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ABSTRACT. — In the present paper, we study the anabelian geometry of mized-characteristic
local fields by an algorithmic approach. We begin by discussing some generalities on log-
shells of mixed-characteristic local fields. One main topic of this discussion is the difference
between the log-shell and the ring of integers. This discussion concerning log-shells allows one
to establish mono-anabelian reconstruction algorithms for constructing some objects related
to the p-adic valuations. Next, we consider open homomorphisms between profinite groups of
MLF-type. This consideration leads us to a bi-anabelian result for absolutely unramified mixed-
characteristic local fields. Next, we establish some mono-anabelian reconstruction algorithms
related to each of absolutely abelian mixed-characteristic local fields, mixed-characteristic local
fields of degree one, and Galois-specifiable mixed-characteristic local fields. For instance, we
give a mono-anabelian reconstruction algorithm for constructing the Norm map with respect to
the finite extension determined by the uniquely determined minimal mixed-characteristic local
subfield. Finally, we apply various results of the present paper to prove some facts concerning
outer automorphisms of the absolute Galois groups of mixed-characteristic local fields that
arise from field automorphisms of the mixed-characteristic local fields.
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INTRODUCTION

In the present paper, we study the anabelian geometry of mixed-characteristic local
fields. More specifically, we continue our study [cf. [8], [2], [3]] of the mono-anabelian
geometry [cf., e.g., [8], Introduction; [8], Remark 1.9.8; [3], Introduction| of mixed-
characteristic local fields.

One central object of the study in the present paper is a mized-characteristic local field,
i.e., an MLF. We shall refer to a finite extension of @, for some prime number p, as an
MLF [cf. [3], Definition 1.1]. If k is an MLF, then we shall write

e O, C k for the ring of integers of k,

e m; C Oy for the maximal ideal of Oy,

o k dof Oy /my, for the residue field of O,

® Py o char(k) for the residue characteristic of k,

o d, ¥ dimg,, (k) fx def dimp, (k) [cf. the discussion entitled “Rings” in §0],

° ¢ def #(k* /(O - pE)) for the absolute ramification index of k,

e k@=1 C k for the [uniquely determined] minimal MLF contained in k,

® ¢ | (respectively, o 2) if pr # 2 (respectively, pr = 2),
e qy, for the largest nonnegative integer such that & contains a p}*-th root of unity, and

e ord;: k\ {0} — Z for the [uniquely determined] py-adic valuation normalized so that
ordy is surjective

[cf. the notational conventions introduced at the beginning of §1]. Moreover, for a positive
integer n, we use the notation “(,” to denote a primitive n-th root of unity.

Another central object of the study in the present paper is a [profinite — cf. [3],
Proposition 3.3, (i)] group of MLF-type. We shall say that a group is of MLF-type if the
group is isomorphic, as an abstract group, to the absolute Galois group of an MLF [cf. [3],
Definition 3.1]. If G is a group of MLF-type, then, by applying various mono-anabelian
reconstruction algorithms [cf., e.g., [8], Introduction; [8], Remark 1.9.8] of [3], §3, to G,
we obtain

e a prime number p(G),

e positive integers d(G), f(G), and e(G),
topological modules £*(G) and k. (G), and
a monoid ky (G)

which “correspond’ to

e the prime number py,

the positive integers dy, fx, and ey,

the topological modules £* and k. [cf. the discussion entitled “Rings” in §0], and
the monoid ky [cf. the discussion entitled “Fields” in §0],
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respectively [cf. [3], Summary 3.15]. Moreover, by applying the mono-anabelian recon-
struction algorithms of Definition 2.4, (i), (ii), of the present paper to G, we obtain

e nonnegative integers ¢(G) and a(G)
which “correspond’ to
e the nonnegative integers ¢, and ay,

respectively [cf. Proposition 2.5, (i), of the present paper].
In §1, we discuss some generalities on log-shells of MLF’s. If k is an MLF, then we
shall refer to the compact open topological submodule

Iy = 5—-log,(Of) C ky

— where we write log,: O; — k4 for the pi-adic logarithm — of the topological module
k. as the log-shell of k [cf. [8], Definition 5.4, (iii)]. As is well-known [cf., e.g., [3], Lemma
1.2, (vi)], the log-shell contains the compact open topological submodule (Oy); C k; of
k.

(Or)+ C Iy
One main topic of the study of §1 is the difference between (Oy), and Zj. In §1, we prove,
for instance, the following result [cf. Proposition 1.5; Lemma 1.8, (i); Proposition 1.10,

(1)]-

THEOREM A. — Let k be an MLF. Then the following hold:
(i) The quotient
L1/ (Or)+
1s isomorphic, as an abstract module, to the module defined by

o0

[T @ fpizo-stom

v=1
— where we write

o) # (|22 2 22 )

it 8

and 0(i,7) © (respectively, o 0) if i = j (respectively, i # j). In particular, the
isomorphism class of 1./ (O )+ depends only on py, fi, ex, and ay

(ii) It holds that the submodule Iy, C k. coincides with the submodule (Oy), C k. if
and only if one of the following three conditions is satisfied:

e The prime number p, is odd, and, moreover, the finite extension k/k(dzl) 18
unramified.

e The field k is isomorphic to the field Q.
o The field k is isomorphic to the field Q3((3).
(iii) We shall define a nonnegative integer

Vg
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as follows:

o [f either pr > 5 or k is not isomorphic to ka((pzk), then
v & min{v > 0| ¢ -ex <pj}.
o Ifpr <3, and k is isomorphic to Q,, (gp:k), then
v & min{v >0|e-ep <p/™} = min{v>1|e - e, <pf}—1

Then the nonnegative integer vy is the smallest integer such that

v e € Oy € T

The various results of §1 may be regarded as “preparatory portions” for the establish-
ment of mono-anabelian reconstruction algorithms of §2.
In §2, we establish mono-anabelian reconstruction algorithms for constructing, from a

group G of MLF-type,
e a homomorphism of modules
ordg(G): k*(G) — Z4
[cf. Definition 2.2] which “corresponds” [cf. Proposition 2.3] to the pg-adic valuation
ordg: k\ {0} — Z and
e a map of sets
ordm(G): ki (G)\ {0} — Z

[cf. Definition 2.6, (ii)] which “corresponds” [cf. Proposition 2.7, (ii)] to the map ordg] k\
{0} — Z of sets [cf. Definition 1.9, (ii)] that satisfies the following condition [cf. Propo-
sition 1.10, (ii)]: For each a € k\ {0}, it holds that

ordg(a) < ordg](a) < ordg(a) + e - (e +1)
[cf. Theorem A, (iii)], i.e., a sort of “pi-adic valuation with an indeterminacy” [cf. Re-

mark 1.10.1; also Remark 2.11.1].

Moreover, we also establish mono-anabelian reconstruction algorithms for constructing,
from a group G of MLF-type such that €(G)-e(G) = f(G)+a(G) [cf. also Remark 2.11.2],
topological submodules
m'(G) C 0,(G) C k(G)

[cf. Definition 2.9, (i), (ii)] — where n is a nonnegative integer — of k4 (G) which “cor-
respond” [cf. Proposition 2.10] to the topological submodules m}? C (O); C kg of ky,
respectively.

In §3, we consider open homomorphisms between profinite groups of MLF-type. One
main application of the results of §3 is as follows [cf. Theorem 3.6, Corollary 3.7].

THEOREM B. — For each O € {o, e}, let G be a profinite group of MLF-type. Let
a: G, — G,

be an open homomorphism. Then the following hold:
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(i) Suppose that d(G,) < d(G.) [which is the case if, for instance, d(G,) = 1]. Then

« is an isomorphism.

(ii) Suppose that e(Go) < e(G,) [which is the case if, for instance, e(Go) = 1]. Then
a is injective.

Theorem B leads us to the following bi-anabelian [cf., e.g., [8], Introduction; [8], Remark
1.9.8; [3], Introduction] result [cf. Corollary 3.8].

THEOREM C. — For each O € {o, e}, let ko be an MLF and kg an algebraic closure of

ko; write Go et Gal(kg/kg). Suppose that e, = 1. Then it holds that the field k, is
isomorphic to the field ko if and only if there exists a surjection G, — G,.

In §4, we discuss some mono-anabelian reconstruction algorithms related to absolutely
abelian MLF’s. We shall say that an MLF k£ is absolutely abelian if the finite extension
k/k(@=1) is Galois, and the Galois group is abelian [cf. Definition 4.2, (ii)]. In §4, we
establish, for instance, a mono-anabelian reconstruction algorithm for constructing, from
a group G of MLF-type, a homomorphism of topological modules

Nmabs(G)

[cf. Definition 4.7, (iii)] which “corresponds” [cf. Proposition 4.9, (i)] to the Norm map
Nmy, jpa=1): B* — (K@=1D)* with respect to the finite extension k/k@=. This homomor-
phism Nm,,s(G) allows one to define the notion of MLF-Galois label of G, i.e., the triple
consisting of the prime number p(G), the positive integer d(G), and the image of the
homomorphism Nm,s(G) [cf. Definition 4.10]. By applying the main theorems of [4] and
[13], we obtain the following result [cf. Theorem 4.11].

