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Stable sets of primes in number fields
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We define a new class of sets — stable sets — of primes in number fields. For
example, Chebotarev sets Py g (o), with M /K Galois and 0 € G(M/K), are
very often stable. These sets have positive (but arbitrarily small) Dirichlet density
and they generalize sets with density one in the sense that arithmetic theorems
such as certain Hasse principles, the Grunwald—Wang theorem, and Riemann’s
existence theorem hold for them. Geometrically, this allows us to give examples
of infinite sets S with arbitrarily small positive density such that Spec Ok s is a
K(m, 1) (simultaneously for all p).
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1. Introduction

The main goal of this article is to define a new class of sets of primes of positive
Dirichlet density in number fields — stable sets. These sets have a positive but
arbitrarily small density and they generalize, in many aspects, sets of density one.
In particular, most of the arithmetic theorems, such as certain Hasse principles, the
Grunwald—Wang theorem, Riemann’s existence theorem, K (i, 1)-property, etc.,
which hold for sets of density one (see [NSW 2008, Chapters IX and X]), also hold
for stable sets. Our goals are on the one hand to prove these arithmetic results, and
on the other hand to give many examples of stable sets.

The idea is as follows: let A > 1. A set S of primes in a number field K is A-stable
for the extension £/K if there is a subset So € S, a finite subextension £/Ly/K
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and some a > 0 such that we have §;(Sy) € [a, Aa) for all finite subextensions
$¥/L/Ly, where &, is the Dirichlet density. We call the field Lo a A-stabilizing
field for S for £/ K. A more restrictive version is the notion of persistent sets: S is
persistent if the function L — 81 (Sp) gets constant in the tower £/K beginning
from some finite subextension Ly/K (see Definition 2.4). In particular, for any
A > 1, a A-stable set is persistent.

The main result in this article is the following theorem, which links stability to
vanishing of certain Shafarevich-Tate groups. Let ITI' denote the usual Shafarevich—
Tate group, consisting of global cohomology classes which vanish locally in a given
set of primes. If A is a module over a finite group G, then HL(G, A) denotes
the subgroup of H!(G, A) consisting of precisely those classes which vanish after
restriction to all cyclic subgroups of G. Moreover, if £/L is a Galois extension
of fields, then Gy, denotes its Galois group, and if A is a G¢,7-module, then
L(A)/L denotes the trivializing extension of A.

Theorem 4.1. Let K be a number field, T a set of primes of K and £ /K a Galois
extension. Let A be a finite Gy/x-module. Assume that T is p-stable for £/K,
where p is the smallest prime divisor of |A|. Let L be a p-stabilizing field for T
for £/K. Then

I ($/L, T; A) CHL(L(A)/L, A).
In particular, if HL(L(A)/L, A) =0, then II'(£/L, T; A) =0.

This theorem has numerous applications to the structure of the Galois group
Gk s := Gal(Ks/K), where K is a number field and S is stable. To explain our
results, we need some notation. If S, R are two sets of primes of a number field K,
then we denote by KSB the maximal extension of K, which is unramified outside §
and completely split in R. Moreover, we denote by G,? s the Galois group of
K;e /K. Let £/K be any Galois extension. For a prime p of K we denote by ¥,
the completion of £ at a (any) extension of p to & (the isomorphism class of the
completion £, does not depend on the particular choice of the extension of p to £
as £/K is Galois, and we suppress this choice in our notation). Furthermore,
%, denotes the absolute Galois group of K, and K,(p) (resp. Kp“r(p)) denotes
the maximal (resp. maximal unramified) pro-p extension of K,. Moreover, for
a profinite group G, we denote the pro-p completion of G by G(p). For more
notation, see also the end of this introduction.

Theorem (cf. Theorems 5.1 and 6.4). Let K be a number field, p a rational prime,
p a prime of K and T 2 S O R sets of primes of K with R finite. Assume that S is
p-stable' for K§ (p)/ K. Then:

1 fact a weaker condition would suffice; see Theorem 5.1.
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(A) (Local extensions)

SPELKM(p) ifpgs.

(B) (Riemann’s existence theorem) Let Il; (p) denote the Galois group of the max-
imal pro-p extension of Kslfp and let K;(p)/ KSIS denote the maximal pro-p
subextension of Kr/ Kf. The natural map

Ors: * G(p)x  k  L(p) = Gy ks
PER(KS) pe(T\S)(Ky)
is an isomorphism (where % is to be understood in the sense of [NSW 2008,
Chapter 1V]).

(C) (Cohomological dimension) Assume that either p is odd or K is totally imagi-
nary. Then

cd, G ¢ = scd, Gg g =2.

(D) (K(m, 1)-property) Assume additionally that R = &, S D Sy and that either
p is odd or K is totally imaginary. Then Spec Ok s is a K(w, 1) for p (see
Definition 6.1).

There are also corresponding results for the maximal pro-p quotient G}; s(p)
of G}; s- These results are essentially well-known (see [NSW 2008]) if 65 (S) =1
and respectively if § 2 §, U So. Also, A. Schmidt showed recently that if Tp is any
fixed set with dx (7o) = 1 and S is an arbitrary finite set of primes, then there is a
finite subset 77 C Ty (depending on S) such that the pro-p versions of the above
results essentially (e.g., except the result on scd,) hold if one replaces S by SUT;
(see [Schmidt 2007; 2009; 2010]).

A further application of stable sets concerns a generalization of the Neukirch—
Uchida theorem, which is a result of anabelian nature. More details on this can be
found in [Ivanov 2013, Section 6]. Now we see many examples of stable (even
persistent) sets:

Corollary 3.4. Let M /K be finite Galois and let o € Gyy/g. Let S = Py (o) (i.e.,
up to a density-zero subset, S is equal to Py /g (0)). Let £/ K be any extension. Then
S is persistent — or, equivalently, stable (see Corollary 3.6) —for £/ K if and only if

Gu/mng NC(o; Gy k) # D,
where C(o; Gy k) denotes the conjugacy class of o in Gy k. In particular:

() Ifo =1, then S = Py (1) = cs(M/K) is persistent for any extension £/K.
(i) f MN¥E =K, then S = Py k(o) is persistent for £/ K.
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Outline. In Section 2 we introduce stable, sharply p-stable, strongly p-stable and
persistent sets. Section 3 is devoted to examples: in particular, we introduce almost
Chebotarev sets, which provide us with a rich supply of persistent sets (Section 3B),
and we show essentially that an almost Chebotarev set is sharply and strongly
p-stable for almost all p (Section 3C). In Section 4A we prove our main result
which is a general Hasse principle. In Sections 4B—4D we discuss some further
Hasse principles and uniform bounds on Shafarevich—Tate groups for stable sets. In
Section 5 we deduce arithmetic applications such as the Grunwald—Wang theorem,
realization of local extensions, Riemann’s existence theorem and cohomological
dimension. In Section 6 we use results from Section 5 to deduce the K(m, 1)-
property at p for Spec Ok s with S being sharply p-stable.

Notation. Our notation essentially coincides with the notation in [NSW 2008]. We
collect some of the most important notation here. For a profinite group G we denote
by G(p) its maximal pro-p quotient. For a subgroup H C G, we denote by Ng(H)
its normalizer in G. If o € G, then we write C(o; G) for its conjugacy class. For
two finite groups H C G, we write mg (or my, if G is clear from the context) for
the character of the induced representation Indg 1y.

For a Galois extension M /L of fields, Gy, denotes its Galois group and L(p)
denotes the maximal pro-p extension of L (in a fixed algebraic closure). By K
we always denote an algebraic number field, that is, a finite extension of Q. If
p is a prime of K and L/K is a Galois extension, then Dy ;¢ € Gz, denotes
the decomposition subgroup of p. We write Xx for the set of all primes of K and
S, T, R, ... will usually denote subsets of Xg. If L/K is an extension and S a set
of primes of K, then we denote the pull-back of S to L by Sz, S(L) or S (if no
ambiguity can occur). We write KSR /K for the maximal extension of K, which
is unramified outside S and completely split in R, and we write G§ = G,g g for
its Galois group. We use the abbreviations Kys := KSg and Gg := G? . Further,
for p < oo a (archimedean or nonarchimedean) prime of Q, we let S, = S,(K)
denote the set of all primes of K lying over p. Further, if § C Xk, we write
N(S) :=N ﬂ@}gs, ie., p e N(S) if and only if S, C S.

We write 8k for the Dirichlet density on k. For S, T subsets of Xk, we use
(following [NSW 2008, Definition 9.1.2])

SCT:©6xk(S\T)=0, S=T:&(SET)and (TLS).

Thus S S T if § is contained in T up to a set of primes of density zero. For a finite
Galois extension M/K and o € Gy k, we have the Chebotarev set

Pyk (o) ={p € Zg : p is unramified in M/K and (p, M/K) = C(o; Gy/k)},

where (p, M/K) denotes the conjugacy class of Frobenius elements corresponding
to primes of M lying over p.
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2. Stable and persistent sets

2A. Warm-up: preliminaries on Dirichlet density. Let P denote the set of all
subsets of Xg. The Dirichlet density dx is not defined for all elements in Pg.
Moreover, there are examples of finite extensions L/K and S € Pk such that S has
a density but the pull-back Sy of S to L has no density. To avoid dealing with such
sets we make the following convention, which holds until the end of this article.

Convention 2.1. If S € Pk is a set of primes of K, then we assume implicitly that,
for all finite extensions L /K, all finite Galois extensions M /L and all o € Gy,
the set Sy N Py/1 (o) has a Dirichlet densi‘[y.2

Convention 2.1 is satisfied for all sets lying in the rather large subset

Ay = {S C3¥ : S« U Py, k;(0;)k for some K/K;/Q
L
and L;/K; finite Galois and o; € GL,-/K,-}

of Pk, where the unions are disjoint and countable (or finite or empty). The
set g cannot be closed simultaneously under (arbitrary) unions and complements:
otherwise it would be a o -algebra and hence would be equal to Px.

To compute the density of pull-backs of sets we use the following two lemmas.
Let L/K be a finite extension of degree n (not necessarily Galois). For 0 <m <n,
define the sets

B, (L/K) :={p € Xk : p is unramified and has exactly m degree-1 factors in L}.

