian extensions F'/K of arbitrary totally real number fields
K. Moreover, in terms of constructing Euler systems, we go far beyond [3] in that
we construct Euler systems in Quillen K—theory rather than K—theory with finite
coefficients only. Roughly speaking, our strategy is as follows.

Step 1. We fix an integer m > 0 and assume that the m—th Stickelberger ele-
ments O,,(b, f;) annihilate Ko, (OF,); (respectively K5¢ (OF,);) for each k, where
Fy := F(u;+) and fy, is the conductor of Fy, /K. Under this assumption, we construct
the Stickelberger splitting maps A,, (respectively A¢) for the K-theory (respec-
tively étale K—theory) of Fj, for all K > 1. (See Lemma and the constructions
which lead to it.) Note that, if combined with Theorem [[3] Theorem shows
that ©,, (b, f;) annihilates Ko, (Op, )i, for m = 1 and I odd, under the assumption
that pp; = 0 (and unconditionally if F//Q is abelian.) Also, in [20], the first author
constructs an infinite class of abelian CM extensions F'/K of an arbitrary totally
real number field K for which the annihilation of Ky, (OF, )i by Om(b,fy), for
m =1 and [ odd is proved unconditionally.
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Step 2. We use the map A, (respectively A%)) of Step 1 to construct special el-
ements A, ;x (respectively )\f:lk) in the K-theory with coefficients Ko, (Or s, ; Z/1*)
(respectively étale K—theory with coefficients KS.(Ors,;Z/1)), for all n > 0, all
k > 0 and all primes v in O, where S, is a sufficiently large finite set of primes in
F. (See Definition .7 .)

Step 3. We use the special elements of Step 3 and a projective limit process
with respect to k to construct the Stickelberger splitting maps A,, and A% taking
values in Ks,(F); and KS!(F), respectively, for all n > 1. (See Definition
and Theorem FI71) This step generalizes the constructions in [I] to abelian CM
extensions of arbitrary totally real fields. It also eliminates the extra-factor [?:(")
which appeared in loc.cit. in the case l|n, for abelian CM extensions of Q.

Step 4. We use the special elements of Step 2 as well as the maps A,, of Step
3 to construct Euler Systems {A, (1))} in the K-theory without coefficients
{Ka,(FL)i }1, for every n > 0, where L runs through the squarefree ideals of Op
which are coprime to fl, Fy, is the ray class field of F' corresponding to L and S is
a sufficiently large finite set of primes in Op. (See Definitions [£.4] and as well
as Theorem [57]) A similar construction of Euler systems in étale K—theory can be
done without difficulty. This step generalizes the constructions of [3] to the case of
abelian CM extensions of totally real number fields. It is also worth noting that
while [3] contains a construction of Euler systems only in the case of K—theory with
coefficients, we deal with both the K—theory with and without coefficients in the
more general setting discussed in this paper.

In the process, as a consequence of the construction of A, (Step 3), we obtain
a direct proof that ©, (b, f) annihilates the group div(Ks,(F);), for arbitrary CM
abelian extensions F/K of totally real base field K and all n > 0, under the
assumption that [ > 2 and pr; = 0 (see Theorem [.20])

In our upcoming work, we are planning on using the Euler systems described in
Step 4 above to study the structure of the groups of divisible elements divKa, (F);,
for alln > 0 and all [ > 2.

We conclude this introduction with a few paragraphs showing that the groups
of divisible elements in the K—-theory of number fields lie at the heart of several
important conjectures in number theory, which justifies the effort to understand
their structure in terms of special values of global L—functions. In 1988, Warren
Sinnott pointed out to the first author that Stickelberger’s Theorem for an abelian
extension F/Q or, more generally, Brumer’s conjecture for a CM extension F/K
of a totally real number field K is equivalent to the existence of a Stickelberger
splitting map A in the following basic exact sequence

oF
O—>(9;—>FXZ@Z—>CI(OF)—>O.

This means that A is a group homomorphism, such that 0z o A is the multiplication
by ©(b, f). Obviously, the above exact sequence is the lower part of the Quillen
localization sequence in K—theory, since K1(Op) = Of, K1(F) = F*, Ko(k,) = Z,
Ko(OF)tors = Cl(Op) and Quillen’s J is the direct sum of the valuation maps in
this case.

Further, by [2] p. 292 we observe that for any prime [ > 2, the annihilation of
div(K2,(F);) by ©,(b,f) is equivalent to the existence of a “splitting” map A in
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the following exact sequence
or,
0 — Ko, (Op)[IF] — Ko, (F)[I*] A P Kan-1(k)[1F] — div(Kan(F)) — 0

such that OpoA is the multiplication by ©,,(b, ), for any k£ > 0. Hence, the group of
divisible elements div(Kay, (F');) is a direct analogue of the I-primary part Cl(Op),
of the class group. Any two such “splittings” A differ by a homomorphism in
Hom(€P, Kon—1(ky)[l*], K2n(Op)[l*]). Moreover, the Coates-Sinnott conjecture is
equivalent to the existence of a “splitting” A, such that A o O is the multiplication
by O,(b,f). If the Coates-Sinnott conjecture holds, then such a “splitting” A is
unique and satisfies the property that 0 o A is equal to the multiplication by
O,,(b,f). This is due to the fact that div(Kz,(F);) C K2,(Op);. Clearly, in the
case div(Ko, (F);) = Kon(Op);, our map A also has the property that Aodr equals
multiplication by O, (b, f). Observe that if the Quillen-Lichtenbaum conjecture
holds, then by Theorem 4 in [2], we have

—1

div(Kan (F);) = Kon(Op) ‘H”L"()F”)

wy (F

l

In particular, for F = Q and n odd, we have w,(Q) = w,(Q;) = 2. Hence,
according to the Quillen-Lichtenbaum conjecture, for any [ > 2 we should have
diU(Kgn(@)l) = Kgn(Z)l.

Now, let A := CI(Z[w]); and let Al denote the eigenspace corresponding to the
i—th power of the Teichmuller character w : G(Q(u)/Q) — (Z/IZ)*. Consider the
following classical conjectures in cyclotomic field theory.

Conjecture 1.6 (Kummer-Vandiver).
All=1=11 — ¢ for all n even and 0<n<l-1
Conjecture 1.7 (Iwasawa).
All=1=nl g cyclic for all n odd, such that 1 <n<I[—2

We can state the Kummer-Vandiver and Iwasawa conjectures in terms of divisible
elements in K—theory of Q (see [3] and [4]):

(1) A==l = 0 & div(K2,(Q);) = 0, for all n even, with 1 <n < (I —1).
(2) All=1=nl i cyclic < div(Ka,(Q);) is cyclic, for all n odd, with n < (I —2).

Finally, we would like to point out that the groups of divisible elements discussed
in this paper are also related to the Quillen-Lichtenbaum conjecture. Namely, by
comparing the exact sequence of [24], Satz 8 with the exact sequence of [2], Theorem
2 we conclude that the Quillen-Lichtenbaum conjecture for the K-group Ko, (F)
(for any number field F' and any prime [ > 2) holds if and only if

div(Kan(F)1) = K3,(Or):
where K¥ (Op); is the wild kernel defined in [2].
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2. BASIC FACTS ABOUT THE STICKELBERGER IDEALS

Let F/K be an abelian CM extension of a totally real number field K. Let f be
the conductor of F//K and let K¢/K be the ray class field extension corresponding
to f. Let G¢ := G(K¢/K). Every element of Gy is the Frobenius morphism o,, for
some ideal a of O, coprime to the conductor f. Let (a, F') denote the image of o,
in G(F/K) via the natural surjection G — G(F/K). Choose a prime number /.