THEOREM D. — For each O € {o,e}, let Gg be a group of MLF-type. Suppose that
{(p(Gy), a(Gy)), (p(G.),a(Ga))} Z {(2,1)}. Then it holds that the group G, is isomor-
phic to the group G, if and only if the MLF-Galois label of G, coincides with the
MLF-Galois label of G,.

Moreover, in §4, we also obtain the following bi-anabelian result [cf. Corollary 4.14].

THEOREM E. — For each [ € {o, e}, let kg be an MLF and kg an algebraic closure of ko;

write Go & Gal(ko/kn). Suppose that there erxists a surjection G, — G, [which thus
implies that pr, = pr, — cf. Proposition 3.4, (iii)] compatible with the respective py, -
adic, i.e., py, -adic, cyclotomic characters [which is the case if, for instance, the surjection
G, — G, is an isomorphism — cf. [3], Proposition 4.2, (iv)]. Then the following hold:

(i) The [uniquely determined] mazimal absolutely abelian MLF contained in k, is
isomorphic to the [uniquely determined] mazimal absolutely abelian MLF contained
mn k.

(ii) Suppose that k, is absolutely abelian. Then the field k, is isomorphic to the
field k..
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Here, observe that Theorem E, (i), may be regarded as a refinement of the main
theorem of [6] [cf. Remark 4.14.1].

In §5, we discuss some mono-anabelian reconstruction algorithms related to MLF’s of
degree one, i.e., such that the integer “d_)” is equal to one. For instance, we establish a
mono-anabelian reconstruction algorithm for constructing, from a group G of MLF-type
such that d(G) = 1 [cf. Remark 5.10.1], a structure of topological field on k. (G) [cf.
Definition 5.2] which “corresponds” [cf. Theorem 5.4, (i)] to the topological field structure
of k, i.e., on k.

In §6, we discuss Galois-specifiable MLF’s. We shall say that an MLF k is Galois-
specifiable if k is Galois over k(4= and, moreover, the following condition is satisfied: If
L is an MLF such that the absolute Galois group of £ is isomorphic to the absolute Galois
group of L, then the field & is isomorphic to the field L [cf. Definition 6.1]. We prove the
following result [cf. Theorem 5.9, (ii); Remark 5.9.1; Theorem 6.4; Remark 6.4.1].

THEOREM F. — Let k be an MLF. Consider the following five conditions:
) The MLF k is absolutely abelian [cf. Definition 4.2, (ii)].

) The MLF k is Galois-specifiable [cf. Definition 6.1].

) The MLF k is absolutely strictly radical [c¢f. Definition 5.6, (iii)].
) The MLF k is absolutely characteristic [cf. Definition 5.7].

) The MLF k is absolutely Galois [cf. Definition 4.2, (i)].

Then the following hold:

(i) The implications

(1
(2
(3
(4
(5

hold.
(ii) Suppose that (pg,ar) # (2,1). Then the equivalence
(1) <= (2)
holds.

(iii) There exists an MLF that violates the implication (4) = (2) (respectively, (4) =

(3); (5) = (4)).

Moreover, in the present paper, we observe that the condition for an MLF to be
absolutely abelian and the condition for an MLF to be Galois-specifiable may be considered
to be “group-theoretic” [cf. Remark 4.15.1, (i); Remark 6.14.1], but each of the condition
for an MLF to be absolutely strictly radical, the condition for an MLF to be absolutely
characteristic, and the condition for an MLF to be absolutely Galois should be considered
to be “not group-theoretic” [cf. ; Remark 5.9.2, (i); Remark 5.9.2, (ii); Remark 4.15.1,

(ii)].
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Let k be an MLF and % an algebraic closure of k. Write G < Gal(k/k). Then let us
recall that we have a natural injection Aut(k) — Out(Gy) [cf., e.g., [3], Proposition 2.1].
By means of this injection, let us regard Aut(k) as a subgroup of Out(Gy):

Aut(k) C Out(Gy).

In §6, we also establish a mono-anabelian reconstruction algorithm for constructing, from
a group G of MLF-type that satisfies a certain condition [cf. Definition 6.9, (i)] “cor-
responding’ [cf. Theorem 6.11] to the condition for an MLF to be Galois-specifiable, a
collection
Orbyge(G)

[cf. Definition 6.9, (ii)] of subgroups of Out(G) which “corresponds” [cf. Theorem 6.13,
(ii)] to the Out(Gy)-orbit, i.e., by conjugation, of the subgroup Aut(k) C Out(Gy).

In §7 and §8, we discuss outer automorphisms of the absolute Galois groups of MLF’s

that arise from field automorphisms of the MLF’s. For instance, we prove the following
result [cf. Theorem 7.2, (i); Theorem 7.5; Corollary 8.7].

THEOREM G. — Let k be an MLF and k an algebraic closure of k. Write Gy < Gal(k/k).
Then the following hold:

(i) Suppose that the MLF k is absolutely characteristic, and that py, is odd. Then

the subgroup
Aut(k) € Out(Gy)
1s not normally terminal.

(ii) Write k@) C k for the [uniquely determined] mazimal absolutely abelian MLF
contained in k. Suppose that a maximal intermediate field of k/k®) tamely ramified
over k®) does not coincide with k=Y [which is the case if, for instance, k@) # k=],
and that (px,ay) # (2,1). Let n be a nonnegative integer such that [k : k@] € piZ and
A an abelian py-group that satisfies the following two conditions:

(1) It holds that A = p}.
(2) The finite abelian group A is generated by at most (di/py) — 1 elements.
Then there ezists a subgroup of Out(Gy) isomorphic to A.
(iii) Suppose that py. is odd, and that

k= @pk(gpwpllc/pk)'
Then the subgroup

Aut(k) € Out(Gy)
1s neither normally terminal nor normal.

One motivation of studying Theorem G is as follows [cf. Remark 7.5.2]: Let k be an
MLF and % an algebraic closure of k. Write Gj, & Gal(k/k). Then, as is well-known [cf.,
e.g., the discussion given at the final portion of [12], Chapter VII, §5], in general, the
natural injection

Aut(k) — Out(Gy)
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is not surjective. Under this state of affairs, one may consider the following problem:
Problem: Is there a certain “suitable” characterization of the subgroup

Aut(k) C Out(Gy) of Out(Gy)?
[Here, let us observe that

the mono-anabelian reconstruction algorithm of “Orbg.(G)” in the dis-
cussion preceding Theorem G may be regarded as a certain affirmative
solution to this problem, i.e., in the case where the MLF k is Galois-
specifiable.|

From the point of view of this problem, let us observe

the [easily verified] finiteness of the group Aut(k).
In particular, as one of possible solutions to the above problem, one may discuss the
following question:

(*gn) Is the subgroup Aut(k) of Out(Gy) the uniquely determined mazimal finite
subgroup of Out(Gy)? Put another way, is every element of Out(Gy) of finite order
contained in the subgroup Aut(k) of Out(Gy)?

Now let us observe that it is immediate that an affirmative answer to this question (xg,)
implies an affirmative answer to the following question (*qar), hence also an affirmative
answer to the following question (s ):

(*char) Is the subgroup Aut(k) of Out(Gy) characteristic?
(#nor) Is the subgroup Aut(k) of Out(Gy) normal?

Then one may easily find that
e Theorem G, (i), is related to the question (o),

e Theorem G, (ii) [cf. also the example in Remark 7.5.1], yields a negative answer to
the question (*g,), and

e Theorem G, (iii), yields a negative answer to the question (s, ), hence also negative
answers to the questions (*g,) and (kepar)-

This is one motivation of studying Theorem G.

Finally, in Remark 8.7.1, we recall some of the discussions of §8 from the point of view
of the notion of “link” [cf. [9], §2.7, (1)].

0. NOTATIONS AND CONVENTIONS

NUMBERS. — If a € Q is a rational number, then we shall write |a| € Z for the largest
integer such that |a] < a.

SETS. — If S is a finite set, then we shall write #.S for the cardinality of S. If G is a
group, and 7 is a set equipped with an action of G, then we shall write 7¢ C T for the
subset of G-invariants of T'.

MonoIDS. — In the present paper, every “monoid” is assumed to be commutative.
Let M be a [multiplicative] monoid. We shall write M* C M for the abelian group of
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invertible elements of M. We shall write M®P for the groupification of M [i.e., the abelian
group given by the set of equivalence classes with respect to the relation ~ on M x M
defined by, for (ay,b1), (az,b2) € M x M, (ai,by) ~ (ag,bs) if there exists an element
¢ € M of M such that ca;by = casby|. We shall write MP! for the perfection of M li.e.,
the monoid obtained by forming the injective limit of the injective system of monoids

given by assigning to each positive integer n a copy of M, which we denote by I,,, and
to each two positive integers n, m such that n divides m the homomorphism I, = M —

I,, = M given by multiplication by m/n]. We shall write M® v U{*a}; we regard M®

. . . . def def
as a monoid [that contains M as a submonoid] by setting s - %/ = sy and a-x; = %)y
for every a € M.