In particular, P,(L/K)=cs(L/K), P,_1(L/K)=2. Recall thatif H C G are finite
groups, then my denotes the character of the G-representation Indg 1. One has

my (o) ={gH : (0)* C H}| = |{{0)gH : (0)* C H}|,

where (o) € G denotes the subgroup generated by o and where (0)¢ := g~ (o)g.
The second equality follows immediately from the fact that if (o)8 C H, then
gH = (o)gH.

Lemma 2.2. Let L/K be a finite extension and N /K a finite Galois extension
containing L, with Galois group G, such that L corresponds to a subgroup H C G.

2The optimal way to omit sets having no density would be to find an appropriate sub-o -algebra
of Pk (for any K) such that the restriction of §g to it is a measure (and the pull-back maps Pg — P,
attached to finite extensions L/K restrict to pull-back maps on these sub-o-algebras). Unfortunately,
there is no satisfactory way to find such a o-algebra Ry, at least not if one requires that if § € RBg,
then T € Bk for any T == S, or, if one requires the weaker condition that any finite set of primes of K
lies in Bk . Indeed, countability of Xx would imply Bg = Pk in this case, but not all elements of Px
have a Dirichlet density.
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Then

B.(L/K)<={p € P,(L/K) :p is unramified in N/K} = U Pk (0),
C(U(;G))QG
mg(o)=m

where the right-hand side is a disjoint union. In particular, P,(L/K) € dk and

Sk (Pa(L/K) =1GI™' ) IC(0: G)l.

C(o;G)CG

my (0)=m
Proof. The proof of the first statement is an elementary exercise in Galois theory:
if p is a prime of K unramified in N, then the primes of L lying over p are in
one-to-one correspondence with double cosets (o)gH, where o is arbitrary in the
Frobenius class of p; the residue field extension of a prime belonging to the coset
(o)gH over p has the Galois group (0)&/(o)8 N H. The second statement follows
from the first and the Chebotarev density theorem. ([

Lemma 2.3. Let L/K be a finite extension of degree n, let S be a set of primes of K
and let N /K be a Galois extension containing L such that G :==Gy,x 2 Gy, =: H.
Then

SL(S) =) mk (SN Py(L/K)) =Y mu(0)8k (SN Py/k(0)).
m=1 C(0;G)cG

If, in particular, L /K is Galois, we get the well-known formula
3 (S)=1[L:K]ég(SNcs(L/K)).

Proof. The first equation is an easy computation and the second follows from
Lemma 2.2. ]

2B. Key definitions. Let K be a number field and S a set of primes. If 3 (S) =0
(resp. = 1), then 6 (S) = 0 (resp. = 1) for all finite L/ K. Now, if 0 < 6x(S) < 1,
then it can happen that there is some finite L/K with 6z (S) = 0 (take a finite
Galois extension L/K and set S := g \cs(L/K); then 6x (S) =1—[L: K1~ and
81, (Sp) = 0). For stable sets, defined below, this possibility is excluded.
Definition 2.4. Let S be a set of primes of K, let £/K be any extension and let
A > 1. A finite subextension £/L¢/K is called A-stabilizing for S for £/K if there
exists a subset Sy C S and some a € (0, 1] such that Aa > § (Sp) > a > 0 for all finite
subextensions £/L/Ly. Moreover, we call L persisting for S for £/K if there
exists a subset Sy € S such that &, (Sp) = 6.,(So) > O for all finite subextensions
¥ /L/Ly. Further:

(1) We call S A-stable (resp. persistent) for £/K if it has a A-stabilizing (resp.
persisting) extension for £/K.
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(i) We call S stable for £/K if there is a A > 1 such that S is A-stable for £/K.
Assume that A = p is a rational prime.

(iii) We call S sharply p-stable for £/K if u, C & and if S is p-stable for /K,
orif y, € £ and if § is stable for £(u,)/K.

In applications we will often use the case £ = Kg. Therefore, we provide the
following definition:

Definition 2.5. Let S be a set of primes of K and let A > 1.

(1) We call S A-stable (resp. stable, resp. persistent) if S is A-stable (resp. stable,
resp. persistent) for Kg/K.

Assume that A = p is a rational prime.

(i) We call S sharply p-stable if S is sharply p-stable for Ks/K. Moreover, we
define the exceptional set ESMP(S) to be the set of all rational primes p such
that S is not sharply p-stable.

(ii1) We call S strongly p-stable if S is p-stable for Ksus,us,,/K with a p-stabilizing
field contained in K. Further, we call S strongly oo-stable if § is stable for
Ksus,, /K. Moreover, we define the exceptional set ES™"8(S) to be the set of
all rational primes p or p = oo such that S is not strongly p-stable.

Clearly, a strongly p-stable set is also p-stable and sharply p-stable. In particular,
we have ES™"2(§) D EShaP(§). On the other side, in general, neither one of the
properties ‘p-stable’ or ‘sharply p-stable’ implies the other.

Lemma 2.6. Let /K be an extension and S a set of primes of K.

(1) Let A = > 1. If S is u-stable with p-stabilizing field Lo, then S is A-stable
with A-stabilizing field Ly.
(ii) If Lo is a A-stabilizing (resp. persisting) field for S for £/ K, then any finite
subextension £ /L1 /Lq has the same property.
(iii) Let S’ be a further set of primes of K. If S < S’ and if S is A-stable (resp.
persistent) for £/ K , then S’ also has this property. Any A-stabilizing (resp.
persisting) field for S has the same property for S'.

(iv) Let L/N/M /K be subextensions. If S is A-stable (resp. persistent) for £/ K
with A-stabilizing (resp. persisting) field Lo C N, then Sy is A-stable (resp.
persistent) for N/ M.

Lemma 2.7. Let £/K be an extension and S a set of primes of K. Assume that S
is sharply p-stable for £/ K. There is a finite subextension £/Ly/K such that, for
any subextensions £ /N /L/Lq (with L /Ly finite), S is sharply p-stable for N/ L.



8 Alexander lvanov

The proofs of these lemmas are straightforward. The following proposition gives
another characterization of stable sets and shows, in particular, that if S is stable
for /K, then any finite subfield £/L/K is A-stabilizing for S with a certain A > 1
depending on L.

Proposition 2.8. Let S be a set of primes of K and £/ K an extension. The following
are equivalent:

(1) S is stable for £/K.

(ii) There exists some A > 1 such that S is A-stable for £/ K with \-stabilizing
field K.

(iii) There exists some € > 0 such that 6 (S) > € for all finite £/L /K.

Proof. The directions (iii) = (ii) = (i) are trivial. We prove (i) = (iii). Let A > 1
and let S be A-stable for £/K with A-stabilizing field Ly. Then there is some
a > 0 and a subset Sy C S such that a < §;(Sg) < ra for all £/L/Ly. Suppose
there is no € > 0 such that §; (Sg) > € for all £/L /K. This implies that there is a
family (M;)?2, of finite subextensions of &£/K with 8y, (Sp) — 0 as i — oo. Then
di =[LoM; : M;] =[Lo: LoN M;] is bounded from above by [L( : K] and hence,
by Lemma 2.3,
d;
Srom; (So) = Z mdy, (So N B (LoM; /M;)) < [Lo : K18, (So) = 0

m=1

for i — oo. This contradicts the A-stability of Sy with respect to the A-stabilizing
field L. O

Here is a brief overview of the use of these conditions and some examples:

» Most examples of stable sets are given by (almost) Chebotarev sets, i.e., sets
of the form § = Py k (o), or sets containing them (see Section 3B).

o If § is stable for £/K, then ;. (S) > O for all finite £/L /K. The converse is
not true in general (see [Ivanov 2013, Section 3.5.4]), but it is true for almost
Chebotarev sets (see Section 3B).

« If an almost Chebotarev set is stable for an extension, then it is also persistent
for it (see Corollary 3.6). It is not clear whether there are examples of stable
but not persistent sets (but see [Ivanov 2013, Section 3.5.4]).

« For a stable almost Chebotarev set S, the set ESP2P(S) is finite and ES™"(S)
is either X or finite (see Section 3C).

« Roughly speaking, p-stability (for £/K) is enough to prove Hasse principles
in dimension 1 for p-primary (G¢,x-)modules. See Section 4.
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» To prove Hasse principles in dimension 2 and Grunwald—Wang-type results for
p-primary Gk, s-modules, we need strong p-stability. We will give examples
of persistent sets S together with a finite set 7' such that Grunwald—Wang (even
stably) fails, i.e., coker! (Ksur /L, T; Z/pZ) # 0 for all finite subextensions
Ks/L/K. But it is not clear whether one can find such an example with
the additional requirement that 7 C S (and necessarily S being not strongly
p-stable). See Section 5B.

 On the other side, for applications of Grunwald—Wang (i.e., to prove Riemann’s
existence theorem, to realize local extensions by Ks/K, to compute (strict)
cohomological dimension, etc.), it is enough to require that S is sharply p-stable.
See Sections 5A, 5C and 5D.

3. Examples

In this section we construct examples of stable sets. First, in Section 3A, we see
to which extent ‘stable’ is more general than ‘of density 1°. Then, in Sections 3B
and 3C, we introduce almost Chebotarev sets and determine when they are stable,
strongly p-stable, and sharply p-stable. Finally, in Section 3D, we construct a
stable almost Chebotarev set S with N(S) = {1}.

3A. Sets of density one. Stable and persistent sets generalize sets of density one.
In particular, every set of primes of K of density one is persistent for any extension
¥ /K with persisting field K and is strongly p-stable for each p. Nevertheless, sets
of density one have some properties which stable and persistent sets do not have
in general:

(1) The intersection of two sets of density one again has density one, which is not
true for stable and persistent sets: the intersection of two sets persistent for
& /K can be empty (see Corollary 3.4 and explicit examples below).

(i) If § € ¥k has density one, then there are infinitely many primes p € Xg
such that §, € § (otherwise, for all primes p € cs(K/Q) one could choose
aprime p € S, \ S of K and we would have 5¢ () <1 —[K": Q]~!, where
K" denotes the normal closure of K over Q). On the other side, it is easy to
construct a persistent set S C Xg with N(S) = {1}, i.e., S¢ £ S for all £ € Xg
(see Section 3D for an example).

Observe that, for sets S with N(S) = {1}, mentioned above, none of the ¢-adic
representations pa ¢ : Gk — GLy4 (@) which come from an abelian variety A/K
factor through the quotient Gx — Gk s (indeed, the Tate-pairing on A shows that
the determinant of p4 , is the €-part of the cyclotomic character of K and, in
particular, p4 ¢ is highly ramified at all primes of K lying over £. If p4 , factored
over Gk s, then we would have S, C §). In particular, this makes it very hard, if
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not impossible, to study the group Gk, s via the Langlands program (for example,
like in [Chenevier 2007] and [Chenevier and Clozel 2009], where a prime £ € N(S)
is always necessary). If S is additionally stable, then methods involving stability
allow us to study Gg s.