With the usual notations, we let I(f)/Pi(f) be the ray class group of fractional
ideals in K coprime to f. Let a and a’ be two fractional ideals in I(f). The symbol
a = a mod f will mean that a and a’ are in the same class modulo P;(f). For
every a € I(f) we consider the partial zeta function of [10], p. 291, given by

(2) Ge(a,s) = Z %, Re(s) > 1,

c=amodf

where the sum is taken over the integral ideals ¢ € I(f) and Nc denotes the usual
norm of the integral ideal c¢. The partial zeta (¢(a,s) can be meromorphically
continued to the complex plane with a single pole at s = 1. For s € C\ {1},
consider the Sickelberger element of [C], p. 297,

(3) O4(b,f) := (Nb*' — (b, F)) Y (e(a, —s)(a, F)~' € C[G(F/K)]

where b is an integral ideal in I(f) and the summation is over a finite set S of ideals
a of Ok coprime to f, chosen such that the Artin map
S—>G(Kf/K), a — 0,

is bijective. The element O (b, f) can be written in the following way

() 0.(b.1) = 3" Ais(a b, f)(a, F) L,
where
(5) As-l-l(au b, f) = Nbs+1<f(av _S) - <f(ab7 _S)'

Arithmetically, the Stickelberger elements ©4(b, f) are most interesting for values
s =mn, with n € NU{0}. If a,b,f are integral ideals, such that ab is coprime to
f, then Deligne and Ribet [12] proved that A,;i(a, b, f) are l-adic integers for all
primes [ JNb and all n > 0. Moreover, in loc.cit. it is proved that

(6) Apt1(a,b,f) = N(ab)"Aq(a,b,f) mod w,(Ks).

As usual, if L is a number field, then wy, (L) is the largest number m € N such that
the Galois group G(L(ptm)/L) has exponent dividing n. Note that

wn(L) = [H*(G(L/L), Q/Z(n))|,
where Q/Z(n) := ©,Q;/Z;(n). By Theorem 2.4 of [C], the results in [12] lead to
On(b,f) € Z|G(F/K)],

whenever b is coprime to wy,41(F). The ideal of Z[|G(F/K)] generated by the
elements O, (b, f), for all integral ideals b coprime to wy+1(F) is called the n-th
Stickelberger ideal for F)/K.
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When K C F C FE is a tower of finite abelian extensions then

denote the restriction map and its C—linear extension at the level of group rings,
respectively. If f | f/ and f and f” are divisible by the same prime ideals of Ok then,
for all b coprime to f, we have the following equality (see [10] Lemma 2.1, p. 292).

(7) RGSKf,/Kf Gs(b,f/) = Gs(b,f)

Let 1 is a prime ideal of Ok coprime to f. Then, we have

(®) G = Y ot X o

c=amod f c=amod f
ltc l|c

Observe that we also have

) oo Y Y wes X e

c=amodf a’ mod If c=a’ modIlf a’ mod If
Ite a’=amodf a’=amodf

Let us fix a finite S of integral ideals a in I(f) as above. Observe that every class
corresponding to an integral ideal a modulo P;(f) can be written uniquely as a
class 1a” modulo P (f), for some a” from our set S of chosen integral ideals. This
establishes a one—to—one correspondence between classes a modulo P (f) and a”
modulo P (f). If 1| ¢, we put ¢ = l¢’. Hence, we have the following equality.

1 1 1 1
(10) > Ne¢ NI > New = v r@’s)

c=amod f c’=a’’ modf
llc

Formulas (&), @) and (I0) lead to the following equality:

1 -1 1
(11) Ge(as) = Gl a s) = /Zdlf Ge(@’, s).
a’=amodf

For all f coprime to 1 and for all b coprime to If, equality (1)) gives:

(12) Resi, /iy Os(b,1f) = (1 — (1, F)"'N1I*) ©,(b,f)

Indeed we easily check that:
Resg /i (ND*T = (b, F)) Y~ Gela,—s)(a, F)~' =

a’ mod If

(Nstrl _ (b, F)) Z Z le(a/7 —8)(3., F)71 =

amodf a’modlf
a’=amod f

(Nb**+ — (b, F)) Z (¢e(a, —s) — NI¥¢Ge(17ta, —s))(a, F)~! =

amod f

(NbSJrl—(b, F))( Z Cf(a,—s)(a, F)fl_(lj F)lels Cf(lflaﬂ—s)(l*la, F)fl) =

amodf
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(1— (1, F)"'NI)(Nb*™ — (b, F)) Y Ge(a —s)(a, F)~"
amod f
Lemma 2.1. Let f|f’ be ideals of Ok coprime to b. Then, we have the following.
(13) Resg, /i, ©s(b,f)) = (][ (1 = (1, F)7'N1*)) (b, f)
N
Proof. The lemma follows from (@) and (I2)). O
Remark 2.2. The property of higher Stickelberger elements given by the above

Lemma will translate naturally into the Euler System property of the special ele-
ments in Quillen K—theory constructed in §5 below.

In what follows, for any given abelian extension F'/ K of conductor f, we consider
the field extensions F'(ux)/K, for all k > 0 and a fixed prime I, where p;» denotes
the group of roots of unity of order dividing I*. We let f; denote the conductor
of the abelian extension F(u;x)/K. We suppress from the notation the explicit
dependence of f;, on [, since the prime [ will be chosen and fixed once and for all in
this paper.

3. BASIC FACTS ABOUT ALGEBRAIC K-THEORY

3.1. The Bockstein sequence and the Bott element. Let us fix a prime num-
ber [. For a ring R we consider the Quillen K-groups

Kn(R) := mm(QBQP(R)) := [S™, QBQP(R)]
(see [21]) and the K-groups with coefficients
Kn(R, Z)1%) := 1,,(QBQP(R), Z)1*) := [M}*, QBQP(R)]

defined by Browder and Karoubi in [6]. Quillen’s K—groups can also be computed
using Quillen’s plus construction as K, (R) := m,(BGL(R)"). Any unital homo-
morphism of rings ¢ : R — R’ induces natural homomorphisms

¢R|R’ : Km(R7 <>) — Km(R/; <>)
where K,,(R, <) denotes either K,,(R) or K,,(R, Z/I¥).

Quillen K-theory and K-theory with coefficients admit product structures:
Kn(Ru <>) X Km(R7 <>) L> Km-l—n(Ru <>)
(see [21] and [6].) These induce graded ring structures on the groups P,,~( Kn(R, ).

For a topological space X, there is a Bockstein exact sequence

s T (X, 2/ <2 (X)) 5 1 (X)) — (X, ZJ1F) —

In particular, if we take X := QBQP(R)), we get the Bockstein exact sequence in
K-theory given by

lk

(14) — K1 (R, Z)1%) -2 Ko(R) -5 Ko(R) — KR, Z)1F) —
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For any discrete group G, we have:

G if n=1
m™(BG) = { 0 if n>1.
Consequently, for a commutative group G and X := BG the Bockstein map b gives
an isomorphism b : my(BG, Z/I¥) —s G[I*]. Here, G[m] denotes the m—torsion

subgroup of the commutative group G, for all m € N.

For a commutative ring with identity R we have GLi(R) = R*. Assume that
ppe C R*. Then R*[I*] = . Let B denote the natural composition of maps:

e~ 1) (BGLL(R); Z)1¥) — 1o (BGL(R); Z/1¥)

l

mo(BGL(R)"; Z)1%) — Ko(R, Z/1¥)
We fix a generator & of u;x. We define the Bott element
(15) B = B&r),  Br € Ka(R; Z/1")
as the image of £ via 8. Further, we let
K= Bk % B € Kop(R; Z/1%).
The Bott element 8 depends of course on the ring R. However, we suppress this
dependence from the notation since it will be always clear where a given Bott

element lives. For example, if ¢ : R — R’ is a homomorphism of commutative
rings containing g, then it is clear from the definitions that the map

brir + Ko(R;y Z)1F) — Ky (R, Z/1F)

transports the Bott element for R into the Bott element for R’. By a slight abuse
of notation, this will be written as ¢r r (Br) = Br-

Dwyer and Fiedlander [13] constructed the étale K-theory K¢ (R) and étale
K-theory with coefficients K¢ (R,Z/1¥) for any commutative, Noetherian Z[1/1]-
algebra R. Moreover, they proved that if [ > 2 then there are natural graded ring
homomorphisms, called the Dwyer-Friedlander maps:

(16) K.(R) — K{'(R)
(17) K.(R;ZJ1*) — K®(R;Z/1%).