MoDULES. — Let M be a module. If n is a positive integer, then we shall write
Mn] € M for the submodule obtained by forming the kernel of the endomorphism of M

given by multiplication by n. We shall write M, o U,>1 Mn] € M for the submodule
of torsion elements of M and

M = lim M/(n- M)

n

— where the projective limit is taken over the positive integers n. [So if M is finitely
generated, then M” coincides with the profinite completion of M.]

GRouUPS. — Let G be a group and H C GG a subgroup of G. We shall write Zg(H) C G
for the centralizer of H in G [i.e., the subgroup consisting of g € G such that gh = hg
for every h € H| and Ng(H) C G for the normalizer of H in G [i.e., the subgroup
consisting of g € G such that gH = Hg|]. We shall say that H is normally terminal in G
if No(H) = H, or, alternatively, No(H) C H.

ToPOLOGICAL GROUPS. — If G is a topological group, then we shall write G® for the
abelianization of G [i.e., the quotient of G by the closure of the commutator subgroup

of G], Gebtor & (Gaby, € GaP and G2/*r for the quotient of G*P by the closure of
Gab-tor C G If H is a profinite group, and p is a prime number, then we shall write
H® for the mazimal pro-p quotient of H.

RINGS. — In the present paper, every “ring” is assumed to be unital, associative, and
commutative. Let R be a ring. Then we shall write R, for the underlying additive
module of R and R* C R for the multiplicative group of units of R. If, moreover, R is a
Dedekind domain, then we shall write B> C R for the multiplicative monoid of nonzero
elements of R. [So if R is a Dedekind domain, then we have a natural inclusion R* C R”
of monoids.]

FIELDS. — Let K be a field. Then we shall write p(K) o (K™ )tor for the group of roots

of unity in K and K, = K*U{0} for the underlying multiplicative monoid of K. [So we
have a natural isomorphism (K*)® = K, of monoids that sends g« + 0]. If, moreover,
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K is algebraically closed and of characteristic zero, then we shall write
def

ACK) i (R[] = lim K]
— where the projective limits are taken over the positive integers n — and refer to

A(K) as the cyclotome associated to K. Thus, the cyclotome has a natural structure
of profinite, hence also topological, module and is isomorphic, as an abstract topological
module, to Z.

1. GENERALITIES ON LOG-SHELLS

In the present §1, let
k

be an MLF — i.e., a finite extension of Q,, for some prime number p [cf. [3], Definition
1.1] — and

k
an algebraic closure of k. We shall write

e O, C k for the ring of integers of k,

e m; C O for the maximal ideal of Oy,

o k dof Oy /my, for the residue field of Ok,

o OF" L e my C OF [where n is a positive integer| for the n-th higher unit group

of Ok,

o OF o O for the group of principal units of Oy,

e i, for the [uniquely determined] Haar measure on [the locally compact topological
module] k; normalized so that p((Ok)4) = 1,

o p char(k) for the residue characteristic of k,

o dy € dimg, (k)

def

£ X dimg, (i),

e & #(k* /(O - pE)) for the absolute ramification index of k,

log,: O — k. for the pi-adic logarithm,

7, ¢ (2pg) - log, (O)) C k. for the log-shell of ,

O; C k for the ring of integers of k,

k for the residue field of Oz,

Gy ¥ Gal(k/k),

I, C G}, for the inertia subgroup of Gy,

P, C I}, for the wild inertia subgroup of G}, and
Froby € Gal(k/k) <~ Gy /I for the [fk-th power] Frobenius element
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[cf. the notational conventions introduced in the discussions following [3], Definition 1.1,
and [3], Lemma 1.3]. We shall write, moreover,

e k(@=V C k for the [uniquely determined] minimal MLF contained in k&,

o M = en/(pr— 1)),

® ¢ © (respectively, o 2) if py, # 2 (respectively, py = 2) [cf. [3], Lemma 1.3, (iii)],

e . for the largest nonnegative integer such that & contains a p}*-th root of unity [i.e.
the “a” in [3], Lemma 1.2, (i)],

o al[f] det (respectively, o 1) if ar, = 0 (respectively, a; # 0),
o I,g") def (2pk) ! - log, (OF™) C I, [where n is a positive integer], and

e ord;: k\ {0} — Z for the [uniquely determined] py-adic valuation normalized so that
ordy is surjective.

Finally, for each positive integer n, let
(o € Kk
be a primitive n-th root of unity.
In the present §1, we discuss some generalities on log-shells of MLF’s.

PROPOSITION 1.1. — The following hold:

(i) It holds that T." = T,

(ii) It holds that ju,(Zy) = i~ /w=%.

(i) Let n be an integer such that n > egf]. Then it holds that I,gn) =m, *.

(iv) If agf} = 1, then it holds that (fr,ex) = (1, pi* " - (pr — 1)) if and only if k is
isomorphic to Q,, (Cka ).

(v) It holds that p* " - (py — 1) < ex. If, moreover, agf] = 1, then it holds that

e € kafl . (pk — 1) - 2.

PROOF. — Assertion (i) follows from [3], Lemma 1.2, (i), (ii), (v). Assertion (ii) is the
content of [3], Lemma 1.3, (iii). Assertion (iii) follows from [11], Chapter II, Proposition
5.5. Finally, since (fg,, (¢ o) €0y (¢ o)) = (LpP - (pr — 1)) if al¥! =1 [cf. [11], Chapter
I1, Proposition 7.13, (i)], assertions (iv), (v) follow immediately from the [easily verified|
fact that k always contains an MLF isomorphic to ka((’p % ). This completes the proof

a
k

of Proposition 1.1. O

LEMMA 1.2. — Let a € k\ {0} be an element of k \ {0}. Then the integer ordg(a) € Z
coincides with the uniquely determined integer n such that Frob) € Gy /I coincides
with the image of a € k\ {0} by the composite of the injective homomorphism recy: k™ —
G2 of [3], Lemma 1.7, and the natural surjection Gi* — Gy /Iy, [cf. [3], Lemma 1.5, (i)].

PROOF. — This assertion follows immediately from [3], Lemma 1.7, (1). O
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LEMMA 1.3. — The following hold:
(i) Suppose that aE] = 1. Let v be an integer such that 1 < v < ay. Then it holds that
<e[“]/p”_1 . <(e[“]/pu_1)+1
G € O " 7% [cf. Proposition 1.1, (v)] but G & O, % "* .

(ii) Let n be a positive integer. Then the modules OF"/OF"*, T /T are annihi-
lated by pi. In particular, these modules have respective natural structures of I, -vector
spaces. Moreover, the T, -vector space OF" /O is of dimension f;.

(i) Letn be a positive integer. Then the py-adic logarithm log, : O — k. determines
a surjection of F,, -vector spaces [cf. (ii)]

OF" /O™ — 1T,

(iv) In the situation of (iii), if the integer n is of the form “eL”]/pZ_l” for some

integer v such that 1 < v < ay, then the kernel of the surjection of (iii) is generated
el jpv—1

by the image of Cpr € O /P [cf. (1)] [hence also of dimension one over [, |. If the
integer n is not of the form “eEj‘]/pg—l 7 for any integer v such that 1 < v < ag, then
the surjection of (iii) is an isomorphism.

PROOF. — Assertion (i) follows immediately from Proposition 1.1, (iv), together with
[11], Chapter II, Proposition 7.13, (iv). Assertions (ii), (iii) follow from [11], Chapter II,
Proposition 3.10, together with the definition of “I,gn)”. Assertion (iv) follows immedi-

ately from assertion (i), together with [3], Lemma 1.2, (ii), (v). This completes the proof
of Lemma 1.3. 4

DEFINITION 1.4.
(i) For each positive integer v, we shall write

i) (|| g B ean Ly

Dy pZ Py

Moreover, we shall write

(ii)) We shall write
]Ik déf H (Z+/pZZ+)@bk(V)—5(”:“k)
v=1

— where we write §(i, j) Ly (respectively, o 0) if i = j (respectively, ¢ # j).

REMARK 1.4.1. — One verifies easily that the isomorphism class of the module I of
Definition 1.4, (ii), depends only on py, fx, ek, and ag.