3B. Almost Chebotarev sets.

Definition 3.1. Let K be a number field and S a set of primes of K. Then S is
called a Chebotarev set (resp. an almost Chebotarev set) if S = Py g (o) (resp.
S« Py (o)), where M/K is a finite Galois extension and o € Gy k.

Remark 3.2. M and the conjugacy class of o are not unique, i.e., there are
pairs (M/K,o0), (N/K, t) such that M # N and Py k(o) = Py/k(t) (or even
Pyyk (0) = Pyyk (7). If one restricts attention to pairs (M /K, o) such that o is
central in Gy, then (M /K, o) is indeed unique. See [Ivanov 2013, Remark 3.13].

Proposition 3.3. Let M /K be a finite Galois extension and let o € Gy k. Let L/ K
be any finite extension and set Lo := L N\ M. Then

|C(o; Gumyx) NGyl
|Gyl

O (Pyk (o)) =

Thus 87, (Py/k (o)1) # 0 if and only if C(o; Gy/x) NGpuyr, # 9. In particular,
this is always the case if Lo = K orif o = 1.

Proof Let N/K be a finite Galois extension with N © ML. Define H := Gy, and
H:=Gy /Lo~ We have a natural surjection H —» H. Let 1, denote the class function
on G/, which has value 1 on C(o; Gy ) and O outside. Finally, let my denote
the character on G := Gy, of the induced representation Indg 14. Then we have

SL(Puk(@) = D &(Pyx(@)= Y mu(@)8k(Pyk(g)
C(g:G)—~C(0;Gyyx) C(g:G)—~C(0:Guyyk)
IC(g; G) 1
= Y mp@— =Y mp(g)
. Gl Gl A
8:G)—~C(0;Gum/k) g—>C(a;Gyyk)

= (mpy, inng/K 1) = (1y, inng/K L)y =g 1:15)5
|C(U GM/K)ﬂHl
|H|

The first equality follows from [Wingberg 2006, Proposition 2.1] and the second
from Lemma 2.3. The third-to-last equality is Frobenius reciprocity, and the second-
to-last equality follows from the easy fact that if H — H is a surjection of finite
groups and ¥, p are two characters of H, then (infg X, infg pH={x,p)g. U
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Corollary 3.4. Let M/K be finite Galois and let o € Gy . Let £/K be any
extension and set Lo := M N&. Then a set S = Py (0) is persistent for £/K if
and only if

C(o; Gux) NGyyL, # 9.
If this is the case, Ly is a persistent field for S for £/ K. In particular:
(1) Any set S = cs(M/K) is persistent for any extension £ /K.

(ii) Any set S = Py k(o) is persistent for any extension £/K with ¥NM = K.
Example 3.5 (a persistent set). Let K be a number field, M/K a finite Galois
extension which is totally ramified in a prime p of K. Let o0 € Gy g and let S be
a set of primes of K such that § = Py;/k (o) and p ¢ S. Then § is persistent with

persisting field K. Indeed, we have K¢ N M = K by construction, and the claim
follows from Corollary 3.4.

Corollary 3.6. Let S be an almost Chebotarev set and £/ K an extension. Then the
following are equivalent:

(1) S is stable for £/K.

(i1) S is persistent for £/K.
(iii) 82 (S) > O for all finite £/L/K.
Proof. Suppose S = Py /i (0), with M /K a finite Galois extension and o € Gy k.
By Proposition 3.3, the density of S is constant and equal to some d > 0 in the
tower &£/ Ly with Lo = £ N M. There are two cases: eitherd =0ord > 0. If d =0,
then S is not stable and hence also not persistent for &£/ K by Proposition 2.8, i.e.,
(i), (ii) and (iii) do not hold in this case. If d > 0, then S is obviously persistent for
£/K with persisting field L and hence also stable, i.e., (i), (ii), (iii) hold. O
Remark 3.7. If § is any stable set, then (ii) = (i) = (iii) still holds. But (iii) = (i)
fails in general (see [Ivanov 2013, Section 3.5.4]) and it is not clear whether
(i) = (ii) holds.

3C. Finiteness of EPa(S), ES'™"2(S) and examples.

Proposition 3.8. Let S = Py g (o) witho € Gy k.

(i) If oo ESON(S), then ES""8(S) contains all rational primes. If oo & ESTOE(S),
then EST"8(S) is finite.

(i1) Assume S is stable. If u, C Ks or if M/K is unramified in S, \ S, then § is
sharply p-stable. In particular, if S is stable, then ES"P(S) is finite.

Proof. (i) If co € ES™"¢(S), then S does not have a stabilizing field for Ksus, /K
which is contained in Ks. This is, by Proposition 2.8, equivalent to the fact that
S is not stable for Kgys, /K, which in turn is equivalent, by Corollary 3.6, to the
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fact that &z (S) = O for all Ksys, /L/Lo, where Ly is some finite subextension of
Ksus,, /K. Thus p € ES™"(S) for any p.

Now assume oo € ES"™"(S). Set Ly := M N Ksus,, and Ly :=M N Ksus,us,, -
By Proposition 3.3, the density of § is constant in the towers Ksys, /Lo and
Ksus,us../Lp and equal to some real numbers dp and d,, respectively. Since S is
stable for Ksys. /K, we have dy > 0.

We claim that for almost all ps we have L, = Lo. More precisely, this is true for
all ps such that the set

{p€(Sp\ S, :pisramified in M/Lo}

is empty. In fact, if this set is empty for p, then the extension L, /L is unramified
in S, \ S(Lo), since it is contained in M /L. But, being contained in Kgy $,USw0 and
unramified in S, \ S(Ly), it is contained in Kgys,, and hence also in M N Kgys,, = Lo,
which proves our claim.

Now let p be such that L, = Ly. We claim that S is ([Lo : K]d(;l)-stable for
Ksus,us../K with ([Lo : K1d, ')-stabilizing field K. Indeed, as L, = Lo, we have
d, =dy > 0. Let Ky $,USm0 /N /K be any finite subextension. We have

do = 81,n(S) = [LoN : N8y (S Nes(LoN/N)) < [Lo : K18n(S),

i.e., Sv(S) >[Lo: K] 'dy for all N, and our claim follows.
Finally, almost all primes satisfy p > [L¢ : K1d,, Iand L, = Ly. For such primes,
S is p-stable for Ksus,us., /K with stabilizing field K.

(ii) The second assertion of (ii) follows from the first. If u, € K, then § is sharply
p-stable by Corollary 3.6. Assume M /K is unramified in S, \ S. Set Lo := M N K,
L := Lo(up) N Ky and L, := M N Kg(i,). From these definitions and from our
assumption on M /K we have

(D) GKS(M;;)/L6 = Gy % GrLo(u,)/L» and Lo(up) /Ly has no subextension unram-
ified in S, \ S,

(2) Lp N Kg = Ly, and
(3) L,/Lo is unramified in S, \ S.

By item (3) the extension L, L( /L is unramified in S, \ S, and by item (1) we get
L, € L,L;, C Ks. Hence, (2) gives L, = Lg. Thus for all Ks(1,)/L/Lo we have,
by Proposition 3.3, 8..(S) = 3, (S) = 8.,(S) > 0, since § is stable. O

Remark 3.9. Suppose S = Py g (o). We have the following equivalences:
p & ES"P(§) & S stable for Ks(up)/K < C(o; Gyyx)NG(M/MNKs (1)) # 9.

Example 3.10 (persistent sets with ES"™"¢(S) finite but nonempty). Let K be a
totally imaginary number field and let M /K be a finite Galois extension such that
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e M/K is totally ramified in a prime p € S,(K),
e d:=[M:K]>p.
Let o € Gy/k and let S be a set of primes of K such that

e S Pyk(o),
e Ram(M/K)\ § = {p}.

Then S is persistent (6 (S) =d ~! for all Kg/L/K) with persisting field K. Further,
S is not strongly p-stable, i.e., p € ES™"¢(S) and oo ¢ ES""E(S), i.e., ESTONE(S)
is finite by Proposition 3.8. Indeed, M € Ksus,us,, and there are two cases, o = 1
and o # 1. In the second case, the density of S in Ksus,us,, /K is zero beginning
from M, hence S is nonstable for this extension, and S is not strongly p-stable.
In the first case, we have 6.(S) = 1 for all Ksus,us,,/L/M. Assume there is a
p-stabilizing field N C Ky for S for Ksus,,usoo/K, i.e., there is some Sy C S and
some a € (0, 1] with a < §7(Sgp) < pa for all KSUS,,USOO/L/N- But this leads to a
contradiction. Indeed,

Sun (So) = [MN : N1éy(SoNes(MN/N)) = [M : K18y (So) = pén(So),
since NNM =K and Sy C S = cs(M/K).

Example 3.11 (persistent sets with ES™"(S) = ). Let M/K be a finite Galois
extension of degree d, with K totally imaginary, which is totally ramified in at least
two primes p and [ with different residue characteristics £ and £, respectively.
Let § = Py k(o) for some o € Gy g such that p,[ ¢ S. Then M N Kg = K,
hence S is persistent with persisting field K. Let p be a rational prime. Then
M N Ksus,us,, = K, since M/K is totally ramified over primes with different
residue characteristics £1 and ¢,. Hence S is strongly p-stable for every prime p
and K is a persisting field for S for Ksus,us,./K-

Example 3.12 (persistent sets with ES™"8(S) = ). There is also another possibility,
to construct sets S with ES™"¢(S) = ¢, using the same idea as in the preceding
example. Assume for simplicity that K is totally imaginary. Let M, M>/K be two
Galois extensions of K, and let o1 € Gy, /k, 02 € Gy, . Assume M; /K is totally
ramified in a nonarchimedean prime p; of K such that the residue characteristics of
p1, po are unequal. Then let S be a set of primes of K such that

* S22 Puy/k(01) U Puyyk (02),
o {p1,p2} 5.