If R has finite Z/I-cohomological dimension then there are Atiyah-Hirzebruch type
spectral sequences (see [I3], Propositions 5.1, 5.2):

(18) EpT = HP (R Zu(q/2)) = KLy (R).

(19) EY™1 = HP(R;Z/1"(q/2)) = K¢ (R; Z/1%).

Throughout, we will denote by 7/, the reduction maps at the level of coefficients
ek KR ZJ1Y) = KL (RyZ)1Y),

ri sk s KSR Z/1F) — K& (R 2/1F),
for any R as above and k' > k.
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3.2. K-theory of finite fields. Let F, be the finite field with g elements. In [Q3],
Quillen proved that:

Z if n=0
K,(Fq) ~ 0 if n=2m and m>0

Z/(g"—-1Z if n=2m—-1 and m>0
Moreover, in loc.cit, pp. 583-585, it is also showed that for an inclusion i : Fg — IF s
of finite fields and all n > 1 the natural map

7 Kgn_l(Fq) — Kgn_l(qu)
is injective and the transfer map

N : Kanl(]qu) — Kgnfl(Fq)
is surjective, where we simply write ¢ instead of i]quq ; and N instead of TT]Fq +/Fq
Further (see loc.cit., pp. 583-585), ¢ induces an isomorphism

Kon1(Fg) = K2n71(qu)G(qu /Fa)

and the g-power Frobenius automorphism F'r4 (the canonical generator of G(F s /IF,))
acts on Ky, _1(F,s) via multiplication by ¢". Observe that

-1
ioN =Y Fri.
i=0
Hence, we have the equalities

Ker N = Kanl(qu)FTq*Id _ KQn—l(qu)qnfl

_ g1
=1
Kon1(Fyr). In particular, this shows that the norm map N induces the following
group isomorphism

%

since Ker N is the kernel of multiplication by Zif:_ol q" in the cyclic group

Kon-1(Fgs)aw,;/r,) = Kan-1(Fy).
By the Bockstein exact sequence ([4) and Quillen’s results above, we observe that
b
Kon(Fg, Z/1F) = Kap—1(Fy)[1"]

is an isomorphism. Hence, Ka,(F,, Z/1¥) is a cyclic group.
Let us assume that pyx C F) (i.e. I¥ | ¢ —1.) In this case, Browder [6] proved

that the element 3; " is a generator of Ka,, (F,, Z/I¥). Dwyer and Friedlander [13]
proved that there is a natural isomorphism of graded rings:

K. (Fy, /1) = K (F,, Z/1F).

By abuse of notation, let 85 denote the image of the Bott element defined in (I5)
via the natural isomorphism:

Ky (Fy, Z/1%) = Ks'(Fy, Z/1F).
Then by Theorem 5.6 in [I3] multiplication with S} induces isomorphisms:
X B Ki(Fy, ZJ1F) = Kivo(Fy, Z)19),

X B+ K¢ By, Z/1Y) = K¢ty (Fy, Z/1F).
In particular, if I¥| g — 1 and « is a generator of K;(F,, Z/I*) = K1(F,)/l*, then

*n—1

the element a x 3, is a generator of the cyclic group Ka,,—1(F,, Z/I).
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3.3. K-theory of number fields and their rings of integers. Let F' be a
number field. As usual, O denotes the ring of integers in F' and k, is the residue
field for a prime v of Op. For a finite set of primes S of Op the ring of S-integers
of F' is denoted Op,g.

Quillen [22] proved that K, (OF) is a finitely generated group for every n > 0. Borel
computed the ranks of the groups K, (OF) as follows:

Q if n=0
Qmtra—l if n=1

K, (Of)®zQ ~ 0 if n=2m and n>0
Qritre if n=1 mod4 and n#1
Qm if n=3 mod4

We have the following localization exact sequences in Quillen K-theory and K-
theory with coefficients [21].

— Kn(OF, ©) — Kn(F, 0) 25 @ K (ky, ) — Kn1(Op, ¢) —

Let E/F be a finite extension. The natural maps in K-theory induced by the
embedding i : FF - Fand 0 : E — E, for 0 € G(E/F), will be denoted for
simplicity by i : Kp(F, ¢) — Kn(E, $) and ¢ : K, (E, &) — Kn(E, $).
Observe that i := ip g and 0 := og|g, according to the notation in section 3.1.

In addition to the natural maps i, o, O, dg, and product structures * for K-theory
of F' and FE introduced above, we have (see [2I]) the transfer map

TT‘E/F : Km(E, <>) — Km(F, <>)

and the reduction map

Ty - Km(OF,57 <>) — Km(kva <>)
for any prime v ¢ S.

The maps discussed above enjoy many compatibility properties. For example, o is
naturally compatible with i, dr, Og, the product structure x, Trg,r and r,, and
ry. See e.g. [I] for explanations of some of these compatibility properties. Let us
mention below two nontrivial such compatibility properties which will be used in
what follows. By a result of Gillet [I7], we have the following commutative diagrams
in Quillen K-theory and K-theory with coefficients:

(20) K (F, &) x K,(OF, ) Kpn(F, )

lapxid laF

@v Km—l(kvu <>) X Kn(OF7 <>) — @v Km-l—n—l(k'uu <>)

*

Let E/F be a finite extension unramified over a prime v of Op. Let w be a prime
of O over v. From now on, we will write Ny, := T, /1, - The following diagram
shows the compatibility of transfer with the boundary map in localization sequences
for Quillen K-theory and K-theory with coefficients.
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(21) Km(Eu <>) ﬁ) @v @wh}Km*l(k’wa <>)
TTE/F\L lEBUEBwUNw/v
Kn(F, ©) Y @, Kk, ©)

where the direct sums are taken with respect primes v in F' and w in F, respectively.

4. CONSTRUCTION OF A AND A®" AND FIRST APPLICATIONS

In this section, we construct special elements in K-theory and étale K-theory
with coefficients, under the assumption that for some fixed m > 0 the Stickelberger
elements O, (b, f;) annihilate KQm(OFLk) for all £ > 0. This will produce special
elements in K-theory and étale K-theory without coefficients which are of primary
importance in our construction of Euler systems given in §5. These constructions
will also give us the Stickelberger splitting maps A := A,, and A°* := A% announced
in the introduction. As a byproduct, we obtain a direct proof of the annihilation of
the groups divisible elements div(Ks, (F);), for all n > 0, generalizing the results
of [I].

All the results in this section are stated for both K-theory and étale K-theory.
However, detailed proofs will be given only in the case of K-theory since the proofs
in the case of étale K-theory are very similar. The key idea in transferring the K-
theoretic constructions to étale K—theory is the following. Replace Gillet’s result
[17] for K-theory (commutative diagram (20)) of §3) with the compatibility of the
Dwyer-Friedlander spectral sequence with the product structure ([I3], Proposition
5.4) combined with Soulé’s observation (see [25], p. 275) that the localization
sequence in étale cohomology (see [25], p. 268) is compatible with the product by
the étale cohomology of OF 5.