PROPOSITION 1.5. — The module Zy, / (Oy) + [cf. [3], Lemma 1.2, (vi)] is isomorphic, as
an abstract module, to the module 1y,. In particular, the isomorphism class of Zy/(Oy)+
depends only on py, fi, er, and ay. [cf. Remark 1.4.1].
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PrROOF. — If (e, ex) = (1,1), then Proposition 1.5 follows from Proposition 1.1, (ii),
(v). Thus, we may assume without loss of generality that (eg,ex) # (1,1). If agf] =0,
then Proposition 1.5 follows immediately from [10], Theorem 2 [i.e., in the case where we
take the “(N,t)” of [10], Theorem 2, to be (e - ex — 1,0)], together with Proposition 1.1,
(iii); Lemma 1.3, (iv). If a/[lf] = 1, then Proposition 1.5 follows immediately from [10],
Theorem 3 [i.e., in the case where we take the “N” of [10], Theorem 3, to be € - e, — 1],
together with Proposition 1.1, (iii); Lemma 1.3, (i), (iv). This completes the proof of
Proposition 1.5. O

REMARK 1.5.1. — One may give an alternative proof of Proposition 1.1, (ii), by applying
Proposition 1.5. Indeed, it follows from conditions (1) and (2) of [3], Lemma 1.3, (i), that
wi(Z) = 8(Zi/(Ok)+). On the other hand, it follows from Proposition 1.5 that

log,, (£(Z4/(O4):)) = log,, (t1i)
- i <V' (bk(y) _5(’/>ak))> = LMJ fe—ar = & dpy — fi — ag.

o

v=

Thus, Proposition 1.1, (ii), holds.

LEMMA 1.6. — The following hold:
(i) The F,, -vector space (Zy/(Ok)+) ®z F,, is of dimension

€p-ep — 1
Ek'dk_fk_agf}_{LJ'fk-
Pk

(i) If pr =2, then the F,, -vector space (Z;/(O)+) @z Fp, is of dimension dj — 1.
(iii) The Iy, -vector space (I),/(Ok)+) @z F,, is of dimension < dj.

PROOF. — First, we verify assertion (i). It follows from Proposition 1.5, together with
the definition of I, that the dimension under consideration is given by

i(bk(v)—é(u,ak)) = Qek‘@k—lJ _ rk'ek—lj) fo—al?

0 1
v=1 Py Py

€p € — 1
Pk

This completes the proof of assertion (i). Assertion (ii) follows from assertion (i), together
with the [easily verified] fact that if p, = 2, then (¢, agf]) =(2,1).

Finally, we verify assertion (iii). If py is odd, then since ¢, = 1, fr > 1, e, > 1, and
a,[f] > 0, assertion (iii) follows from assertion (i). If p;, = 2, then assertion (iii) follows from
assertion (ii). This completes the proof of assertion (iii), hence also of Lemma 1.6. [

COROLLARY 1.7. — It holds that
1
(Ok>+ < 5 : logk(ol:>‘
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PROOF. — Since 7 is given by (2pg)~! - log,(Oy), it follows immediately from [3],
Lemma 1.2, (vi), that it holds that (Ok); is contained in 27! - log, (O)) if and only if
dimg, ((Zx/(Ok)+) ®z Fy,) is equal to dimg, (I ®z Fp,), ie., dy. Thus, Corollary 1.7
follows from Lemma 1.6, (iii). This completes the proof of Corollary 1.7. U

LEMMA 1.8. — The following hold:
(i) The following four conditions are equivalent:
(1) The submodule Iy, C k, coincides with the submodule (Oy)y C k.

(2) There exists a(n) [necessarily nonpositive — cf. 3|, Lemma 1.2, (vi)] integer v
such that the submodule I, C ky coincides with the submodule py - (Ok)+ C k.

(3) It holds that € - dy, = fr + ay.
(4) One of the following three conditions is satisfied:

(a) It holds that (ex,ex) = (1,1) [i.e., thatl the prime number py is odd, and,
moreover, e, = 1].

(b) It holds that (pk, fx,ex) = (2,1,1) [i.e., that k is isomorphic to Q).

(¢) It holds that (p, fr,er,ax) = (3,1,2,1) [i.e., that k is isomorphic to Qs3((3)
— ¢f. Proposition 1.1, (iv)].

(ii) Suppose that either (a) or (b) in (i) is satisfied. Then, for each nonnegative integer
v, it holds that p}, - 1), = my.

(iii) Suppose that (c) in (i) is satisfied. Then, for each nonnegative integer v, it holds
2v+1

that p} - T, = m2, pi " - md = m;
(iv) Suppose that (c) in (i) is satisfied. Write K o k((o) C k. Then the image of the
composite
Nm O
O — Of " or B g,
— where we write Nmpg/y, for the Norm map with respect to the finite extension K/k —
coincides with m} C k.

PRrROOF. — First, we verify assertion (i). The implication (1) = (2) is immediate. More-
over, the equivalence (1) < (3) follows from Proposition 1.1, (ii), and [3], Lemma 1.2, (vi).
One also verifies immediately the implication (4) = (3) by straightforward calculations
[cf. also Proposition 1.1, (v)].

Next, we verify the implication (2) = (1). Suppose that condition (2) is satisfied.
Then since (Ok)+ is a free Z,, -module of rank dy, we conclude that the module Z; /(Oy) +
is a free Z/p, " Z-module of rank dj. In particular, if v # 0, then the [, -vector space
(Z1/(Or)+) @z F,, is of dimension dj,. Thus, it follows from Lemma 1.6, (iii), that v = 0,
as desired. This completes the proof of the implication (2) = (1).

Finally, we verify the implication (3) = (4). Suppose that condition (3) is satisfied.
Then since pi* " - (pr — 1) < e [cf. Proposition 1.1, (v)], we obtain that

e foopp e —1) < erdy = fi+ay.
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Now suppose that py is odd, i.e., > 3. Then we obtain that
B —1)=1)-fr < a

Thus, one verifies easily that either (pg, fx,ax) = (3,1,1) or ay = 0. Now observe that it
follows from condition (3) that (pg, fi,ax) = (3,1,1) (respectively, ar = 0) implies that
(ks frs €y ar) = (3,1,2,1) (respectively, e = 1), as desired. This completes the proof of
the implication (3) = (4) in the case where py is odd.
Next, suppose that p, = 2. Then, by the above inequality ek~fk-pzk_1~(pk—1) < frtag,
we obtain that
2" =1)- fr < ay,

which thus implies that a;, = 1. In particular, it follows from condition (3) that 2d, =
fr+1,1e., fr-(2e, — 1) = 1. Thus, we conclude that (fg,ex) = (1,1), as desired. This
completes the proof of the implication (3) = (4), hence also of assertion (i).

Assertions (ii), (iii) follow from the implication (4) = (1) of assertion (i). Finally,
we verify assertion (iv). Let us first observe that one verifies easily that the integer
“t” discussed in [14], Chapter V, §3, for the finite Galois extension K/k [that is totally
ramified and of degree 3| is equal to 2. Moreover, it follows from Proposition 1.1, (iv),

Now since “t” is equal to 2, it follows from the second equality of [14], Chapter V,
§3, Corollary 3, that Nmy/x(OF) contains OF*, which thus implies [cf. [11], Chapter I,
Proposition 5.5] that

mj; C logy, (Nmg/i(OF)).

Next, observe that since fx = 1, one verifies immediately from Lemma 1.3, (i), (ii), that
OF is generated by OF* C OF and (9 € OF. Thus, it follows from [3], Lemma 1.2, (v),
that

Next, observe that since “t” is equal to 2, and fx = 1, it follows immediately from [14],
Chapter V, §3, Proposition 5, (iii), together with Lemma 1.3, (ii), that Nmg,,(OF?) is
contained in OF*, which thus implies [cf. [11], Chapter II, Proposition 5.5] that

logy, (N (OF2)) € i

Thus, we conclude that m} = log, (Nmg/,(O%)), as desired. This completes the proof of
assertion (iv), hence also of Lemma 1.8. O

DEFINITION 1.9.
(i) We shall write

Vk
for the nonnegative integer defined as follows [cf. also Remark 1.9.1 below]:
(1) Suppose that either (e, ex) = (1,1) or (pg, fr, e, ar) € {(2,1,1,1),(3,1,2,1)}.

Then

def
V = 0.
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(2) Suppose that the condition in (1) is not satisfied [which thus implies that
€ - e — 1 # 0], and that either p, > 5 or k 2 ka(Cka). Then

e cep— 1
i def max{uZO’ L%J 7&0}
Dy,

(3) Suppose that the condition in (1) is not satisfied [which thus implies that
€ - ex — 1 # 0], that p, < 3, and that k = ka(Cka) [which thus implies that agf] =1].

Then

def
vV = Qg — 17

or, alternatively [cf. the proof of Proposition 1.10, (i), below],

e cep—1
Vg o max{uzOH%J %0}—1.
Py

(i) We shall write
ord”: E\ {0} — Z
for the map of sets defined by

ordgﬁﬂ(a) o —ep-min{v eZ|pl-a€l}+e — 1

REMARK 1.9.1. — One verifies easily that the nonnegative integer vy of Definition 1.9,
(i), may be defined as follows:

(a) If either py > 5 or k is not isomorphic to Qp, (¢, ), then
T min{v > 0| ¢ -ex < pj }.
(b) If pr, < 3, and k is isomorphic to ka(Cka), then

vy min{ v >0|e e, <Pt} = min{v>1]e e <ph}—1

PROPOSITION 1.10. — The following hold:
(i) The nonnegative integer vy, is the smallest integer such that

P Tk C (Ok)y C I

(ii) For each a € k\ {0}, it holds that

[Z]

ordg(a) < ord;'(a) < ordg(a)+ e - (vx +1).