Then, by the same reasoning as in the preceding example, S is persistent with
persisting field K and ES™"(S) = &. Moreover, for each rational prime p, the
field K is persisting for S for Ksus,us,./K-
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3D. Stable sets with N(S) = {1}. Let M/K /K be two finite Galois extensions
of a number field Ky. Then the natural map Gy x, — Aut(Gy,k) induces an
exterior action

Gk /k, = Out(Guy/k ),

thus inducing a natural action of Gk g, on the set of all conjugacy classes of Gy .
For any g € Gk/k, and o € Gy g, we choose a representative of the conjugacy
class g - C(o; Gy ) and denote it by g - o. Further, Gk, acts naturally on X,
and we have

g Pyk(0) = Pyk(g-0).

Let Ko = Q and let 0 € Gy7/x be an element such that C(o'; Gy k) is not fixed by
the action of Gk q. Then set

S= CS(K/@)K N PM/K(O').

If pe X, r\cs(K/Q), then SNS, =. If p € cs(K/Q) such that S, NS # &, then
the action of g € Gg/k,, chosen such that C(o; Gy/x) # C(g - 0; Gy ), defines
an isomorphism between the disjoint sets S, N Py k(o) and S, N Py k(g - 0),
hence the last of these two sets is nonempty. From this we obtain S, Z S. Thus
N(S) = {1}. Moreover, if we choose o such that the stabilizer of C(o; Gy/x) in
Gk /@ is trivial, then for any p the intersection S, N § is either empty or contains
exactly one element.

Now we have to choose M in such a way that S is stable. This is easy: e.g, take
M /K such that it is totally ramified in a fixed prime which is (by definition of §)
not contained in S. Then KsN M = K, i.e., S is stable for Kg/K with stabilizing
field K, as 8k (cs(K/Q)x) =1 and hence § = Py/g (o).

4. Shafarevich-Tate groups of stable sets

In this section we generalize many Hasse principles to stable sets and additionally
prove finiteness and uniform bounds of certain Shafarevich-Tate groups associated
with stable sets. The main result is the Hasse principle in Theorem 4.1. Further, there
are two variants of uniform bounds on the size of III’: on the one side we can vary
the coefficients, and on the other side the base field. We study both variants, the first
in Section 4C and the second in Section 4D. These results are used in later sections.

4A. Stable sets and 111': key result. Let K be a number field and £/K a (possibly
infinite) Galois extension. Let A be a finite Gy, g-module. Let now T be a set of
primes of K. Consider the i-th Shafarevich—Tate group with respect to T,

LI ($/K, T; A) :=ker(res' : H(£/K, A) — 1_[ H' (4, A)),
peT
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where G, = Ggsr i is the local absolute Galois group (the map res is essentially
p P

independent of the choice of this separable closure and we suppress it in the notation).

We also write I1T' (Kg/K ; A) instead of 11T’ (Ks/K, S; A). We denote by K (A) the

trivializing extension for A, i.e., the smallest field between K and & such that the

subgroup Gy, k(a) of Gg/g acts trivially on A. It is a finite Galois extension of K.
Let G be a finite group and A a G-module. Following Serre [1964, §2] and

Jannsen [1982], let ka(G, A) be defined by exactness of the sequence

0— HL(G, A) > H(G, A) > [[H (H. A).

HCG
cyclic

Our key result is the following theorem. All subsequent results make use of this
theorem in a crucial way.

Theorem 4.1. Let K be a number field, T a set of primes of K and £/K a Galois
extension. Let A be a finite Gy x-module. Assume that T is p-stable for £/K,
where p is the smallest prime divisor of |A|. Let L be a p-stabilizing field for T
for £/K. Then

' (*/L, T; A) CHL(L(A)/L, A).

In particular, if Hi(L(A)/L, A) =0, then 11" (£/L, T; A) =0.

Lemmad.2. Let £/L/K be two Galois extensions of K and T a set of primes of K.
Let A be a Gg/x-module such that for any p € T one has AL = APv2/L Then
there is an exact sequence

0— II'(L/K, T; ASt) - IIY(£/K, T; A) — INL/L, Tp; A).
Proof. The proof is an easy and straightforward exercise. O

Lemma 4.3. Let L/K be a finite Galois extension, T a set of primes of K and
A a finite G g-module. Leti > 0. Assume that T is p-stable for L/K with
p-stabilizing field K, where p is the smallest prime divisor of |A|. Then

I (L/K, T; A) CH.(L/K, A).

Proof. Since any p-stable set is £-stable for all £ > p, we can assume that A is
p-primary. We have to show that any cyclic p-subgroup of Gy /k is a decomposition
subgroup of a prime in 7. This is the content of the next lemma. ([l

Lemma 4.4. Let L /K be a finite Galois extension, T a set of primes of K and p
a rational prime such that T is p-stable for L /K with p-stabilizing field K. Then
any cyclic p-subgroup of Gpk is the decomposition group of a prime in T.

Remark 4.5. (i) This lemma shows automatically that there are infinitely many
primes in T for which the given cyclic group is a decomposition group.
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(i1) In some sense this lemma ‘generalizes’ Chebotarev’s density theorem, which
says, in particular, that if S has density one and L /K is finite Galois, then any
element of G/ is a Frobenius of a prime in §.

Proof. Assume that the cyclic p-subgroup H € Gy /k is not a decomposition group of
aprimein 7. Let pH C H be the subgroup of index p. Then one computes directly
mpp (o) = pmy (o) forany o € pH. Since H is not a decomposition subgroup of a
prime p € T, no generator of H is a Frobenius at T, i.e., Pk (0) N T = & for any
o € H\ pH. By p-stability of T, there is a subset 7o C T and an a > 0 such that
pa>8(Ty)>aforall L/L'/K.Let Ly=L" and L, = LP". Then, by Lemma 2.3,

81o(To) = Y mu (0)8k (Pryk (@) NTo) = Y mp(0)8k (Pryx () N To)

oecH oepH
_ -1 _ -1
=p~ 'Y mpu(0)8k (PLyk (o) N To) = p~' 61, (To).
ocepH
This contradicts our assumption on 7Tj. ([

Proof of Theorem 4.1. We can assume that L = K. By applying Lemma 4.2
to £/K(A)/K and using Lemma 4.3, we are reduced to showing that if A is a
trivial G-module, then IIT! (£/K,T; A)=0. Let Ty € T and a > 0 be such that
pa >3 (Ty) >aforall £/L'/K. Let G§/K be the quotient of Gg, g, corresponding
to the maximal subextension of £/ K, which is completely split in 7. We have then

MY(L/K, T; A) = ker(Hom(Ggg/K, A) — [ [ Hom(s,, A)) =Hom(Gf «. A).
pel

Ifo#¢¢€ Hom(Gg e A), then M := $*"@ /K is a finite extension inside £/K
with Galois group im(¢) # 0 and completely decomposed in 7', and in particular
in Tp. Thus

pa >y (To) = [M : K16k (To Nes(M/K)) = |im(¢)|8k (To) = pa,
since 8k (1) > a. This is a contradiction, and hence we obtain
1I'(£/K, T; A) = Hom(G . A) =0. O

4B. Hasse principles. Let K, S, T be a number field and two sets of primes of K.
Various conditions on S, 7', A which imply the Hasse principles in cohomological
dimensions 1 and 2 are considered in [NSW 2008, Chapter IX, §1]. We prove
analogous results for stable sets. Before stating them, we refer the reader to [NSW
2008, Definitions 9.1.5 and 9.1.7] for definitions of the special cases.

Corollary 4.6. Let K be a number field, let T and S be sets of primes of K, and
let A be a finite Gg s-module. Assume that T is p-stable for Ks/K , where p is the
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smallest prime divisor of |A|. If L is a p-stabilizing field for T for Ks/K and if
HI(L(A)/L, A) =0, then

HIY(Ks/L, T; A) =0.
In particular:

(1) Let Lo be a p-stabilizing field for T for Ks/K which trivializes A. Then
I (Ks/L, T; A) = 0 for any finite Ks/L/Ly.

(i1) Assume S D Soo and n € N(S) with the smallest prime divisor equal p. If L is
a p-stabilizing field for T for Ks/K , then II1'(Kg/L, T; w,) = 0 for any finite
Ks/L/Lg such that we are not in the special case (L,n, T). In the special
case (L,n, T) we have I_HI(KS/L, T; up)=2/27.

The same also holds if one replaces Gk s by the quotient Gk, s(c), where ¢ is a
full class of finite groups in the sense of [NSW 2008, Definition 3.5.2].

Proof. (i) The first statement follows directly from Theorem 4.1. Since Lg is a
p-stabilizing field trivializing A, any finite subextension L of Kg/L¢ has the same
property. Hence (i) follows.

(ii) To prove (ii), we can assume n = p”. If we are not in the special case (L, p"),
[NSW 2008, Proposition 9.1.6] implies H' (L(ppr)/L, ppr) =0, i.e., we are done
by Theorem 4.1. Assume we are in the special case (L, p”). In particular, we have
p =2. Then HI(L(MZr)/L, Uor) =2Z/27Z. Since by Theorem 4.1 we have

' (Ks/L(ua), T puor) =0,
we see from Lemma 4.2 that
I (Ks/L, T; par) = Y (L(war) /L, T par).

Now the same argument as in the proof of [NSW 2008, Theorem 9.1.9(ii)] finishes
the proof. (]

We turn to ITI2. For a Gk, s-module A such that |A| € N(S), we denote by
A":=Hom(A, O, ¢)
the dual of A. As in [NSW 2008, Corollary 9.1.10], we obtain:

Corollary 4.7. Let K be a number field, S O S a set of primes of K, and A a finite
Gk, s-module with |A| € N(S). Assume that S is p-stable (i.e., p-stable for Ks/K),
where p is the smallest prime divisor of |A|. Let L be a p-stabilizing field for S for
Ks/K such that HL(L(A")/L, A’) = 0. Then

I*(Kg/L; A) = 0.
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In particular:
(i) Let Lo be a p-stabilizing field for S for Ks/K which trivializes A’. Then
I1%(Kg/L; A) = O for any finite Ks/L/Ly.

(i1) Let n € N(S) with smallest prime divisor p. If L is a p-stabilizing field for S
and we are not in the special case (L, n, S), then I1>(Ks/L,Z/nZ) = 0. In
the special case, we have 111>(Kg/L; Z/nZ) = 7 /27.

Remark 4.8. The condition |A| € N(S) is not necessary if A is trivial: we post-
pone the proof of this until all necessary ingredients (in particular the Grunwald—
Wang theorem, Riemann’s existence theorem and cd, Gk s = 2) are proven. See
Proposition 5.13.