4.1. Constructing special elements in K—theory with coefficients. Let L
be a number field, such that u;x C L. Let S be a finite set of prime ideals of Of,
containing all primes over [. Let ¢ € N and let m € Z, such that ¢ + 2m > 0. Then,
for R = L or R = Of g there is a natural group isomorphism (see [I3] Theorem
5.6):

(22) KSR ZJIF) =5 KoLy, (R Z)1%)

which sends 7 to n * ;™ for any n € K¢(R;Z/1%). If m > 0 this isomorphism is
just the multiplication by 8;™. If m < 0 and % + 2m > 0, then the isomorphism
(22)) is the inverse of the multiplication by £, ~" isomorphism:

(23) ¥ BT Ket (R ZJIY) s KPR Z)1F).

Now, let us consider Quillen K-theory. If m > 0, there is a natural homomorphism
(24) x B Ki(RyZJ1F) = Kipom (R Z)1)

which is just multiplication by £;". The homomorphism ([24]) is compatible with
the isomorphism ([22) via the Dwyer-Friedlander map. If m < 0 and i + 2m > 0,
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then take the homomorphism
(25) t(m) @ Ki(R;ZJ1*) = K om(R; Z/1%)
to be the unique homomorphism which makes the following diagram commutative.

k t(m) k
Ki(R;Z/l*) —— iram (R Z/17)

l (*ﬁ; 7771)—1 T

KEMRZNIY)  —— K, (R 21

The left vertical arrow is the Dwyer-Friedlander map, while the right vertical
arrow is the Dwyer-Friedlander splitting map (see [13], Proposition 8.4.) The
latter map is obtained as the multiplication of the inverse of the isomorphism

Ki/(R;Z/lk)iKﬁt(R;Z/lk), for i/ = 1 or i’ = 2, by a nonnegative power of the
Bott element 8;™, with m’ > 0 (see the proof of Proposition 8.4 in [I3].)

Remark 4.1. Tt is clear that the Dwyer-Friedlander splitting from [13], Proposition
8.4 is compatible with the maps Z/I7 — Z /1’1 at the level of coefficients, for all
1 < j < k. Consequently, the map ¢(m) is naturally compatible with these maps.
In addition, t(m) is naturally compatible with the ring embedding R — R’, where
R =L or R = Oy g for a number field extension L'/L. Let

t(m) == (x By ™)

It is clear from the above diagram that t(m) and t*!(m) are naturally compatible
with the Dwyer-Friedlander maps.

Lemma 4.2. Let L = F(up) and let i > 0 and m < 0, such that i + 2m > 0.
Then, for R =L or R = Oy _g, the natural group homomorphisms t'(m) and t(m)
have the following properties:

(26) t (m)() =t (m) (a2 )

(27) t(m) (@)™ = t(m)(a’V2" =)

for any ideal a of Or coprime to f;, and for o € K¢(R; Z/1¥) and o € K;(R; Z/1%),
respectively.

Lemma 4.3. Ifi € {1,2}, a € K;(R;Z/I*) and n +m > 0 then

(28) £ (m)(ac* Br") = o BT

(29) t(m)(ax By") = a3}, ntm

Proof of Lemmas 4.2 and 4.3. The properties in Lemmas@.2land 3] follow directly
from the definition of the maps t**(m) and t(m). O

If v is a prime of O, g, m < 0 and ¢+ 2m > 0, then we construct the morphism

(30) to(m) : Ki(ky; Z)1%) = Kiyom(ko; Z/1F)
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in the same way as we have done for O, s or L. Namely, ¢, (m) is the homomorphism
which makes the following diagram commute.

k tv (m) k
Ki(ky; Z)1F)  ——  Kiiom(ky; Z/1%)

Ko1K (s 21
The right vertical arrow is the inverse of the Dwyer-Friedlander map which, in the
case of a finite field, is clearly seen to be equal to the Dwyer-Friedlander splitting
map described above.
Similarly to t*/(m) we can construct &' (m) := (x 85 =) ~'. We observe that the
maps t(m) and t,(m) are compatible with the reduction maps and the boundary
maps. In other words, we have the following commutative diagrams.

Ki(Ops; Z)I¥)  —"—s  K;(ky; ZJI%)

lt(m) ltv (m)

Kitom(Op 55 Z]1F) s itom (ks Z)1F)

1%}

Ki(Or,s, Z/1%) PBocs Kio1(ko; Z/1%)

lt(m) ltu (m)

Kirom(Or,s /1Y) —= @ s Kiorvam (ko Z/19)
Let us point out that we have similar commutative diagrams for étale K-theory
and the maps t°(m) and t&(m).
As observed above, the map ¢(m) for m < 0 has the same properties as the
multiplication by g*™ for m > 0. So, we make the following.
Definition 4.4. For m < 0, we define the symbols
ax 5™ =1t(m)(a), ay * B =t (m) (),

for all @ € K;(Op; Z/1*) and «, € K;(ky;Z/1¥)), respectively. For m > 0, the
symbols a x 8*™ and «, * f*™ denote the usual products.

Let m > 0 be a natural number. Throughout the rest of this section we assume
that O, (b, fi) annihilates Kgm(OFlk) for all £ > 0. For a prime v of Op, let k, be
its residue field and g, the cardinality of k, . Similarly, for any prime w of OF,, , we
let ky, be its residue field. We put F := Fy.. If v )1, we observe that k,, = k, (&),
since the corresponding local field extension E,,/F, is unramified. For any finite
set S of primes in O and any k > 0, there is an exact sequence (see [22]):

0 — Kon(Or,) — Kom(OF,,,5) — D @D Kom—1(ku) — 0
vES wlv
Let &k € Kam—1(kyw)i be a generator of the I-torsion part of Koy, —1(ky). Pick
an element .k € Kom(OF, s)i such that O(zy k) = &,k Obviously, z ®m(b £r)

does not depend on the choice of z,, j since ©,,(b,f)) annihilates sz(OFlk)' If
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ord(€ux) = 19, then &l € Kom(Op,, ). Hence, (z7 ™) = (al; )Om b5 = 0,
Consequently, there is a well defined map:

Am : @@K2mfl(kw)l — KQm(OFZk,S)l;

veS wlv

If R is either a number field L or its ring of (S,1)-integers O, g[1/1], for some
finite set S C Spec(Qp), Tate proved in [28] that there is a natural isomorphism:

Ks(R); — K5'(R).
Dwyer and Friedlander [I3] proved that the natural maps:
Kj(B: 2/1F) — K (R; Z)17),

are surjections for j > 1 and isomorphisms for j = 1, 2. As explained in [2], for any
number field L, any finite set S C Spec(Opr) and any j > 1, we have the following
commutative diagrams with exact rows and (surjective) Dwyer-Friedlander maps
as vertical arrows.

0 — K»5;(Or)i —— K»5;(Or,s) — 9 Pocs Koj1(kv)i—0

| | |

0 — K5H(OL[1/1)) — K54 (01 5[1/1) =2 @, s Ksi_1(ky) —=0

For j = 1, the left and the middle vertical arrows in the above diagram are also
isomorphisms, according to Tate’s theorem. If the Quillen-Lichtenbaum conjecture
holds, then these are isomorphisms for all j > 0.

Our assumption that ©,,(b, ;) annihilates Kgm(OFlk) for all £k > 0 implies
that ©,,(b, f},) annihilates K5}, (OF,, [1/1]), for all k > 0. In the diagram above, let
Yw,k and (, ; denote the images of x,, 1, and &, via the middle vertical and right
vertical arrows, respectively. Then, we define

Agn () =y ™).

w,k

Clearly, the following diagram is commutative

A"VTL
Kom(OF,,..8)1 == @ues Dol Kam—1(kw)i

T

K5t (O ST < @cs @opy Ksina(k
where the vertical maps are the Dwyer-Friedlander maps.
Lemma 4.5. The maps Ay, and A% satisfy the following properties
I I O e

w,k

Proof. The lemma follows immediately by compatibility of d and 9 with the
G(E/F) action. O
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Let us fix an n € N. Let v be a prime in O sitting above p # [ in Z. Let
S := S, be the finite set primes of Op consisting of all the primes over p and all
the primes over I. Let k(v) be the natural number for which 1*(*) || g™ — 1. Observe
that if | g, — 1 then k(v) = v(gy — 1) + vi(n) (see e.g. [Il p. 336].)