PROOF. — First, we verify assertion (i). Assertion (i) in the case where the condi-

tion in (1) of Definition 1.9, (i), is satisfied follows from the implication (4) = (1) of

Lemma 1.8, (i). Thus, we may assume without loss of generality that the condition in

(1) of Definition 1.9, (i), is not satisfied. [In particular, it holds that € - e, — 1 # 0.]
Write

vr
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for the smallest integer such that p;* - Z;, C (O)+ € Zj and

v, & max{v > 0] b,(v) #0}.
Then it is immediate from Proposition 1.5 that
vy = max{v >0|bg(v) —o(v,ar) #0}.
In particular, we obtain the following two assertions:
(a) If bk (vp) # d(, ag), then it holds that vz = 1.

(b) If bx(vp) = d(w, ax) [or, alternative, v, = ay > 1 and by (1) = 1], and by (v, —1) # 0,
then it holds that vz = v, — 1.

Moreover, let us observe that it follows immediately from the definition of by(v) that

vy, = maX{VZO‘ {WJ ;éO}.
Dy,

Now we verify assertion (i) in the case where the condition in (2) of Definition 1.9, (i),
is satisfied. Suppose that the condition in (2) of Definition 1.9, (i), is satisfied. Assume,
moreover, that by(v,) = (1, ax) [which thus implies — cf. the above assertion (b) —
that v, = ax, > 1 and by(13) = 1]. Then one verifies immediately that

l/b—l

vo=ap > 1, fi=1 pp ' < eg-ep—1 < 2-p)

In particular, since pzk_l (pr — 1) < ey [cf. Proposition 1.1, (v)], we obtain that

ak—l ak—l

e Py (e —1)—1 < 2-ppf
which thus implies that
e (pr — 1) —p,lﬂ_a’“ < 2.
Thus, since a;, > 1, we obtain that p, < 3.

Next, let us observe that since a > 1, fr = 1, and p, < 3, it follows immediately from
the condition in (2) of Definition 1.9, (i), together with Proposition 1.1, (iv), (v), that

2-pP (g — 1) < ey

In particular, since ¢ - e — 1 < 2 'pzb_l, we obtain that
2o ppt (-1 -1 < 2pp
which thus implies that
2-€ - (pk — 1) —p,i_a’“ < 2.

Thus, since ay > 1, we obtain a contradiction. In particular, we obtain that by(1}) #
d(vp, a), which thus implies [cf. the above assertion (a)] assertion (i) in the case where the
condition in (2) of Definition 1.9, (i), is satisfied. This completes the proof of assertion
(i) in the case where the condition in (2) of Definition 1.9, (i), is satisfied.

Finally, we verify assertion (i) in the case where the condition in (3) of Definition 1.9,
(1), is satisfied. Suppose that the condition in (3) of Definition 1.9, (i), is satisfied. Then

since k is isomorphic to ka(Cka)7 and ag] = 1, it follows from Proposition 1.1, (iv), that

er = pzk_l - (pr — 1). In particular, since pp < 3, we obtain that

rk-ek—lJ {ek-pikﬂ'(pk—l)—lj L €x 1J 0
| = a = |- — == =0
pkk pkk Dk pkk
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ak—l ak—l

€ e — 1 e P (pe—1) =1 1
{iJ = {k k (pi = 1) J = LEk‘pk_Ek_ﬁJ = 1,

by, Dy, Dy
ap—1
€ e — 1 Py (pr—1)—1 1
\‘ ap—2 J = L . ap—2 J = \\Ek : p% - €k : pk - ak_QJ 2 3
Dy P Dy

Thus, since fp = 1 [cf. Proposition 1.1, (iv)], we conclude that
vy = Qg Z 1, bk(Vb) = (5(1/b,ak), bk(Vb — 1) 7& O

In particular, assertion (i) in the case where the condition in (3) of Definition 1.9, (i),
is satisfied follows from the above assertion (b). This completes the proof of assertion
(i) in the case where the condition in (3) of Definition 1.9, (i), is satisfied, hence also of
assertion (i).

Next, we verify assertion (ii). Write N o min{v € Z | p}, - a € Zy }. Then it follows

from the definition of N that p;™ - a € T, but p; "' -a & ;. Thus, it follows from
vi—N

assertion (i) that pi* ™ -a € pf¥ - T C (Ok)y but pp ¥ -a & (Ok);. In particular, we
obtain that ordy(py* ™ - a) > 0 and ordy(p; ¥~ - a) < 0, which thus implies that
e - (N — Vk) < ordk(a) < € (N+ 1)
Thus, it follows from the definition of ordg}(a) that
ordLI}(a) —ep+1—ep v < ordgla) < ordg](a).

This completes the proof of assertion (ii), hence also of Proposition 1.10. U

REMARK 1.10.1. — By Proposition 1.10, (ii), one may regard the map ordg] : k\{0} - Z
of Definition 1.9, (ii), as a sort of “pi-adic valuation with an indeterminacy”.

2. RECONSTRUCTION ALGORITHMS RELATED TO VALUATIONS

In the present §2, we maintain the notational conventions introduced at the beginning
of §1. In particular, we have been given an MLF

k.

Moreover, let

G
be a [profinite — cf. [3], Proposition 3.3, (i)] group of MLF-type [cf. [3], Definition 3.1].
Thus, by applying the various group-theoretic reconstruction algorithms [cf. [8], Remark
1.9.8] of [3], §3, and [3], §4, to the group G of MLF-type, we obtain

e a prime number p(G),

e positive integers d(G), f(G), and e(G),
subgroups P(G) C I(G) C G of G,

an element Frob(G) € G/I(G) of G/I(G),

topological monoids O3 (G) C O*(G) C O%(G) C k*(G) sy G,
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e monoids £*(G) C k«(G) and k«(G),
topological modules Z(G) C k4 (G),

a measure u(G) on ki (G),

G-monoids O*(G) C O%(G) C k*(G) C ky(G) and EX(G) C kx(G),
a G-module k, (GQ),

a G-module pu(G), and

e a topological G-module A(G)

[cf. [3], Summary 3.15; [3], Summary 4.3].
In the present §2, we establish group-theoretic reconstruction algorithms for construct-
ing, from the group G of MLF-type, a homomorphism of modules

ordg(G): k*(G) — Z4

which “corresponds” to the py-adic valuation ordy: k\ {0} — Z [cf. Definition 2.2, Propo-
sition 2.3 below] and a map of sets

ords(GQ): ko (G)\ {0} — Z

which “corresponds” to the map ordLI]: kE\ {0} — Z of sets of Definition 1.9, (ii) [cf.
Definition 2.6, (ii); Proposition 2.7, (ii), below], i.e., a sort of “pg-adic valuation with
an indeterminacy” [cf. Remark 1.10.1]. Moreover, we also establish group-theoretic re-
construction algorithms for constructing, from a group of MLF-type that satisfies an
additional condition, topological submodules

W) € OL(=) € k(=)

— where n is a nonnegative integer — of “k, (—)” which “correspond” to the topological
submodules m} C (Ok)+ C ky of ki, respectively [cf. Definition 2.9, (i), (ii); Proposi-
tion 2.10 below].

LEMMA 2.1. — The module k™ (G)/O*(G) is torsion-free and generated by Frob(G) €

K<(G)/O%(G).

PROOF. — This assertion follows — in light of [3], Proposition 3.6; [3], Proposition 3.9;
[3], Proposition 3.11, (i) — from [3], Lemma 1.5, (i) and [3], Lemma 1.7, (1). O

DEFINITION 2.2. — We shall write
ordg(G): k*(G) — Z

for the map defined as follows [cf. [2], Theorem 1.4, (7)]: For each a € k*(G), write
ordg(G)(a) € Z for the uniquely determined [cf. Lemma 2.1] integer n such that the
image of a € k*(G) in k*(G)/O*(G) coincides with Frob(G)" € k*(G)/O*(G).

One verifies immediately that this map is, in fact, a homomorphism k*(G) — Z, of
modules.
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PROPOSITION 2.3. — The vertical isomorphism k* = k*(Gy) in the diagram of [3],
Proposition 3.11, (i), fits into a commutative diagram of modules

<o 2, 7
| |
KX (Gy) 22, g
PrROOF. — This assertion follows — in light of [3], Proposition 3.6; [3], Proposition 3.9;
3], Proposition 3.11, (i) — from Lemma 1.2. O

REMARK 2.3.1. — Let us observe that one verifies immediately from Proposition 2.3 that
e the open subsets of the topological module k*(G) (C k«(G)) and,

e for each positive integer n, the subsets of ky(G)

{a € k*(G) | ordg(G)(a) > n} U {xx@)} € kx(G)

generate a topology on the underlying set of the monoid k4 (G) by means of which one
may regard k. (G) as a topological monoid. Moreover, one also verifies immediately from
Proposition 2.3 that the isomorphism k., — k,(G}) of [3], Proposition 3.11, (ii), is an
isomorphism of topological monoids.