Proof of Corollary 4.7. By Poitou-Tate duality [NSW 2008, Theorem 8.6.7] (this is
the reason why we need S D S and |A| € N(S)) we have

IIT*(Ks/L, A) = 1" (Ks/L, A",

where XV := Hom(X, R/Z) is the Pontrjagin dual. An application of Theorem 4.1
to Ks/K , the sets S = T and the module A’ gives the desired result. Now (i) and (ii)
follow from Corollary 4.6. U

4C. Finiteness of the Shafarevich-Tate group with divisible coefficients. As a
version of Corollary 4.6(i), we have the following proposition.

Proposition 4.9. Let K be a number field, /K a Galois extension, p™ some
rational prime power (m > 1). Let T be a set of primes of K which is p™-stable for
L/K, with p™-stabilizing field Lo. Then

W' (E/L,T;2/p"D)| < p"
for any r > 0 and any finite subextension /L /L.

Proof. Let Ty C T and a > 0 be such that a < §; (Tp) < p™a for all finite £/L /L.
Let £/L /L be a finite extension. Assume that [II1'(¥£/L, T; Z/p"Z)| > p™. Then

' (£/L, To; Z/p"2)| = p™
and we have
' (%/L, To; Z/p"Z) = Hom(Gg), (p). Z/p"Z) = (G, ()*°/ ") .

Thus, [IH'(£/L, Ty; Z/p"Z)| > p™ implies |G$/L(p)ab/p | > p™. Now, if M/L is
the subextension of &/L corresponding to Gse L (p)*/p", then it has a finite subex-
tension M of degree at least p™ which is completely split in 7y. Hence, we have
dm, (Tp) = p™ 61 (Tp), which is a contradiction to the p™-stability of Tp. O
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Corollary 4.10. Let K be a number field, £/K a Galois extension, and T a set
of primes of K stable for /K. Then II'(£/K, T; Qp/Zy) is finite for any p.
Moreover, 11'(£/K, T; Q/Z) is finite.

Proof. For the first statement it is enough to show that |III'(£/K, T;Z/p"7)|
is uniformly bounded for r > 0. By Proposition 2.8, there is some m > 1 such
that K is a p"-stabilizing field for T for £/K. Then Proposition 4.9 implies
|II'Y(L/K,T;Z/p"Z)| < p™. For the last statement, we note the decomposition
Y ($/K,T;Q/Z) = @p U1 (¢/K, T; Q,/Z,). The proven part shows that each
of the summands is finite. Moreover, almost all are zero: there is some A > 1
such that K is a A-stabilizing field for T for £/K. Thus, for any p > A, the group
Y (%/K, T; Q,/Z,) vanishes. O

4D. Uniform bound. For later needs (see Section 5C) we prove the following
uniform bounds. The results of this section are not part of [Ivanov 2013].

Proposition 4.11. Let M/£/K be Galois extensions, let A be a finite G,k -module
and let S be stable for £(A)/K. Then there is some C > 0 such that

' (/L. S; A) < C
for all finite subextensions £/L/K.

Proof. Foreach ¥/L /K, Lemma 4.2 applied to Jl/L(A)/L gives an exact sequence
0— III'(L(A)/L, S; A) — TII' (M/L, S; A) — T (M/L(A), Sr(ay; A). (4-1)

Now IIY(L(A)/L, S; A) CH!(L(A)/L, A) and we have that Gy (4)/1. is a subgroup
of the finite group Gk (a),k, thus for all £/L/K we have
|OIY(L(A)/L, S; A)| <m:=1+ max H'(H, A).

HCGk )k

As S is stable for £(A)/K, by Proposition 2.8 there is some € > 0 such that
SN (S) > € for all £(A)/N/K (A). Suppose that |IIT'(M/L(A), S, A)| > €~ ! for
some £/L/K. Then, exactly as in the proof of Proposition 4.9, there is an extension
M/L(A) of degree > e¢~! which is completely split in S. We obtain

dm(S) =[M : L(A)]8L4)(S) > ele=1,

which is a contradiction. Taking into account (4-1), we obtain the statement of the
proposition with respect to C := me ™. (]

Corollary 4.12. Let K be a number field, S and T sets of primes of K, and n a
natural number.
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(1) Assume that Ks/L /K is a subextension such that S is stable for £/K and T
has density 0. Then there is some real C > 0 such that for any £/L /K one has

I (Ksur /L, S\ T, Z/nZ)| < C.

(ii) Assume that T 2 (Soo \ S) has density 0 and that n € Og g ,r. Let Ks/<£/K be
a subextension such that S is stable for $(u,)/ K. There is some real C > 0
such that for any £/L/K one has

I (Ksur/L, S\ T, j1,)| < C.

Remark 4.13. The case S stable for £/ K, but not stable for £(u,)/ K, still remains
mysterious: one can neither show such a uniform bound by the same methods nor
find counterexamples. Moreover, the same kind of arguments do not even show
that I (Ksur /K, S\ T, j1,) must be finite.

5. Arithmetic applications

SA. Overview and results. In this section we will be interested in the applications
of the Hasse principles proven in the preceding section for stable sets. In particular,
we will show two versions of the Grunwald—Wang theorem for them, with varying
assumptions: we will have a strong Grunwald—Wang result if we assume strong
p-stability (Section 5B) and only a weaker li_n>1—version (which is still enough for
applications) after weakening the assumption to sharp p-stability (Section 5C).
After this we will consider realization of local extensions, Riemann’s existence
theorem and the cohomological dimension of Gk s. For each of these three results
there is a profinite and a pro-p version respectively. We state them below and give
proofs in Section 5D. Further, in Section SE we prove a Hasse principle for 111 for
constant p-primary coefficients without the assumption p € O ¢ (see Corollary 4.7
and Remark 4.8).

Theorem 5.1. Let K be a number field, p a rational prime and T 2 S 2O R sets of
primes of K with R finite.

(Ap) Assume S is sharply p-stable for K§ (p)/K. Then

Ky(p) fpeS\R,
K™(p) if pgs.

(A) Assume S is sharply p-stable for KSR /K. Then

K& (p)y = {

Ky(p) ifpeS\R,

R
Ks 2 {K,;“<p> ipds.
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(By) Assume S is sharply p-stable for K§ (p)/K. Then the natural map

¢§,S(p) : %k %p(P) * %k Ip(p) - GKT(p)/Kée(p)
peR(KE(p)) pe(T\S)(KF (p))
is an isomorphism, where I,(p) := GKp(p)/K;r(p) C%(p) = Gk, (p)/K,-

Let K;.(p)/ K§ denote the maximal pro-p subextension of Kr/ K§ .

(B) Assume S is sharply p-stable for K§ /K. Then the natural map

¢$,S Dok Gp(p)* %k Ié(P) - GK;(p)/KSR
peR(KE) pe(T\S)(KF)

is an isomorphism, where I’; (p) denotes the Galois group of the maximal
pro-p extension of K§p.

Assume p is odd or K is totally imaginary.

(Cp) Assume S is sharply p-stable for K§ (p)/K. Then
cd Gg 5(p) = scd G 5(p) =2.
(C) Assume S is sharply p-stable for KSB /K. Then
cd, G};S =scd, GI‘?’S =2.

5B. Grunwald-Wang theorem and strong p-stability. Consider the cokernel of
the global-to-local restriction homomorphism

coker’ (Ks/K, T; A) := coker(res' : H (Kg/K, A) — 1_[/ H' (G, A)),
peT

where A is a finite Gk, s-module, T is a subset of S and [] means that almost all
classes are unramified. If A is a trivial Gg_s-module, then the vanishing of this co-
kernel is equivalent to the existence of global extensions unramified outside S, which
realize given local extensions at primes in 7. If S has density 1, the set T is finite, A
is constant and we are not in a special case, this vanishing is essentially the statement
of the Grunwald—Wang theorem. Certain conditions on S, 7', A, under which this
cokernel vanishes are considered in [NSW 2008, Chapter IX, §2]. All of them
require S to have certain minimal density. We prove analogous results for stable sets.

Corollary 5.2. Let K be a number field, T C S sets of primes of K with Sec C S.
Let A be a finite Gk s-module with |A| € N(S). Assume that T is finite and S is
p-stable, where p is the smallest prime divisor of |A|. For any p-stabilizing field L
for S for Ks/K such that HL(L(A")/L, A") =0, we have

coker! (Ks/L, T; A) =0.
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Proof. Since T is finite and S is p-stable for Ks/K, we have that S\ 7 is also
p-stable for Kg/K, and the p-stabilizing fields for S and S\ T are equal. Let
L be as in the corollary. By Theorem 4.1 applied to Ks/L, S\ T and A’, we
obtain IHl(KS/L, S\ T; A’) =0. Then [NSW 2008, Lemma 9.2.2] implies that
coker! (Ks/L, T; A) = 0. O

Now we give a generalization of [NSW 2008, Theorem 9.2.7].

Theorem 5.3. Let K be a number field, S a set of primes of K. Let Ty, T < S be
two disjoint subsets such that Ty is finite. Let p be a rational prime and r > 0 an
integer. Assume S\T is p-stable for Ksus,us,,/K with p-stabilizing field Lo, which
is contained in Ks. Then, for any finite Kg/L /L such that we are not in the special
case (L, p", S\ (To UT)), the canonical map

H'(Ks/L.Z2/p'2) ~ P H' 4. 2/p’ D) @ H' (% 2/p )"
peTo(L) peT (L)

is surjective, where $, C 9, = GK;cp /L, is the inertia subgroup. If we are in the
special case (L, p", S\ (ToUT)), then p =2 and the cokernel of this map is of
order 1 or 2.

Proof. This follows from Corollary 4.6(ii) in exactly the same way as [NSW 2008,
Theorem 9.2.7] follows from [NSW 2008, Theorem 9.2.3(ii)]. O

Remarks 5.4. (i) If 6x (T") = 0, the condition ‘S \ T is p-stable for Ksus,us., /K
with a p-stabilizing field contained in Kg’ is equivalent to ‘S is strongly p-stable’.

@i1) If 6x(S) =1 and 6x(T) =0, then Ly = K is a persisting field for S\ T for
any £/K and the condition in the theorem is automatically satisfied. Thus our
result is a generalization of [NSW 2008, Theorem 9.2.7]. To show that it is a
proper generalization, we give the following example. Let N/M /K be finite Galois
extensions of K such that N/K (and hence also M/K) is totally ramified in a
nonarchimedean prime [ of K, lying over the rational prime £. Suppose o € Gy x
and let 6 € Gy, be a preimage of 0. Let S © T be such that

SﬁPM/K(O'), [¢S and Ti‘PM/K(O')\PN/K(&).