Definition 4.6. As in loc.cit. p. 335, let us define:

wi=[[a-q )TN =[O+ @ F)T'NI"+ (1, F) NP 40,

1/f 1/f
1)1 11

If 1| f for every 1|1 then naturally we let v; := 1. Observe that ~; is a well defined
operator on any Z;[G(F/K)]-module which is a torsion abelian group with a finite
exponent.

Definition 4.7. For all £ > 0 and E := F(u;), let us define elements:

Aot = Trp/p(Am (Ewp) * BP0 € Ko (Or,s; Z/1F)).
Similarly, define elements:

A o= Trp p(AL (G ) = B ™)NP" " € K§! (Op 53 Z/1F)).
Obviously, Aitlk is the image of A, ;» via the Dwyer-Friedlander map.

Let us fix a prime sitting above v in each of the fields F(u ), such that if & < &/
and w and w’ are the fixed primes in £ = F(yx) and E' := F(u,w ), respectively,
then w’ sits above w. By the surjectivity of the transfer maps for K-theory of finite
fields (see the end of §3), we can associate to each k and the chosen prime w in
E = F(pp) a generator &, i of Kopm_1(ky) and a generator Cy x of K§' _ (ky)i,
such that

Nw’/w(gw’,k’) :gw,ka Nw’/w(<w’,k’) = Cw,ku
for all k < k', where w and w’ are the fixed primes in E' = F'(p) and E' = F(per),
respectively.

Lemma 4.8. With notations as above, for every k < k' we have
i (N o€ e % B ™)) = Ny (G 57,
i i (Nt ot B ™)) = Ny (Gune % B ).

Proof. First, let us consider the case n—m > 0. The formula follows by the compat-
ibility of the elements (£ k)w With respect to the norm maps, by the compatibility
of Bott elements with respect to the coefficient reduction map 4/, (Bx/) = B, and
by the projection formula. More precisely, we have the following equalities:

Tk’/k (Nw’/v(g’w’,k’ * Bz,n_m)) = Nw’/v(rk’/k (gw’,k’ * Bz,n—m)) =
Nw’/v(gw’,k’ * BZ n—m)) = Nw/v(Nw’/w(gw’,k’) * ﬁz n—m)) =
= Nw/v(&w,k * ﬁz nim).

Next, let us consider the case n — m < 0. Observe that the Dwyer-Friedlander
maps commute with Ny, and Ny /,. Hence we can argue in the same way as in
the case n —m > 0 by using the projection formula for the negative twist in étale
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cohomology, since for any finite field Fy with { | ¢, we have natural isomorphisms
coming from the Dwyer-Friedlander spectral sequence (cf. the end of §3.1):

(32) K5i 1 (Fg) = H' (Fy; Za(j))

(33) K5y (Fg; Z/1) = H' (Fg; Z/1°(7)).

Lemma 4.9. For all 0 < k < k', we have
rk//k (Av,lk/) = )"U,lk
Tk//k ()\zflk/) = )\UJk .

Proof. Consider the following commutative diagram:

@w’ 0,
K2’m(OE',S) —ei ®w’65 K?m—l(kw’)
\LTTE’/E l@wes D jw Nt fw
®w Ow
K2m(OE,S) —ES> weS szfl(kw)

Om(b,fy) — ,,Om(b.fi)

ok . Hence the casen—m >0

It follows that we have Trg: ) g (T 1)
follows by the projection formula:

Om (b,fr) *n—m\Nb" ™™
T k(T p (@ e 7 % B ™) ")

O (b,f,/ *n—m nom
= TTE/F(TTE'/E(Iw/,k(/ b B NPT T =

_ O (b,fy) *n—m\Nb" ™™y
—TTE/F(ZZ?ij * ﬂk ) L,

Now, consider the case n —m < 0. We observe that Trg/,p commutes with the
Dwyer-Friedlander map. Hence Trg/ g also commutes with the splitting of the
Dwyer-Friedlander map since the splitting is a monomorphism. By the Dwyer-
Friedlander spectral sequence for any number field L and any finite set .S of prime
ideals of Oy, containing all primes over [, we have the following isomorphism

(34) K55(OL,s) = H*(OL,s: Za(j + 1))

and the following exact sequence

(85) 0= H*(Ov,s; Z/I"(j + 1)) > K5j(Os: Z/1¥) = H (O3 Z/1"(j)) = 0,
Since xgjyg(b’f") € Kon(OF, s), its image in K§., (OF, s; Z/I¥) lies in fact in in the
ételae cohomology group H?(Op, s; Z/1¥(m + 1)). Hence, one can settle the case

n —m < 0 as well by using the projection formula for the étale cohomology with
negative twists. O

Theorem 4.10. For every k > 0, we have
Or( Ay 1) = N(Ewpo x ™) O BA)

OF AL ) = N (G * B 7™ O (PE)
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Proof. The proof is similar to the proofs of Theorem 1, pp. 336-340 of [I] and
Proposition 2, pp. 221-222 of [3]. The diagram at the end of §3 gives the following
commutative diagram of K—groups with coefficients

1é)
KQH(OE,S; Z/lk) J vES @wh}KQ"*l(kw; Z/lk) )

lTTE/F lN

7]
KZn(OF.,S; Z/lk) - @'L}ES K?ﬂ—l(kvu 5 Z/lk)

where N := @, @w‘v Ny /- Hence we have O o Trg/p = N o Og. The compati-
bilities of some of the natural maps mentioned in §3 which will be used next can
be expressed via the following commutative diagrams, explaining the action of the
groups G(E/K) and G(F/K) on the K—groups with coefficients in the diagram
above. For j > 0 we use the following commutative diagram.

K2j(Op,s; Z)1%) s Koj(ky; Z)1F)

—1 —1
\LO’a lo’a
ro_1

Ky (Ops; ZJIF)  —= Kok 15 Z/1F)
The above diagram gives the following equality:

(36) r

1 n—m __—1

( anm) :T,w(’;l((ﬁznfm)Na"’ma; ): (Tw( anm))Na %a

For any j € Z, we have the following commutative diagram:

—1
w%a

HY(Op,s; Z)I*(j)) —2—  H(ku; Z/1*(5))

—1 —1
la’a la’a
roo_

HY(Ops; Z)IF(j)) —=> H(k_,-1; Z/I*(j))

If & = exp(2L) is the generator of yyx then the above diagram gives

(B7) 1t (R = (TN = (ry (g7 N

We can write the m—th Stickelberger element as follows

/
(38)  Om(bfi)= > > Amyi(ac,b,f)oe-r | - oa-1,
amod fy cmod fi, we !l =w
where >0 g, denotes the sum over a maximal set S of ideal classes a mod fi,

such that the primes w% 1, for a € S, are distinct. By formula (@), for every m > 1
and n > 1 we have

Apii(a,b,f) = Na" "™ Nb" ™ A, p1(ac,b,f) mod wyin fmny (K)-

It is clear that for all m,n > 1 we get the following congruence mod Wiy {m,n} (Ks,).

@n(b, fk) =
!
Z ( Z Na" "™ Nc" ™ Nb" ™ A 41(ac, b, fy)oc-1)oa—1

amodfy cmodfy, w'e—1l=w
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Equalities (38), B1), B8), Lemma [L2] Gillet’s result [I7] (diagram (20)), the com-
patibility of ¢(n —m) and ¢,(n —m) with 0 and the above congruences satisfied by

Stickelberger elements lead in both cases n —m > 0 and n —m < 0 to the following
equalities.