DEFINITION 2.4.
(i) We shall write

det | 1 if p(G) #2
() = {2 ifiEG§:2

[cf. [3], Definition 3.13].
(ii) We shall write

def G
a(G) “ oge (£((F*(@ror) "))
[cf. [3], Lemma 1.2, (i); [3], Proposition 3.11, (i)].
(iii) Let v be a positive integer. Then we shall write

o (R o [00°1 [0

(iv) We shall write

def it 1/ ®b(G,v)—d(v,a(G
G) % ] (B /p(G)2.) )0

v=1

— where we write (i, ) Ly (respectively, o 0) if i = j (respectively, i # j).
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PROPOSITION 2.5. — The following hold:

(i) It holds that
€ — E(Gk), ar = CL(Gk)

(ii) The module I,/ (Of)+ is isomorphic, as an abstract module, to the module 1(Gy,).

PROOF. — Assertion (i) follows from [3], Proposition 3.6, and [3], Proposition 3.11, (i).
Assertion (ii) follows — in light of assertion (i); [3], Proposition 3.6 — from Proposi-
tion 1.5. This completes the proof of Proposition 2.5. U

DEFINITION 2.6.

(i) We shall write
v(G)

for the nonnegative integer defined as follows:

(1) If either p(G) > 5 or (f(G),e(G)) # (1,p(G)* @1 (p(G) — 1)), then
v(G) = min{v >0 €(G)-e(G) < p(G)" }.
(2) It p(G) <3 and (£(G),e(G)) = (1,p(G)*D1 - (p(G) — 1)), then
V(@) = min{v >0 €(G)-e(G) < p(G)+ .

(ii) We shall write
ordg(G): ki (G)\ {0} — Z
for the map of sets defined by

ordg(G)(a) ¥ —e(G) -min{v e Z | p(G)’ -a € T(G) } + e(G) — 1.

PROPOSITION 2.7. — The following hold:

(i) It holds that
Vi = V(Gk)

(ii) The vertical isomorphism ky — ky(G},) in the diagram of [3], Proposition 3.11,
(iv), fits into a commutative diagram of sets

R S
| |
k(G \ {0y 29, 7,

(i) For each a € k\ {0}, it holds that
ordg(a) < ordm(Gy)(a) < ordi(a)+e(Gy)- (v(Gy) +1).
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PROOF. — Assertion (i) follows from Proposition 2.5, (i), and [3], Proposition 3.6, to-
gether with Proposition 1.1, (iv) [cf. also Remark 1.9.1]. Assertion (ii) follows from [3],
Proposition 3.6, and [3], Proposition 3.11, (iv). Assertion (iii) follows — in light of as-
sertions (i), (ii); [3], Proposition 3.6 — from Proposition 1.10, (ii). This completes the
proof of Proposition 2.7. O

LEMMA 2.8. — The following two conditions are equivalent:
(i) It holds that ¢(G) - d(G) = f(G) + a(G).
(ii) One of the following three conditions is satisfied:
(1) It holds that (e(G),e(G)) = (1,1).
(2) It holds that (p(G), f(G),e(G)) = (2,1,1).
(3) 1t holds that (p(G), f(G),e(G),a(G)) = (3,1,2,1).

PrROOF. — This assertion follows — in light of Proposition 2.5, (i); [3], Proposition 3.6
— from the equivalence (3) < (4) of Lemma 1.8, (i). O

DEFINITION 2.9. — Suppose that €(G) - d(G) = f(G) + a(G).

(i) We shall write

0.(G) = Z(G) < k(G).
(ii)) Let n be a nonnegative integer. Then we shall define a topological submodule
m"(G) € O0.(G)
of O4(G) as follows:
(1) Suppose that either (e(G),e(G)) = (1,1) or (p(G), f(G),e(G)) = (2,1,1) [cf.

Lemma 2.8]. Then we shall write

m"(@Q) = p(G)" 0L(G) C 0.(G).

(2) Suppose that (p(G), f(G),e(GQ),a(G)) = (3,1,2,1) [cf. Lemma 2.8]. If n is even,

then we shall write
mh(G) = p(G)"* - 0L(G).

If n is odd, then we shall write
m(@) E p(@) 2 Im(O%(H) — O*(H) — 0*(G) — k4 (G))

— where we write H C G for the kernel of the natural action of G on u(G)[9] (C u(G));
the first arrow “—” is the natural inclusion; the second arrow “—” is the homomorphism
induced by the homomorphism H?® — G determined by the inclusion H — G the
third arrow “—” is the natural homomorphism.
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PROPOSITION 2.10. — Suppose that €;-ex = fr+ay, or, alternatively [cf. Proposition 2.5,
(i); [3], Proposition 3.6, that e(Gy) - e(Gy) = f(Gy) + a(Gg). Let n be a nonnegative
integer. Then the vertical isomorphism ky — k. (Gy) in the diagram of [3], Proposition
3.11, (iv), fits into a commutative diagram of topological modules

my R (Ok)+ e ky

| | |
m"(Gy) —— O4(Gr) —— k+(Gy)

— where the horizontal arrows are the natural inclusions, and the vertical arrows are
isomorphisms.

PROOF. — This assertion follows — in light of Proposition 2.5, (i); [3], Lemma 1.7,
(2); [3], Proposition 3.6; [3], Proposition 3.11, (i), (iv) — from Lemma 1.8, (i), (ii), (iii),
(iv). O

Some of the group-theoretic reconstruction algorithms discussed in the present §2 may
be summarized as follows.

SUMMARY 2.11.

(i) There erxist group-theoretic reconstruction algorithms [cf. [8], Remark 1.9.8]
for constructing, from a group G of MLF-type,

e nonnegative integers €(G), a(G), and v(G) [cf. Definition 2.4, (i), (ii); Defini-
tion 2.6, (1)],

a module 1(G) [cf. Definition 2.4, (iv)],
e a homomorphism ordg(G): k*(G) — Z4 of modules [cf. Definition 2.2], and
a map ordg(G): k(G)\ {0} — Z of sets [cf. Definition 2.6, (ii)]

which “correspond” to

e the nonnegative integers €, ay, and vy [cf. Proposition 2.5, (i); Proposition 2.7,
)],

e the quotient of I, by (Ok)+ [cf. Proposition 2.5, (ii)],

e the py-adic valuation ordy: k \ {0} — Z [cf. Proposition 2.3], and

e the “pp-adic valuation with an indeterminacy” [cf. Remark 1.10.1] ordLI] : k\{0} —
Z |cf. Proposition 2.7, (ii)],

respectively.

(ii) There exist group-theoretic reconstruction algorithms for constructing, from
a group G of MLF-type such that €(G) - d(G) = f(G) + a(G),

e a topological submodule O, (G) C ky(G) of ki (G) [¢f. Definition 2.9, (i)] and,

e for each nonnegative integer n, a topological submodule m™(G) C O, (G) of OL(G)
[cf. Definition 2.9, (ii)]
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which “correspond” to
e the topological submodule (O)y C ki of ky [cf. Proposition 2.10] and,

e for each nonnegative integer n, the topological submodule m C (Ok)+ of (Ok)+
[cf. Proposition 2.10],

respectively.

REMARK 2.11.1. — Let us recall that, as asserted in Summary 2.11, (i), we have estab-
lished [cf. Definition 2.6, (ii)] a group-theoretic reconstruction algorithm for construct-
ing, from a group G of MLF-type, a map ordm(G): k4 (G) \ {0} — Z of sets which
“corresponds” to the “pg-adic valuation with an indeterminacy” ordgf]: k\ {0} — Z |[ct.
Remark 1.10.1].

Here, let us also recall that, as discussed in [3], Remark 4.3.1, (i) [cf. also [3], Re-
mark 4.3.2], it is impossible to establish a group-theoretic reconstruction algorithm for
constructing, from a group G of MLF-type, a topology on the module k,(G) which “cor-
responds’ to the pp-adic topology on the module k. In particular, it is impossible to
establish a group-theoretic reconstruction algorithm for constructing, from an arbitrary
group G of MLF-type, a map k. (G)\ {0} — Z of sets which “corresponds” to the py-adic
valuation & \ {0} — Z [i.e., without any indeterminacy].

REMARK 2.11.2. — Let us recall that, as asserted in Summary 2.11, (ii), we have estab-
lished [cf. Definition 2.9, (i)] a group-theoretic reconstruction algorithm for constructing,
from a group G of MLF-type such that €(G) - d(G) = f(G) + a(G), a topological sub-
module O, (G) C k(G) of ki (G) which “corresponds” to the topological submodule
(Ok>+ g kJr of ]{7+.

Here, let us also recall that, as discussed in [3], Remark 4.3.1, (iii) [cf. also [2], Re-
mark 1.4.3], it is impossible to establish a group-theoretic reconstruction algorithm for
constructing, from an arbitrary group G of MLF-type, such a topological submodule of

ko (G).