Then S\ T = Py k() is persistent for Kgy $,US,/ K for any p # £, and, moreover,
K is a persisting field (indeed, this follows from Ksus,us, "N =K ). Hence the
sets S D T satisfy the conditions of the theorem with respect to each p # £. Observe
that in this example T is itself persistent for Ksus,us,,/K with persisting field K.
In [NSW 2008, Theorem 9.2.7], the set 7T must have density zero.

From this we obtain the following classical form of the Grunwald—Wang theorem.
The proof is the same as in [NSW 2008, Theorem 9.2.8].
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Corollary 5.5. Let T C S be sets of primes of a number field K. Let A be a finite
abelian group. Assume that T is finite and that, for any prime divisor p of |A|, S
is p-stable for KSUSPUSOC/K with stabilizing field K. Forallp € T, let Ly /K, be a
finite abelian extension such that its Galois group can be embedded into A. Assume
that we are not in the special case (K, exp(A), S\ T). Then there exists a global
abelian extension L/K with Galois group A, unramified outside S, such that L has
completion Ly atp € T.

Example 5.6 (a set with persistent subset for which Grunwald—Wang stably fails).
Let p be an odd prime and assume 1, C K (in particular, K is totally imaginary and
we can ignore the infinite primes). Let S be a set of primes of K. For V = §,\ §,
let T O V be a finite set of primes of K. By [NSW 2008, Theorem 9.2.2] we have
for all Kg/L/K a short exact sequence (recall that , = Z/pZ by assumption)

0 — 1" (Ksur/L, SUT; Z/pZ) — 1" (Ksur/L, S\ T; Z/ pZ)
— coker' (Ksur/L, T; Z/pZ)" — 0.

Assume now that S is p-stable with p-stabilizing field K. Then
' (Ksur /L, SUT; Z/pZ) € ' (Ks/L, S; Z/ pZ) =0
and hence we have
coker' (Ksur/L, T; Z/pZ) = 111" (Ksur /L, S\ T; Z/ pZ)" .

We can find such a set S for which additionally III' (Ksur/L, S\ T; Z/pZ) # 0
for each Kg/L/K. For an explicit example, assume K = Q(u,) and let T 2 S, (K)
be a finite set of primes of K (S, (K) consists of exactly one prime). Let M /K be a
Galois extension of degree p with & #=Ram(M/K) C T (e.g., M = Q(w,2)). Define
S:=cs(M/K). Then M N K¢ = K and hence ML N Ky = L for each Ks/L/K.
Thus S is persistent with persisting field K. Further, ML /L is a Galois extension
of degree p which is completely split in S\ 7 and unramified outside S U T', hence
the subgroup Ggg . mr S Ggg /L is the kernel of a nontrivial homomorphism
0 # ¢y € I (Ksur/L, S\ T; Z/pZ). Hence this group is nontrivial.

Thus, S is persistent but not strongly p-stable —in particular, no p-stabilizing
field for S = SUT for Ksus,us,, /K is contained in Kg—and Grunwald-Wang
does not hold for SUT D T (i.e., the cokernel in Theorem 5.3 is nonzero). It is
still unclear whether there is an example of sets S D T such that S is persistent but
not strongly p-stable and Grunwald—Wang fails for SOT.

Finally, we have two corollaries generalizing [NSW 2008, Theorems 9.2.4
and 9.2.9] to stable sets.

Corollary 5.7. Let K be a number field, T C S sets of primes of K with T finite.
Let Ks/L/K be a finite Galois subextension with Galois group G. Let p be a
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prime and A = F,[G]" a Gk s-module. Assume S is p-stable for KSUSPUSOO/K with
p-stabilizing field L. Then the restriction map

H'(Ks/K, A) — EBH‘(&@,,, A)
peT

is surjective.

Proof. (See [NSW 2008, Corollary 9.2.4]) We have the following commutative
diagram, in which the vertical maps are Shapiro-isomorphisms:

H'(Ks/K, A) —— @ H'(4,, A)

l peT
H'(Ks/L,F") — @ H'($y, F)
PeT (L)
The lower map is surjective by Theorem 5.3, and so is the upper. ]
Corollary 5.8. Let K be number field, S a set of primes of K. Let Ks/L/K be a
finite Galois subextension with Galois group G. Let p be a prime and A =T,[G]" a

Gk, s-module. Assume that S is p-stable for Kg $,USw0 /L with p-stabilizing field L.
Then the embedding problem

Gk,s

:

is properly solvable.

Proof. 1t follows from Corollary 5.7 in the same way as [NSW 2008, Proposition
9.2.9] follows from [NSW 2008, Corollary 9.2.4]. O

5C. Grunwald—Wang cokernel in the limit and sharp p-stability. If one is inter-
ested (motivated by Theorem 5.1, we are) in the vanishing of the direct limit over
Ks/L/K of the Grunwald—Wang cokernel, rather than in the vanishing of the
cokernel for each L, one can use sharp p-stability instead of strong p-stability,
which is considerably weaker.

Theorem 5.9. Let K be a number field, S a set of primes of K and & C Ks a
subextension normal over K such that S is sharply p-stable for /K. Let T be a
finite set of primes of K containing (S, U Soo) \ S. If p™°|[¥ : K], then

lim coker' (Ksur /L, T, Z/pZ) = 0.
L/L/K res
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Proof. For any finite subextension £/L/K we have the short exact sequence

0 — IIT'(Ksur /L, SUT; pp) — ' (Ksur /L, S\ T 1)
— coker' (Ksur /L, T; Z) pZ)" — 0.

Dualizing, we see that it is enough to show that

lim II' (Ksur/L, S\ T; )" = 0.
$£/L/K,corv

For any two finite subextensions £/L’/L/K we have the maps
rest : T (Ksur /L, S\ T; pp) S T (Kgur /L', S\ T; ) s cork . (5-1)

Lemma 5.10. There is a finite subextension £/ L1 /K such that, forall /L' /L /L,

L - . .
the map resy is an isomorphism.

Proof. First we claim that resg is injective if L is big enough. Assume first that
up € & and that S is p-stable for £/K. Let £/Lo/K be a finite subextension
which p-stabilizes S and contains w,. Then any finite subextension £/L/L
satisfies the same. Assume resf is not injective, i.e., there is some nonzero ¢ in
I (Ksur/L, S\ T; Z/ pZ) with resf(gb) = 0 (we have chosen some trivialization
of w,). This ¢ can be seen as a homomorphism ¢ : Gk /1. — Z/pZ which is
trivial on all decomposition subgroups of primes in S\ 7. Define M := (Ksur)*"?.
This is a finite Galois extension of L with Galois group Z/pZ and cs(M /L) 2 S\T.
But then

S (S) =[M : L6 (SNes(M/L)) = pdL(S),

since T is finite. Now resf(qﬁ) = 0 implies M C L’ C & and hence we get a
contradiction to the p-stability of S.

Now assume that u, Z Ks. Then resﬁ/ is always injective. Indeed, suppose there
is a nonzero x in

I (Ksur /L, S\ T 1)
={xeL*/p:xeUyL," forpgSUT andx € L,"” forp € S\ T}

with rest’(x) = 0. This implies x € L"*P. Let y? = x with y € L. Then
L(y) C L' C ¥. Since the polynomial T? — x is irreducible over L (since x & L*?),
the conjugates of y over L are precisely the roots of this polynomial, which are
clearly {¢’ y}f:ol for ¢ € w, (K)\ {1}. Since £ is normal over L, these conjugates lie
in &£. In particular, we deduce that { € &, which contradicts u,  £. This finishes
the proof of the injectivity claim.

By Corollary 4.12(ii), there is a constant C > 0 such that

[T (Ksur/L, S\ T, ip)| < C
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for all /L /K. Together with the injectivity shown above, this shows that there
is a finite subextension £/L;/K such that, for all £/L’'/L/L, the map resf is
bijective. U

Now we can finish the proof of Theorem 5.9. Assume L is as in Lemma 5.10.
Let £/L/L,. Since p*®|[¥ : K], there is a further extension £/L’/L such that p
divides [L" : L]. In the situation of (5-1) we have corores = [L’: L] =0 since 1,
is p-torsion. Dualizing gives res” o cor¥ = (corores)” = 0. But, along with res,
res” is also an isomorphism, hence we obtain cor¥ = 0. This shows that

lim 1T (Ksur/L, S\T; pp)” =0, O
<£/L/K corV

We have the same arguments for I112.

Proposition 5.11. Let K be a number field, S a set of primes of K and & C Kg
a subextension normal over K such that S is sharply p-stable for £/K. Let
T 2 8US,U Sy be a further set of primes. If p>|[£ : K], then

lim [I*(Kr/L.T:Z/pZ) =0.
L/L/K res
Proof. By Poitou-Tate duality this is equivalent to
lim 10 (K /L, T3 ) =0,
£/L/K corV

This follows in the same way as in the proof of Theorem 5.9. (]

SD. Consequences. Here we prove Theorem 5.1.

Lemma 5.12. Let S O R be sets of primes of K. Assume that R is finite and that
SNcs(K (up)/K) is infinite. Then pool[KSR(p) 1 K.

Proof. By [NSW 2008, Corollary 10.7.7], for any C > 0 there is some finite subset
Sc € SNces(K(up)/K) such that R € S¢ and

dimg, H'(GE 5. (p). Z/pZ) > C.
Since each group G}g’ se ( p) is a quotient of GII; s(p), the lemma follows. [l

Proof of Theorem 5.1. (Ap), (A): Let p be a prime of K which is not contained in R.
Since the local group %, (p) is solvable and the assumptions carry over to extensions
of K in K§(p), it is enough to show that any class a, € Hl(‘:'é,J (p), Z/pZ) (which
has to be unramified if p & S) is realized by a global class after a finite extension.
Define T := {p} URU S, U S, and let (aq) € ]_[quHl(%p(p), Z/pZ) such that
is unramified if ¢ ¢ S and 0 if p € R. By Theorem 5.9, there is some finite extension
KE&(p)/L/K such that (aq) comes from a global class o € H'(Gf s, (p), Z/ p2).
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The Z/pZ-extension of L corresponding to « is unramified outside S, completely
split in R and hence contained in K§ (p). (A) has analogous proof.