O (b, 1) *n—m\Nb" ™™ __
BE(xw,k * Pk ) -

Z g cmodfk we—1 —w Am‘#l(aC;b;fk)a(ac)*l *( *’n.fm)(Na())nimanimd(ac),l .

k
amod fy

xn—m Z;modfk Y e mod £ we—1 —w Am+1(ac,b fi)(Nac)" " Nb™" Mo, 1
= (bw,k * By, ) ke

(gwk*ﬂ*n m) bfk)

By the first commutative diagram of this proof, the equalities above and Lemma
211 we obtain:

Or(Nyr) = N@p (w3 ™5 BN = N (€ ) O )

= (N(wk x B, m))’n*l@n(byf)’n = (N(Ewp * 8L m)) n(b.f)
(|

Theorem 4.11. For every v such that I | ¢ — 1 and for all k > k(v), there are
homomorphisms

Ay e Kono1(ky; ZJI%) — Kon(Op,s; Z/1%),
AL Ko (ki Z/17) — K55, (O 55 Z/1°) +
which satisfy the following equalities:
'u 1 (N (Euw i *[3*" ™) = Av,lkv
o (NG By"™) = Al

Proof. The definition of A,, (see (3I)), combined with the natural isomorphism
Kom_1(kw)/1* = Koy 1(kw; Z/1¥Z) and the natural monomorphism

Kom(Op.5)/1* — Koy (Op,s; Z/1°7),

coming from the corresponding Bockstein exact sequences, leads to the following
homomorphism:

A : Kom1(kw; ZJI*Z) = Koy (Op.s; Z)IFZ).

Multiplying on the target and on the source of this homomorphism with the n —m
power of the Bott element if n — m > 0 (resp. applying the map ¢, (n —m) to the
source and t(n — m) to the target if n —m < 0) under the observation that the
following map is an isomorphism:

*n—m

*B
Kom—1(kw; Z/IFZ) = Kan_1(kw; Z/I*Z)
(cf. the notation of ¢(j) and ¢,,(j) ) show that there exists a unique homomorphism

m * ﬂ*n m Kanl(kw; Z/lk) — K2n(0E>S; Z/lk)’
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. - O, (b,f
sending &y 1% 3, """ — xw:};( Tk

Ay x 85" defined above and
Trp/p : Kon(Op,s; Z)1%) = Koun(Op,s; Z/1%)
to obtain the following homomorphism:
Trg/po (Mm% BE"™) : Kop_i(kw; Z/1%) = Kon(Ops; Z/1%).

We observe that this homomorphism factors through the quotient of G(ky,/ky)—
coinvariants

Kon—1(kw; Z/1*) Gk /i) = Kan-1(kw; Z/17) /Ko (kw; Z/17) 71,
where Fr, € G(ky/ky) C G(E/F) is the Frobenius element of the prime w

over v. Since Fr, acts via ¢'—powers on Ka,_1(ky), the canonical isomorphism
Kon_1(kw; Z)1%) = Koy, 1 (ky)/1F (see §3) and assumption k > k(v) give

Kon—1(kw; Z/1*) Gk /) = Kon1(kwi Z/1F) [1F) 2 Ko (k) /1.

The obvious commutative diagram with surjective vertical morphisms (see §3)

) % Br" ™. Next, we compose the homomorphisms

Kgn_l(kw)/lk i> K2n—1(kw; Z/lk)

le/u le/v

Kopn—1(ky)/1* — = Kon_1(ky; ZJ1%)

combined with the last isomorphism above, gives an isomorphism

Kon—1(kuw; Z/lk)c:(kw/kv)Nzi> Kop1(kv; Z/1F)
Now, the required homomorphism is:
(39) Ay et Kono1(ky; Z)1F) — Ko, (Or5; Z/1%)
defined by
Ay w(z) = [Trg/po (/N\m * 3,7 o Nw/v_l(f)]animW ;

for all z € Ko,_1(ky; Z/IF). By definition, this map sends N(&w,k * f;"™) onto

the element A, j» 1= TrE/F(x@",;(b’fk) * B TNET 0

w1

4.2. Constructing A and A¢ for K—theory without coefficients. Let us fix
n > 0. In this section, we use the special elements and X, ;= and A%, defined

above to construct the maps A, and A¢ for the K-theory (respectively étale K—
theory) without coefficients. Since n is fixed throughout, we will denote A := A,
and A° := A%

Observe that for every j > 0 and every prime [, the Bockstein exact sequence (4]
and results of Quillen [22], [23] give natural isomorphisms

(40) K;j(Ops) = lmK;(Ops; Z/1°),
k

(41) Kj(ky)i = lim Kj(ky; Z/1°).
k
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Similar isomorphisms hold for the étale K-theory.

Definition 4.12. We define A\, € K»,(Ors); and XS € KS§ (Ops) to be the
elements corresponding to

(No6)k € Um Koo (Op,s; Z/1F), (A )k € im K5 (O, s; Z/1F)
k k

via the isomorphism ({@0) and its étale analogue, respectively.

Definition 4.13. We define &, € Ka,_1(k,); and ¢, € K5 _,(ky) to be the ele-
ments corresponding to

(N (Ewe B ™)k € i Koy (ko3 Z/17),
k

(N (Gue * B ™)k € hm K5,y (ko3 Z/1%),
k
via the isomorphism (Il and its étale analogue, respectively.

Definition 4.14. Assume that [ | ¢ — 1. Since the homomorphisms A, ;x, and
Af}t s> from Theorem ELTT], are compatible with the coefficient reduction maps 4,
for all k' >k > k(v), we can define homomorphisms

A’U = @Av,lk : K2n—1(k'u)l — K2n(OF,S)l — K2n(F)l7
k

A =Tm AT K5 (ko) = K5 (Ors) = K5, (F ),
k

for all v. Here, the rightmost arrows are the inclusions Ka,(Op,s) C K2, (F) and
K§ (Op,s) C KSL(F),, respectively. If [ 1 ¢} — 1, then the morphisms A, and A%
are trivial, by default.

Remark 4.15. It is clear from Theorem F.11] that, for all v, we have
Ao(&) = Ao, AT(G) = AT
Definition 4.16. We define the maps A,, and A¢ as follows:
A @B Kon1(ko)r = Kon(F), A =[] Ao

A @D K () = Ky, A= T A

v

Theorem 4.17. The maps A and A satisfy the following properties:
Op o A(&,) = €50,
O 0 A!(Gy) = (0.
Proof. Consider the following commutative diagram.

D.es Ov
Ko, (OF.s)/1* e

|

Ko, (OFps; Z)1%)

@Ues Kanl(kv)/lk

l

Oy
_Bues Boes Kon1(ko; Z/1¥)
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The vertical arrows in the diagram come from the Bockstein exact sequence. It is
clear from the diagram that the inverse limit over k of the bottom horizontal arrow

gives the boundary map 0 = @, g0y :

Or : Kon(Or,s) — @Kznq(ku)l-

Now, the theorem follows by Theorems and [£171 O

In the next proposition we will construct a Stickelberger splitting map I' which is
complementary to the map A constructed above.

%

OoF
— —
(42) 0 —>K2n(OF)l<LK2n(F)l<L @Kzn—l(kv)l — 0.

The existence of I was suggested in 1988 by Christophe Soulé in a letter to the first
author and it is a direct consequence of the following module theoretic lemma.

Lemma 4.18. Let R be a commutative ring with 1 and let v € R be fized. Let

L ™

0 A B c 0

be an exact sequence of R—modules. Then, the following are equivalent:
(1) There exists an R-module morphism A : C' — B, such that mo A = r-idc.
(2) There exists an R—module morphism T’ : B — A, such that T ov =1 -ida.