REMARK 2.11.3. — Let us recall that, as asserted in [3], Summary 3.15, and Sum-
mary 2.11, (i), we have established [cf. [3], Definition 3.10, (vi); Definition 2.4, (iv)]
group-theoretic reconstruction algorithms for constructing, from a group G of MLF-type,
modules Z(G) and I(G) which “correspond” to the log-shell Z;, and the quotient Z /(O )+,
respectively.

Here, let us also recall that, as discussed in [3], Remark 4.3.1, (iii) [cf. also [2], Re-
mark 1.4.3|, it is impossible to establish a group-theoretic reconstruction algorithm for
constructing, from an arbitrary group G of MLF-type, a surjection Z(G) — I(G) which
“corresponds” to the natural surjection Zj, — Zj./(Og) .
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3. OPEN HOMOMORPHISMS BETWEEN PROFINITE GROUPS OF MLF-TYPE

In the present §3, we maintain the notational conventions introduced at the beginnings
of §1 and §2. In particular, we have been given a group of MLF-type

G.

In the present §3, we consider open homomorphisms between profinite groups of MLF-
type. As a consequence of the results in the present §3, we prove that every open homo-
morphism between profinite groups of MLF-type such that the positive integer “e(—)”
[cf. the notational conventions introduced at the beginning of §2] of the domain is equal
to the positive integer “e(—)” of the codomain is injective [cf. Corollary 3.7 below].

LEMMA 3.1. — The following hold:

(i) The topological module (GP))ab/Yr s g free Z,q)-module of rank d(G) + 1.
Moreover, the kernel of the natural surjection (GP(@))ab —, (GE@))ab/tor s cyelic.

(ii) The closed subgroup I(G)/P(G) C G/P(G) of G/P(G) coincides with the kernel
of the natural surjection G/P(G) — (G/P(G))2/tr,

(iii) It holds that

1(G) = ogye (1+4((G/P(@)™"™)).

PROOF. — Assertion (i) follows immediately — in light of [3], Proposition 3.6; the
isomorphism in the final display of [3], Lemma 1.7, (1) — from [3], Lemma 1.2, (i).
Assertions (ii), (iii) follow immediately — in light of [3], Proposition 3.6; [3], Proposition
3.9 — from [3], Lemma 1.5, (i), (ii), (iii). This completes the proof of Lemma 3.1. O

DEFINITION 3.2. — Let J be a profinite group. Then we shall say that a closed subgroup
N C J of J is quasi-normal [i.e., in J] if N is normal in an open subgroup of J that
contains V.

REMARK 3.2.1. — Let J be a profinite group and N C J a quasi-normal closed subgroup
of J. Then one verifies easily that, for each closed subgroup J; C J of J, the closed
subgroup N N J; C Jy of J; is quasi-normal.

LEMMA 3.3. — Let J C G be a nontrivial closed subgroup of G. Then the following
hold:

(i) Suppose that J is quasi-normal in G. Then one of the following three conditions
is satisfied [cf. also Remark 3.3.1 below):

(1) The image of J in GP@) is open.

(2) The mazimal pro-p(G) quotient J®P&) js not topologically finitely gener-
ated.

(3) There is no nontrivial pro-p(G) quotient of J.
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(ii) Suppose that J is quasi-normal in G. Then there exists an open subgroup of J
that has a nontrivial pro-p(G) quotient.

(iii) Suppose that the mazimal pro-p(G) quotient JP(@) s not procyclic. Then there
exists an open subgroup H C G of G such that J C H, and, moreover, the image of J in
(H®(G)))ab/tor s nontrivial [hence also infinite).

(iv) Suppose that J is quasi-normal in G. Then the following two conditions are
equivalent:

(a) There is a nontrivial pro-p(G) quotient of J.

(b) There ezists an open subgroup H C G of G such that J C H, and, moreover,
the image of J in (H®@))ab/tor s nontrivial [hence also infinite)].

PROOF. — First, we verify assertion (i). Let us first observe that, to verify assertion
(1), it suffices to verify that if J satisfies neither condition (1) nor condition (3), then J
satisfies condition (2). Suppose that J satisfies neither condition (1) nor condition (3).

To verify that J satisfies condition (2), let us observe that since J does not satisfy
condition (3), there exists a normal open subgroup N C G of G such that J/(JNN) has a
quotient that is a p(G)-group. Thus, by considering the composite J < J-N — (J-N)/N
[that determines an isomorphism J/(JNN) = (J-N)/N], we conclude that the image of
Jin (J - N)P) is nontrivial. Next, since .J does not satisfy condition (1), the image of .J
in (J- N)®E) is not open. Thus, it follows immediately — in light of [3], Proposition 3.6
— from [7], Theorem 1.7, (ii) [cf. also Remark 3.2.1], that the image of J in (J - N)®()
is not topologically finitely generated, which thus implies that J satisfies condition (2), as
desired. This completes the proof of assertion (i).

Assertion (ii) follows immediately — in light of [3], Proposition 3.6 — from [1], Lemma
2.3. Next, we verify assertion (iii). Let us first observe that, by our assumption, there
exists a normal open subgroup N C G of G such that J/(J N N) has a quotient that

is a noncyclic p(G)-group. Write H ' 7. N C G. Now let us recall the easily verified
fact that, for a given p(G)-group, it holds that the p(G)-group is cyclic if and only if the
abelianization of the p(G)-group is cyclic. Thus, by considering the composite J <— H —»
H/N [that determines an isomorphism J/(JNN) = H/N], we conclude immediately that
the image Im(J) C (H®ED)2b of J in (HP))2b is not cyclic. In particular, it follows
immediately from Lemma 3.1, (i), that the image of Im(J) C (H®(@))ab in (H@P(G)))ab/tor
is nontrivial. This completes the proof of assertion (iii).

Finally, we verify assertion (iv). The implication (b) = (a) is immediate. Next, we
verify the implication (a) = (b). Suppose that the condition (a) is satisfied. If condition
(1) of assertion (i) is satisfied, then the condition (b) is immediate. On the other hand,
if condition (2) of assertion (i) is satisfied, then the condition (b) follows from assertion
(iii). This completes the proof of assertion (iv), hence also of Lemma 3.3. O

REMARK 3.3.1. — Let us give an example that satisfies each of the three conditions in
Lemma 3.3, (i):

(i) One verifies easily that G itself satisfies condition (1) of Lemma 3.3, (i), i.e., that
condition (1) of Lemma 3.3, (i), in the case where we take the “J” to be G is always
satisfied.
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(ii) Next, let us verify that condition (2) of Lemma 3.3, (i), in the case where we take
the “J” to be the normal closed subgroup P(G) C G of G is always satisfied. Indeed,
this follows from [12], Proposition 7.5.1, together with [3], Proposition 3.6.

(iii) Finally, one verifies easily that condition (3) of Lemma 3.3, (i), in the case where

we take the “J” to be the kernel of the natural surjection G — G®(©) is always satisfied
[cf. also [3], Lemma 1.5, (i)].

PROPOSITION 3.4. — For each O € {o, e}, let GO be a profinite group of MLF-type.
Let
a: G, — G,

be an open homomorphism. Then the following hold:

(i) The open homomorphism « fits into a commutative diagram of profinite groups
C C

P(G,) — I(G,) — G,

| o
P(G,) = I(G,) —< . G,
— where the horizontal arrows are the natural inclusions, and the vertical arrows are
open. If, moreover, a is surjective, then the vertical arrows are surjective.
(ii) In the resulting [cf. ()] commutative diagram of profinite groups

Go —— Go/P(G,) —— G./I(G,)

| | |

G, —— G,/P(G.) —— G./I(G.)

— where the horizontal arrows are the natural surjections — the middle and right-hand
vertical arrows are open injections. In particular, if, moreover, a is surjective, then
the middle and right-hand vertical arrows are isomorphisms.

(iii) 1t holds that
p(Gs) = p(G.), d(Go) = d(G.), [(Gs) € [(Ga)Z, e(Go) = e(G).
If, moreover, « is surjective, then

f(Gs) = f(G.).

(iv)  The right-hand vertical arrow of the diagram of (ii) maps Frob(G,) € G,/1(G,)
to Frob(G,)/(@)/f(G) € G, /1(G,) [cf. (ii)]. In particular, if, moreover, a is surjective,
then the right-hand vertical arrow of the diagram of (ii) maps Frob(G,) € G,/I(G,) to
Frob(G,) € Go/I1(G.) [cf. (iii)].

PROOF. — Let us first observe that it follows immediately from [3], Proposition 3.6,
and [3], Proposition 3.9, that, to verify Proposition 3.4, we may assume without loss of
generality, by replacing G by the image of a [which is of MLF-type — cf. the discussion
following [3], Proposition 3.3|, that « is surjective.

First, we verify assertions (i), (ii). The assertion that « restricts to a surjection
P(G,) — P(G.,), as well as the assertion that the resulting homomorphism G,/P(G,) —
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G./P(G,) is an isomorphism, follows immediately — in light of [3], Proposition 3.6 —
from [7], Proposition 3.4. In particular, the assertion that « restricts to a surjection
I(G,) — I(G.,), as well as the assertion that the resulting homomorphism G./I(G,) —
G./I1(G,) is an isomorphism, follows immediately from Lemma 3.1, (ii). This completes
the proofs of assertions (i), (ii).