(By): The proof of this part essentially coincides with the proofs of [NSW 2008,
Theorem 10.5.8] and [Ivanov 2013, Theorem 4.26]. As done there, we can restrict
ourselves to the case T 2 S, U S,. All cohomology groups in the proof have Z/pZ-
coefficients and we omit them from the notation. After computing the cohomology
on the left side, by [NSW 2008, Proposition 1.6.15] we have to show that the map

. . / . / .
H (¢f s(p) :H (K2 (p)/KS () > D H G (pne @ H (Uy(p)
PER(KS (p)) pE(T\S)(KS (p))
induced by qbg s(p) in the cohomology is bijective for i = 1 and injective for i = 2.
(Here @@’ means the restricted direct sum in the sense of [NSW 2008, Definition
4.3.13].) Now Hl(qbﬁs(p)) is injective since ¢§’S(p) is clearly surjective. To show

surjectivity for i = 1, consider, for any finite subset 77 € T \ S which contains
(Sp USoo) \ S and any finite K§ (p)/L/K, the composed maps

H' (Ksur, (p)/L) > P H'G) ~ PH' Ge P H (9%,
pe(RUT1)(L) pER(L) peTi(L)

where $p = I K/L, S CGg L, = = ¥y is the inertia subgroup. Passing to the direct
limit over K R( p) /L/K, we obtaln by Theorem 5.9 the surjection

H' (Ksur, (0)/KE () — @D H' G e @) H' (g i, ) Ry,
peR(KE(p)) peTi (K& (p)

which is, after passing to the direct limit over all finite 77 € T \ S, exactly
H! (¢7 5(p)), since by (A,) we have K& (p), = K" (p) for p € T \ S and hence

G R
H] (Il?p/Kp) Kp/KS_p(I’) — Hl (Ip (p))

(see the proofs of [NSW 2008, Theorem 10.5.8] and [Ivanov 2013, Theorem 4.26]).
Finally, the injectivity of H? (d)}e’ s(p)) follows by passing to the limit and using
Proposition 5.11.

(B): By Lemma 2.7, there is some KSR/LO/K such that, for all KSR/L/LO, the set S
is sharply p-stable for Lgf (p)/L. Thus (B) follows from (B,) as we have

L(p)= lm I, and Gy, xr= 1m G ) 1x,) -
K&/L/K K&/L/K

(Cp), (C): The proof essentially coincides with the proofs of [NSW 2008, Theorem
10.5.10 and Corollary 10.5.11] and [Ivanov 2013, Theorem 4.31, Corollary 4.33].
To avoid many repetitions, we only recall the argument for cd GI’; s(p) <2inthe
case R = @ (which differs in one aspect from the cited proofs). Therefore, set
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V = (8, USx) \ S and consider the Hochschild—Serre spectral sequence (E,ij , 8,? )
for the Galois groups of the global extensions Ksyy (p)/Ks(p)/ K. By [NSW 2008,
Proposition 8.3.18 and Corollary 10.4.8], we have

cd Gk suv (p) < cd, Gk suy < 2.

By Riemann’s existence theorem, (B,,), the group Gk, (p)/ks(p) 18 @ free pro-p
group. Hence E, degenerates in the second tableau and, in particular, we have
(omitting Z/ pZ-coefficients from the notation)

coker((?él) = E;’O = EQS C HS(GK,SUV(p)) =0,

ie., 8%1 is surjective. Again by Riemann’s existence theorem we have

1 ~ Gk.s(p) 1
H (Ksuv (p)/Ks(p)) = @Inde,szkH (Ip(p)).
peV

This and Shapiro’s lemma imply

Ey' = @WKy (p)/ Ky). (5-2)
peV

Further, we have the following commutative diagram with exact rows and columns:

DH? (K, (p)/Ky) —» HA(Ksuv /K, )Y

~ T -

H2(Ksuv (p)/K) PDH*(Ky(p)/Kp) — H(Ksuv /K., 1)

| | |

H'(Ks(p)/K, H (Ksuv (p)/Ks(p))) — D H*(K,(p)/K,) ——— 0

pev
11

H(Ks(p)/K)

The second row comes from the Poitou—Tate long exact sequence. The first map
in the third row is the isomorphism (5-2). The map in the first row is surjective
since its dual map u, (K) — @pe s Mp(Kp) is injective. Now (in contrast to proofs
cited from [NSW 2008] and [Ivanov 2013]) the first map in the second row is not
necessarily injective, but one can simply replace the first entry in the second row by
H2(Ksuv (p)/K)/T12(Ksuy /K, SUV; Z/ pZ), as both maps in the diagram which
start at this entry factor through this quotient. Now apply the snake lemma to the
second and third row and obtain H?(Kg( p)/K) =0 and hence also cd Gg s(p) <2
by [NSW 2008, Proposition 3.3.2]. (]
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5E. Vanishing of 1112(Gs; Z/ pZ) without p € GZ, g We generalize Corollary 4.7
for the constant module. The proof makes use of Theorem 5.1 parts (A), (B), (C)
along with the result of Neumann showing the vanishing of certain cohomology
groups. Its special case dx (S) = 1 is not contained in [NSW 2008].

Proposition 5.13. Let K be a number field, S a set of primes of K. Let p be a
rational prime, r > 0 an integer. Assume that either p is odd or K is totally
imaginary. Then the following hold:

(1) [Ivanov 2013, Proposition 4.34] Assume S is strongly p-stable and L is a
p-stabilizing field for S for Ksus,us,, /K. Assume p is odd or Ly is totally
imaginary. Then

HI*(Ks/L; Z/p"7) =0
for any finite Kg/L /Lq such that we are not in the special case (L, p”, S).
(ii) Let Ks/¥/K be a normal subextension. Assume that S is sharply p-stable for
L/K and p*®|[<L: K]. Then
lim 11%(Ks/L: Z/p"Z) =0.
P/LIK
Proof. Define V := (S, U So) \ S. We write H*(-) instead of H*(-, Z/p"Z)
and II*(-, -) instead of III*(-,-;Z/p"Z). Let K¢ ,,,(p) be the maximal pro-p
subextension of Ksyy/Ks. Let Kg/L/K be a finite subextension and consider the
tower of extensions

~ Ksuv

N

K.S/‘UV (p)

G, suv H

KS G/L,suv(l’)

GL.s

~ L
with N := Gy, /xs, (p)» H :=Gky,, (p)/ks a0d Gf, sy (P) :=Ggy  (py/2- We claim
that for any such L we have under the assumptions of (i) the natural isomorphisms
1% (K, (p)/L, SUV) =1I*(Ksuy /L, SUV) forany Ks/L/K,
1% (Ks/L, ) = ITI*(K4,y (p)/L, SUV) forany Ks/L/Lo, (5-3)
and under (ii) the natural isomorphism

lim IT*(Ks/L, S) = lim T*(Kgy (p)/L, SUV). (5-4)
P/L/K $/L/K
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Once this claim is shown, (i) follows immediately from Corollary 4.7 and (ii)
follows from Proposition 5.11. Thus it is enough to prove the above claim. The
first isomorphism in (5-3) follows immediately from the definition of ITI?, once we
know that the inflation map HZ(G’L’ suv (D) — H?(GL suy) is an isomorphism. To
show this last assertion, consider the Hochschild—Serre spectral sequence

EY =H' (G}, sy (p), W (N)) = H'* Gy suv).
A result of Neumann [NSW 2008, Theorem 10.4.2] applied to Ksuv/K{,, (p)

(the upper field is p-(S U V)-closed, the lower is p-(S, U Soo)-closed) implies
Elzj =0 for j > 0. Hence the sequence degenerates in the second tableau and

H'(Giuy (p)) = H (Gsuy),

for i > 0, proving our claim. Thus we are reduced to showing that the second map
in (5-3) and the map in (5-4) are isomorphisms. For p € V, let Kp’ (p) denote the
maximal pro-p extension of Kg ;. Define

1};(19) i= Gk} (p)/Ks p -

(Observe that if p € S, then Il; (p) = 1. Indeed, if p > 2, this is always the case,
and if p =2, then Kg, = C using the assumption that Ky is totally imaginary.) By
[Ivanov 2013, Lemma 4.23] (which was only shown there under strong p-stability
assumption on S, but due to Theorem 5.1(A) it also holds under sharp p-stability
assumption with exactly the same proof), we have I’Q( p) =Dy k., (p)/Ks- Next, by
Riemann’s existence theorem, Theorem 5.1(B), applied to K¢, ,,,(p)/Ks/K , we have
HZ= % L(p).
peV(Ks)

By [Ivanov 2013, Corollary 4.24], the groups I’; (p) are free pro-p groups, and
hence H is a free pro-p group. Thus c¢d, H < 1. Consider the exact sequence

1—- H— G/L,SUV(P) —Gps—1

and the corresponding Hochschild—Serre spectral sequence
Ey =H'(Gys, H/ (H)) = H (G} 5,y (p)).
Since by Theorem 5.1(C) we know that cd, G, s =2, we have E;j =0ifi >2or
j > 1. Moreover, we have
! G
H'(H) = @ H'((p)) = P Indpyy,  H (7 (p)
V(Ks) V(L)

as G s-modules, where Dy k1. € Gy s is the decomposition group at p, which is
in particular procyclic and has an infinite p-Sylow subgroup (by Theorem 5.1(A)).
Using this, an easy computation involving Frobenius reciprocity, Shapiro’s lemma
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and [Ivanov 2013, Lemma 4.24] allows us to compute the terms E(z) Iand Eél. We
obtain the exact sequence

0 — H'(Gr,5) — H'(G} suv (P) — V@)HI(I;;(P))DP‘KS/L —

s d
—— H*(Gp5) — H* (G} suy (p)) ——— D H*(4) ——— 0,
V(L)
where 6 := 881 : Egl — E%O denotes the differential in the second tableau. Assume
first that we are in the situation of (i) and let L be as introduced there. Then we
have the surjections

H' (G sov () > EP H' (G) = P H' (Dy k1, () ~ ED H (1 (p))Pro57t.
peV(L) peV (L) V(L)

The first map is surjective by Grunwald—Wang (Theorem 5.3), and the second and
the third maps follow from [Ivanov 2013, Lemma 4.24]. Hence the map preceding
6 is surjective and hence § = 0. Thus the lower row of the above 6-term exact
sequence gives the short exact sequence