Moreover, if A and T exist, they can be chosen so that T'o A = 0.
Proof of Lemma. Assume that (1) holds. By the defining property of A, we have
(43) (Aom)(—=b) + rb € Im(r), Vb e B.

We define T'(b) := =} ((Ao7)(=b) +1b), for all b € B, where :~!(z) is the preimage
of z via ¢, for all € Im(¢). One can check without difficulty that I" is an R—module
morphism which satisfies

TFov=r-idya, ToA=0.

Now, assume that (2) holds. Let ¢ € C. Take b € B, such that w(b) = c¢. Then,
by the defining property of T', one can check that the element (¢t oT')(—b) +rb € B
is independent on the chosen b. For all ¢ € C, we define A(c) := (1 o T')(=b) + 1,
where b € B, such that 7(b) = c¢. It is easily seen that the map A defined this way
is an R—module morphism and it satisfies

moAN=1r-idco, ToA=0.
O

Proposition 4.19. The existence of a map A satisfying the property (OpoA)(&,) =
55)"([)’0 is equivalent to the existence of a map T : Kapn(F); — Kan(OF); with the
property (T 0 4)(n) = n°®H . Moreover, if they exist, the maps A and T' can be
chosen so that I' o A = 0.

Proof. The proof of the Proposition follows directly from the above Lemma applied
to R := Z[G(F/K)], r := O,(b,f) and Quillen’s localization exact sequence (42)).
O
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Remark 4.20. From the proof of Lemma I8 it is clear that if one of the maps
A and T is given, then the other one can be chosen such that

r-idg=ANom+iol.

Remark 4.21. Observe that the map A is defined in the same way for both cases
I{n and | n. If restricted to the particular case K = Q, our construction improves
upon that of [I]. In loc.cit., in the case [ | n the map A was constructed only up to
a factor of [1("),

Analogously, there is a Stickelberger splitting map I'®* which is complementary
to the map A® such that the étale analogue of the Proposition E.19 holds.

4.3. Annihilating div K5, (F);. Now, let us give a set of immediate applications
of our construction of the Stickelberger splitting maps A,. In what follows, if A ia
an abelian group, div A denotes its subgroup of divisible elements. The applications
which follow concern annihilation of the groups div Ks, (F'); by higher Stickelberger
elements of the type proved in [I] in the case where the base field is Q. The difference
is that while [I] deals with abelian extensions F//Q, under certain restrictions if | n,
we deal with abelian extensions F'/K of an arbitrary totally real number field K
under no restrictive conditions. The desired annihilation result follows from the
following.

Lemma 4.22. With notations as in Lemma [{.18, assume that a map A exists.
Further, assume that C' and A viewed as abelian groups satisfy divC = 0 and A
has finite exponent. Then, we have the following.

(1) div B C Im(s).

(2) r annihilates div B.

Proof. Since any morphism maps divisible elements to divisible elements, we have
m(div B) = 0, by our assumption on C. This concludes the proof of (1).

Let x € div B. Let m be the exponent of A and let b € B, such that m -b = .
Multiply @3] by m to conclude that

(Aom)(—x)+r-2=0.

Now, part (1) implies that 7(z) = 0. Consequently, the last equality implies that
r -2 = 0, which concludes the proof. (I

Theorem 4.23. Let m > 0 be a natural number. Assume that the Stickelberger
elements ©,, (b, fy) annihilate the groups Kom(OFr, )i for all k > 1. Then the Stick-
elberger’s element ©,,(b,f) annihilates the group div Kon(F); for every n > 1.

Proof. The proof is very similar to that of [Bal, Cor. 1, p. 340]. Let us fix n > 1.
Under our annihilation hypothesis, we have constructed a map A := A,, satisfying
the properties in Proposition E.I9 relative to the Quillen localization sequence (42]).
Note that A := Ko, (Op); is finite and therefore it has a finite exponent. Also, note
that C' := @, Kon—1(ky): is a direct sum of finite abelian groups and therefore
div C = 0. Consequently, the exact sequence ([@2) together with the map A and
element r := O,,(b, f) in the ring R := Z|G(F/K)]| satisfy the hypotheses of Lemma
Therefore, we have

On(b,f) - div Ko (F); = 0.
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Remark 4.24. Observe that we can restrict the map A to the I*—torsion part, for
any k > 1. For any k > 0, there is an exact sequence

0 — Kon(Op)[I¥] — Kon(F @Kgn 1( | — div(Kan(F);) — 0

By Theorem .17, we know that dpoA is the multiplication by ©,,(b, f). As pointed
out in the Introduction, this implies the annihilation of div (Ka,(F');) and conse-
quently gives a second proof for Theorem [4.23]

Let us define Fp := F and:
O, (b f) — { (Hm (1— (1, F)"'NI")) ©,(b,f) ?f It f
O,(b,f) if I|f
Hence by the formula ([I3]) we get
(44) Resp, . /m, On(b,fii1) = On(b, ;)
Hence by formula (IH) we can define the element

(45) L@ bfk ELZl Fk/F

Corollary 4.25. Let m > 0 be a natural number. Assume that the Stickelberger
elements ©,,(b, fy) annihilate the groups Kom(OFr, )i for all k > 1. Then the Stick-
elberger element ©,,(b, ) annihilates the group div Ko (Fy); for every k > 0 and
every n > 1. In particular ©,(b,fs) annihilates the group hgk div Ko (Fy); for
every n > 1.

Proof. Follows immediately from Theorem O

Theorem 4.26. Let F/K be an abelian CM extension of an arbitrary totally real
number field K and let | be an odd prime. If the Iwasawa p—invariant (g, associated
to F' and l vanishes, then ©, (b, f) annihilates the group div(Ks,(F);), for alln > 1
and all b coprime to w1 (F)fl.

Proof. In [16] (see Theorem 6.11), it is shown that if pup; = 0, then ©,(b,f)
annihilates K5 (Op[1/1]), for all n > 1 and all b as above. From the definition of
Iwasawa’s p—invariant one concludes right away that if pp; = 0, then pp, ; = 0,
for all k. Consequently, ©1(b, fi) annihilates K5'(Op,[1/1]), for all k. Now, one
applies Tate’s Theorem [[3] to conclude that O4 (b, f) annihilates K2(Op, ), for all
k. Theorem [£.23] implies the desired result. O

Remark 4.27. It is a classical conjecture of Iwasawa that pr; = 0, for all number
fields F' and all primes .

Corollary 4.28. Let F/Q be an abelian extensions of conductor f. Then ©y(b, f)
annihilates the group div Ko (F); for all n > 1 and all b coprime to wy+1(F)fL.

Proof. By a well known theorem of Ferrero-Washington and Sinnott, pr; = 0 for
all fields F' which are abelian extensions of Q and all [. Now, the Corollary is an
immediate consequence of the previous Theorem. O

Remark 4.29. Observe that the Corollary above strengthens Corollary 1, p. 340
of [1] in the case [ |n.
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5. CONSTRUCTING EULER SYSTEMS OUT OF A—ELEMENTS

As mentioned in §4, in this section we construct Fuler systems for the even K-
theory of CM abelian extensions of totally real number fields. We construct an
Euler system in the K—theory with coefficients. Then, by passing to a projective
limit, we obtain an Euler system in Quillen K—theory. Our constructions are quite
different from those in [3], where an Euler systems in the odd K—theory with finite
coefficients of CM abelian extensions of Q was described.

As above, we fix a finite abelian CM extension F//K of a totally real number
field of conductor f and fix a prime number I. We let L = 1;...1; be a product
of mutually distinct prime ideals of Ok coprime to [ f. We let Fy, := F Ky, where
K, is the ray class field of K for the ideal L. Since F'/K has conductor f the CM-
extension F,/K has conductor dividing Lf. As usual, we let Fy;n := FL (), for
every k > 0.

Let us fix a prime v in O sitting above a rational prime p # . Let S := S, be
the set consisting of all the primes of Op sitting above p or above [. For all L as
above and k > 0, we fix primes wy (L) of OF, , sitting above v, such that wj (L')
sits above wy, (L) whenever I*L | I¥'L/. For simplicity, we let v(L) := wp (L), for all
L as above. Also, if k is fixed, we let w(L) := wy (L), for all L as above.

Let us fix integers m > 0. For all L as above and all £ > 0, let ©,,(br, Lfy)
denote the m-th Stickelberger element for the integral ideal by, of Op, coprime to
Lfl, and the extension Fy,;» /K. As usual, we assume throughout that ©,,(br,, Lf})
annihilates sz(OFLLk ), for all L as above and all k£ > 0.

By the surjectivity of the transfer maps for the K-theory of finite fields we can
fix generators &, (1y,k Of Kam—1(ky, ), for all k> 0 and L as above, such that

N, (L) jwi (L) G, L)k7) = Ewp (L) 5

whenever we have k < k'.

Remark 5.1. Note that the cyclicity of the groups Koy, —1(ky, (1)) and the sur-
jectivity of the appropriate transfer maps implies that the elements

(Cwp(L)k)E> (N, (1) /i (L) Eaogo (L)1) e

viewed inside of Z;—module @k Kom—1(kw, w1, differ by a factor in Z), for all L
and L’ as above, such that L|L’. Above, the projective limit is taken with respect
to the transfer maps.

Let us fix k > 0. For any L as above, we have the localization exact sequence:

) — Kom(OF, . 5) 2 P P Kom-1(kw) — 0,

v €S w|vg

0— Kgm(OF

Lik

where the direct sum is taken with respect to all the primes w in OFsz which
sit above primes vg in S. Pick an element x,r)r € Kgm(OFle7s)[, such that
(T (w),k) = Sw(w),k- The following element:

O, (by, Lf
(46) A (Ew(wy k) = mw(L()_JI; g

does not depend on the choice of z,,(1) i since ©,, (br,, Lfy.) annihilates Kgm(OFle ).
Observe that by construction we have the following equalities:
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(47) O, (T, /e (@) k) = Nuw@) jwm) (0, . (Tww) k) =

= Nuyw)/ww)Eww) k),

(48)  Nuw)/om) Nuww) /ww) Eww),k) = Now) jow) Nww) /ow) (Eww) k) =
= Nyw) /o) (Eow),0)

We choose the ideals by, in such a way so that they are coprime to { Lf and
Nby, = Nby, mod I*.

Then, the elements {A.,(§uw),k)}L form an Euler system in K-theory without
coefficients { K2, (Opx s)1}1- Namely, we have:

Proposition 5.2. If L' =I'L, then the following equality holds:

nm o y/ -1
(49) i, 5y MGy k) = A (Vo) fuo(y Gy 1))~V G ),
Proof. The Proposition follows by (A7) and Lemma 211 O

Let us fix an arbitrary integer n > 0. Next, we use the Euler system above to
construct Euler systems {A,x)}L in the K—groups {Ks2,(Or,s)i}r. The general
idea is as follows. First, one constructs Euler Systems {)\U(L),k}L in the K—theory
with coefficients { K2, (Ow.s,Z/1¥)}1, for all k > 0. Then one passes to a projective
limit with respect to k. The constructions, ideas and results developed in §4 play
a key role in what follows.

For every L as above and every k > 0, we follow the ideas in §4 and define the
elements A,y € Kon(Opy 55 Z/1F) by:

O, (by, Lf #n—m\Nb*~™
(50) Aom)e: = TrFle/FL (:ka((L)I:k k) . )NbL Y

Trr/m (A (Ew(m),k) * By n_m)szim ",

where the operator v, € Z;[G(F/K)] is given in Definition The following
theorem lies at the heart of our construction of the Euler system for higher K-
groups of CM abelian extensions of arbitrary totally real number fields.

Theorem 5.3. For every k' > k and every L and L' = Ll we have:

Tk’/k()‘v(L),k’) = AU(L),I@
aFL (AU(L),I@) = (NL(gw(L),k * ﬂ;"‘m))@n(bL,fL)

— oy —1
TTFL//FL()‘U(L’),IC) = ()\;(L),k)l NQ@)™(V, FL) ,

where Ny, :=Try, ) /k, 0, and A;(L),k 1s defined by

A;(L)’k = TTFLLk/FL (Am(ka(L’)/wk(L)(gwk(L’))k)) * B; n—m)NbE*m "



STICKELBERGER SPLITTING IN THE K-THEORY OF NUMBER FIELDS 27

Proof. The first formula follows by Lemma The second formula follows by
Theorem [LT0l Let us prove the Euler System property (the third formula in the
statement of the Theorem.) We apply Lemma [ZT] and definition (G0):

Treg, ry (Ao k) =Trry, /r TTE,, 0 7y (ZUS&(}))%’M ) x BrrTmNET T =

O (by/, fi L") *n—m\Nb" ",
TTFsz/FLTTFqu/FLLk (‘Tw(L’),k * B )

Om (bys, fx L) *n—m\Nb" ",
TTFle/FL(TTFL/lk/FLkaw(L’)7k *Bk )

T (T ( )@m(bL’vka/) *ﬂ*nfm)Nb"’m'n _
TFLLk/FL TFL/Lk/Fsz Tw(L'),k k -

Resk /K C'-')7'77«(bL/ ) ka/) _ n—m

£, L/ /B L *n—m\Nb Yo

TTFle/FL (TTFL’Lk/Fsz (Iw(Ll)vk) k ¥ * P ) =
1=V, Fp ) 'N(I)™ ) ©m(by, frL) £ n—msNb"—™

TTFle/FL (TTFL/Lk/FLLk (Iw(L’)Jc) ( ) * Bk ) M=

Om (b, frL) *n—m\Nbp" ™™ —(V,FL) N
TTFLLk/FL(TTFL/Lk/Fle (Iw(L’),k) L fL) . yNbr ’Yz(l (', Fr) 1) )) _

R

The last equality is a direct consequence of equalities ([A7) and (@S]). O

Now, let b be a fixed ideal in Ok, coprime to fl. Consider all L as above which
are coprime to [bf. Naturally, we can choose by, := b, for all such L. These choices
and the results of §4 permit us to define the elements )\U(L) € Ko,(Op. )1 and
§ow) € Kan—1(kyw))i as follows.

Definition 5.4. Let A1) € K2,(OF. s): be the element corresponding to
(Ao, ix)n € im Ko (O 53 Z/1%)
k

via the isomorphism Q) for the ring Op, s.
Definition 5.5. Let &) € K2,-1(kyw)): be the element corresponding to

(NL(wwy, ke * By ")k € Im Kon 1 (ky(w); Z)1%)
k

via the isomorphism (&) for the finite field &, y,).
Remark 5.6. Note that A(§,w)) = Ayw) (see Remark A.T5])

The next result shows that the elements {A,)}1 provide an Euler System for
the K-theory without coefficients { K2, (Op. )i}

Theorem 5.7. For every L and L' as above, such that L' = LY, we have the
following equalities:

(51) Or (MEu))) = &

(52) Trry, r (MEom)) = ANy o) (Eun)) VT T 1)
Proof. This follows directly from Theorem O
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Remark 5.8. It is easy to see that one can construct Euler systems for étale
K-theory in a similar manner.

Remark 5.9. In our upcoming work, we will use the Euler systems constructed
above to investigate the structure of the group of divisible elements divKay,(F);
inside Ko, (F');. The structure of divKs,(F),; is of principal interest vis a vis some
classical conjectures in algebraic number theory, as explained in the introduction.
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