0 —— III%(Ks/L, S) —— II*(K{,, (p)/L. S) ~— @ H3(%G,).
V(L)
On the other side, by definition of II1?, we have that the kernel of d is precisely
IHZ(Kéuv( p)/K, SUYV), which shows the second equality in (5-3). The equality
in (5-4) follows from the assumptions in (ii) by the same arguments after taking
li_n>1 over £/L/K (and using Theorem 5.9 instead of Theorem 5.3). ([

6. K(m, 1)-property

Assume that either p is odd or K is totally imaginary, and let X = Spec Og_s. While
it is well known that X is a K(mr, 1) for p if either § © §, U S, (‘wild case’) or
0k (S) =1, it is a challenging problem to determine whether X is a K(ir, 1) if S
is finite and does not necessarily contain S, U S,. Until recently there were no
nontrivial examples of (K, S) such that X is a K(7r, 1) for p or a pro-p K(m, 1) and,
say, SN S, = J. Recent results of Schmidt [2007; 2009; 2010] show that any point
of Spec Ok has a basis for Zariski-topology consisting of pro-p K (s, 1)-schemes.
More precisely, given K, a finite set S of primes of K, a rational prime p and any
set T of primes of K of density 1, Schmidt showed that one can find a finite subset
Ty € T such that X \ T} is pro-p K(m, 1). The main ingredient in the proof is the
theory of mild pro-p groups, developed by Labute. We conjecture that one can
replace the condition 8k (7)) = 1 in Schmidt’s work by the weaker condition that T’
is strongly p-stable (or even that T is sharply p-stable for K7 (p)/K).
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In the present section we enlarge the set of the examples of such pairs (K, §) for
which X is a K(rr, 1) for p and prove essentially that if S is sharply p-stable, then X
isa K(m, 1) for p. In particular, if S is a stable almost Chebotarev set with Sy, C S,
then X is a K(ir, 1) for almost all primes p (see Proposition 3.8 and Example 3.10),
and if E Sharp(S) = @ and K is totally imaginary, then X is a K(7, 1).

6A. Generalities on the K(r, 1)-property. There are many equivalent ways to
characterize the K(mr, 1)-property of schemes (see [Stix 2002, Appendix A], where
they are discussed in detail). Without repeating all of it, we want to introduce a
small refinement of terminology which is better adapted to formulating our results.

Let X be a connected scheme, X¢ the étale site on X. Fix a geometric point
X € X and let w := 7 (X, Xx) be the étale fundamental group of X. Let Bxr denote
the site of continuous m-sets endowed with the canonical topology. Further, let p
be a rational prime and let B7” denote the site of continuous 7 ”)-sets, where 7 (P
is the pro-p completion of . As in [Stix 2002, Appendix A.1], we have natural
continuous maps of sites:

Xét L) B

N
RBrP

For a site Y, let $(Y) denote the category of sheaves of abelian groups on Y,
let #(Y)s be the subcategory of locally constant torsion sheaves, and ¥(Y),, the
subcategory of locally constant p-primary torsion sheaves. Let A € (%) and
B € $(BnP),. Then we have the natural transformations of functors id — Ry,y*
and id — Ry, .y,", which induce maps in the cohomology:

¢y H (1, A) — H (Xe. v*A), ¢, 5 :H (@P, B) — H (X1, ;' B).
Let X (resp. X (p)) denote the universal (resp. universal pro-p) covering of X. Since
H'(Xg, A) =H'(X(p)ai, B) =0
for each A, B, the maps cj‘, cl’;’ p are isomorphisms for i =0, 1 and injective for i =2.
Definition 6.1. Let X be a connected scheme.
(i) Xisa K(m, 1) if c/f\ is an isomorphism for all A € ¥(%Bm); and i > 0.

(1) X isa K(m, 1) for p if Cj‘ is an isomorphism for all A € ¥(%Bm), and i > 0.
(i) X is a prop K(r, 1) if C,ziJ,B is an isomorphism for all B € ¥(Bn?), and i > 0.

Note that we use a shift in definitions compared with [Schmidt 2007] or [Wingberg
2007]: what there is called a K(rr, 1) for p, we call here a pro-p K(r, 1). Parts (i)
and (iii) of our definition coincide with the definition of a K(sr, 1) in [Stix 2002,
Definition A.1.2]. By decomposing any sheaf into p-primary components we obtain:
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Lemma 6.2. X is a K(rr, 1) if and only ifit is a K(, 1) for all p.

Now we have a criterion for being K (7, 1). For a scheme X, let Fety (resp. Fetgf))
denote the category of all finite étale coverings (resp. finite étale p-coverings) of X.
For a number field K, let

1 if u, €K,
Ok = .
0 otherwise.

Proposition 6.3. Let K be a number field, S D S a set of primes of K such that
either 5, = 0 or Sy # . Assume that either p is odd or K is totally imaginary. Let
X = Spec Ok s. The following are equivalent:
(1) X isa K(m, 1) for p.
(i) lim H*(Ye, Z/pZ) =0.
Y eFety
The same also holds if one replaces ‘K(m, 1) for p’ by ‘pro-p K(m, 1)’ and ‘Fety

by ‘Fetg(p)’ respectively.

’

Proof. For the full proof, see [Ivanov 2013, Proposition 5.5]. For convenience, we
sketch here the main steps. (i) = (ii) holds for any connected scheme and follows
from [Stix 2002, Proposition A.3.1] and (ii) = (i) follows from the well-known
criterion [Stix 2002, Proposition A.3.1] and the fact that, for every g > 0 and every
locally constant p-primary torsion sheaf A on X¢;, we have

lim H?(Yg, Aly) =0.
Y eFety
Since A is trivialized on some Y € Fety, we can assume that A is constant. By
dévissage we are reduced to the case A = Z/pZ. The elements of H! (Y, Z/ pZ)
can be interpreted as torsors, which kill themselves, i.e., the case g = 1 follows.
Further by [Artin et al. 1973, Exposé X, Proposition 6.1], H? (Y, Z/pZ) = O for
q > 3. The case g = 3 follows from Artin—Verdier duality. Finally, (ii) implies the
case ¢ = 2. The pro-p case has a similar proof. ([

6B. K(m, 1) and sharp p-stability.

Theorem 6.4. Let K be a number field, S O S a set of primes of K and p a
rational prime. Assume that either p is odd or K is totally imaginary. Then:

(1) If S is sharply p-stable for Ks(p)/K, then Spec Ok s is a pro-p K(r, 1).
(1) If S is sharply p-stable, then Spec Ok s is a K(rw, 1) for p.

Remark 6.5. If K is totally imaginary or in the pro-p case, the assumption Soo € S
is superfluous as Gg(p) = Ggus, (p): if p > 2, then this is true in general and if
p =2, then this is true since we have assumed that K is totally imaginary.
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Corollary 6.6. Let K be a number field, S O S a stable set of primes of K such
that ESPP(S) is finite (in particular, S can be any stable almost Chebotarev set with
S D Soo). Then Spec Ok s is a K(r, 1) for almost all primes p. If ESPP(S) = &
and K is totally imaginary, then Spec Ok s is a K(m, 1).

Example 6.7. Let K be totally imaginary. Define K := U K (up). Let M/K be
finite Galois with M N K = K and let o € Gumyk- Assume that § = Py k(o) is
stable. Then Spec Ok s is a K (7, 1).

Proof of Theorem 6.4. The proof essentially coincides with that of [Ivanov 2013,
Theorem 5.12]. We only prove (ii) (the pro-p case (i) has a similar proof). Define
X :=Spec Ok s. As L goes through finite subextensions of Kg/K, the normalization
Y of X in L goes through all finite étale connected coverings of X. Define V :=S,\S.
For any such Y we have a decomposition

Y\Vby <y

in an open and a closed part. Now we see that Y \ V is a K(rr, 1) for p and that
71 (Y \ V) =Gy suy. Hence

¢i :H (GL suv) = H (Y \ V)&, A) (6-1)

is an isomorphism for any i > 0 and any p-primary Gy _syy-module A. We have
the Lerray spectral sequence for j:

Efznn — Hm(Y, R”J*Z/pZ) = Hm+n(Y\ V, Z/pZ)

Let us compute the terms in this spectral sequence. First of all we have

Z/pZ ifn=0,
R"jZ/pZ =@,y H' (%, 2/p2) ifn=1,
0 ifn>1,

where $,, C 4, denotes the inertia subgroup of the full local Galois group at p. Thus

ES' = PH' Sy, 2/ pD)%,
peV

E}' = ( a0 EPH' S, Z/pZ>) =P H (. 2/p7),
peV peV

and Ef" =0ifn>1lorifn=1and m > 1 (as cd, (‘g‘") =1). Further, E’"O 0 for
m>3,ascd, Y <3 and E30—H3(Y Z/pZ)—Oby [Ivanov 2013, Lemma59] and

EY =H'(Ys, 2/ p7) =HY (G, 5. Z/ pZ).
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Thus we have the following nonzero entries in the second tableau:

@ H' (%, 2/pD)% @ HX(%,, Z/pZ) 0 0
peV pev
89!
Z/pz H'(GL.s, Z/pZ) H(Ye, 2/ pZ) 0

From this and the isomorphism (6-1) we obtain the following exact sequence (from
now on, we omit the Z/ pZ-coefficients):
nr 8(2)1

0 —— H'(Gp 5) —— H'(G suv) —— @ H'($p)% ——
peV

——— H*(Yo) —— H*(Gp suv) —— @ H*(4,) —— 0
peV

By Proposition 6.3 it is enough to show that limy, _r., H?(Yg) = 0. Taking the limit
— '

over all Y € Fety of this sequence, we see by Theorem 5.9 that the direct limit of

the maps preceding 881 is surjective, hence we obtain

lim H*(Ye) = lim I0*(Ksuv/L. V:Z/p2).
Y eFety Y eFety

To finish the proof consider the following commutative diagram with exact rows:

H*(Gp suv) — @D HX(%p) — up (L)Y —— 0

I T

0 —— @ H*(G) —— D H*(Gy) 0 0
peV peV

Here the first map in the upper row becomes injective after taking the limit by
Proposition 5.11. The snake lemma shows that

lim H(Ye) = lim II*(Ksuy/L. V:Z/pZ) € lim (HH(G).

Y eFety Y eFety Y eFety peS
and the last limit vanishes as p™|[Kg,, : K;] for all p € S by Theorem 5.1(A). This
finishes the proof of (ii). O
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