Next, we verify assertion (iii). Let us first observe that the surjection « induces a
surjection G /(p(GL) -G = GEYT /(p(G.L)-GEY/*"). Thus, it holds that p(G,) =
p(G,e) and d(G,) > d(G,). In particular, it follows — in light of assertion (ii) — from
Lemma 3.1, (iii), that f(G,) = f(G.), which thus implies that e(G,) > e(G,). This
completes the proof of assertion (iii). Assertion (iv) follows from assertions (ii), (iii).
This completes the proof of Proposition 3.4. U

PROPOSITION 3.5. — In the situation of Proposition 3.4, write Hy C G, for the image
of a [which is of MLF-type — cf. the discussion following [3], Proposition 3.3]:

a: G, - Hy, — d,.

Then the following hold:

(i) The open homomorphism « determines a commutative diagram of topological
monotids

O%(G.) —=— O%X(G.) —S— OP(G,) —=— k¥(G.) =) gav

| |
(H weellh), g

I T

rec

O%(Ga) —=— OX(G.) —S— OP(G.) —=— k*(G.) =) gav

— where the horizontal arrows are the natural inclusions, the upper vertical arrows are the
surjections induced by «, and the lower vertical arrows are the injections determined
by the transfer map [i.e., with respect to Hy C G| [cf. [3], Lemma 1.7, (3)].

(ii) The left-hand upper and left-hand lower squares of the diagram of (i) determine
homomorphisms of modules

E(Gs) = E*(H,) < E*(G.)

— where the first arrow is an isomorphism, and the second arrow is injective.
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(iii) The vertical open homomorphisms O*(G,) — O*(H,) < O*(G,) in the diagram
of (i) fit into a commutative diagram of topological modules
C

O*(Go) —— I(Go) —— ky(Go)

l l !

OX(H,) —— T(H,) —— k()

I I I

O*(Ga) —— I(G) —— k:(Gl)
— where the horizontal arrows are the natural homomorphisms, the upper vertical arrows
are surjective, and the lower vertical arrows are injective.

PROOF. — These assertions follow immediately from Proposition 3.4, (i), (iii), (iv). O

REMARK 3.5.1. — It follows immediately from Proposition 3.4, (iv), that the vertical
surjection k*(G,) — k*(H,) in the diagram of Proposition 3.5, (i) fits into a commutative

diagram of modules

X (Go) ordg (Go) 7,

Jr
ordg (He)
é +

k*(H.) Z

[cf. Definition 2.2].

THEOREM 3.6. — For each O € {o, e}, let G be a profinite group of MLF-type. Let
a: G, — G,

be an open homomorphism. Suppose that d(G,) < d(G,) [which is the case if, for
instance, d(G,) = 1]. Then « is an isomorphism.

PROOF. — Since d(G,) < d(Gl), by applying Proposition 3.4, (iii), to the natural surjec-
tion G, — a(G,) and the natural inclusion a(G,) < G, [note that «(G,) is of MLF-type
— cf. the discussion following [3], Proposition 3.3], we obtain that d(a(G,)) = d(G.). On
the other hand, it follows from [3], Proposition 3.6, that this equality implies the equality
a(G,) = G, i.e., that « is surjective.

Now assume that « is nmot injective, i.e., that J of Ker(a) is nontrivial. Let us
first observe that since J is contained in P(G,) [cf. Proposition 3.4, (ii)], the profi-
nite group J is pro-p(G,), which thus implies that J does not satisfy condition (3) of
Lemma 3.3, (i). Thus, it follows from Lemma 3.3, (iv), that there exists an open sub-
group H, C G, of G, such that J C H, [i.e., H, = a'(a(H,))], and, moreover, the
image of J in (l:ic(fg(G")))‘j‘b/tor is nontrivial. In particular, since d(H,) = d(G,) - [Gs :
H,) < d(G.) - [Gs : Ho] = d(G,) - [Ge : a(H,)] = d(a(H,)) [cf. [3], Proposition 3.6, we
may assume without loss of generality, by replacing (G,, Go) by (Ho, a(H,)), that the im-

Ggp(GO)) ) ab/tor

age of J in ( is nontrivial. On the other hand, this implies that the surjection
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(GG yavior (GGl yab/tor — (GPGeDyablior [ef. Proposition 3.4, (iii)] induced by a

is not injective. Thus, it follows immediately from Lemma 3.1, (i), that d(G,) > d(G.)
— in contradiction to our assumption that d(G,) < d(G,). This completes the proof of
Theorem 3.6. U

COROLLARY 3.7. — For each 00 € {o, e}, let Go be a profinite group of MLF-type.
Let

a: Go — G

be an open homomorphism. Suppose that e(G,) < e(G,.) [which is the case if, for in-
stance, ¢(G,) = 1]. Then « is injective.

PROOF. — Since e(G,) < e(G,), by applying Proposition 3.4, (iii), to the natural surjec-
tion G, — a(G,) and the natural inclusion «(G,) — G, [note that o(G,) is of MLF-type
— cf. the discussion following [3], Proposition 3.3], we obtain that e(G,) = e(a(G,)).
Thus, to verify Corollary 3.7, we may assume without loss of generality, by replacing G,
by a(G,), that « is surjective, and that e(G,) = e(G,.). Then since « is surjective, and
e(Go) = e(G,), it follows immediately from Proposition 3.4, (iii), that d(G,) = d(G,).
Thus, it follows from Theorem 3.6 that « is an isomorphism, as desired. This completes
the proof of Corollary 3.7. O

COROLLARY 3.8. — For each 0 € {o, e}, let kg be an MLF and kg an algebraic closure

of ko; write G o Gal(ko/kn). Suppose that ey, = 1. Then the following three conditions
are equivalent:

(1) The field k. is isomorphic to the field k,.
(2) There exists a surjection G, — G,.
(3) The group G, is isomorphic to the group G,.

PrROOF. — The implication (1) = (2) is immediate. The implication (2) = (3) follows
— in light of [3], Proposition 3.6 — from Corollary 3.7. Finally, since [we have assumed
that] ex, = 1, the implication (3) = (1) follows immediately from [3], Proposition 3.6 [cf.
also [3], Lemma 1.5, (i)]. This completes the proof of Corollary 3.8. O

4. RECONSTRUCTION ALGORITHMS RELATED TO ABSOLUTELY ABELIAN MLEF’s

In the present §4, we maintain the notational conventions introduced at the beginnings
of §1 and §2. In the present §4, we discuss some group-theoretic reconstruction algorithms
[cf. [8], Remark 1.9.8] related to absolutely abelian [cf. Definition 4.2, (ii), below] MLF’s.
We establish, for instance, a group-theoretic reconstruction algorithm for constructing,
from a group of MLF-type, a homomorphism which “corresponds” to the Norm map
Ny, =1 : k* — (k=) with respect to the finite extension k/k“=Y [cf. Definition 4.7,
(iii); Proposition 4.9, (i), below], which leads us to the notion of MLF-Galois label [cf.
Definition 4.10, Theorem 4.11 below]. Finally, as a consequence of the group-theoretic
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reconstruction algorithms, we also obtain a refinement of the main theorem of [6] [cf.
Corollary 4.14, (i); Remark 4.14.1 below].

LEMMA 4.1. — The following hold:
(i) The natural homomorphisms
Z, — Endg, (A(K)®), Q,, — Endg, (A(R)™ ®z, Q)

are isomorphisms of topological algebras. Moreover, these isomorphisms restrict to
isomorphisms of topological groups

Z;k L) AutZPk (A(E>(pk))’ Q;}c ;) AU‘tka (A(E)(Pk) ®Zpk @Pk)7

respectively.
We shall write
R cp—

for the composite of the natural action Gj, — Autg, (A(K)®)) and the above isomorphism

Autz, (A(K)Pe)y & Z) , i.e., the py-adic cyclotomic character.

(i) Let @pk be an algebraic closure of Q.. Then the homomorphism G&* — Ly,
determined by the py-adic cyclotomic character Xy, cyc: Gx — Z[cf. (i)] coincides with
the composite

rec@pk -
G = Gal/KIYY S Gal(@, Q)" & (@) = Zixrk - B S T
— where the first arrow “— 7 is the homomorphism induced by the natural inclusion Gy —
Gal(k/k\=V); the second arrow “=7 is the isomorphism induced by an isomorphism
@pk = k of fields [that necessarily restricts to an isomorphism Q. — k=1 of fields);
the third arrow rec@pk is the isomorphism in the final display of [3], Lemma 1.7, (1) [in
the case where we take the “k” of [3], Lemma 1.7, to be Q,,|; the fourth arrow “—” is

the first projection; the fifth arrow “=7 is the isomorphism given by “a v a~'”.

(iii) The composite of the Norm map Nmy, =1 : k* — (K{@=DY% with respect to the
finite extension k/k\=Y and the isomorphism (kK“=V)* 5 QX induced by the [uniquely
determined) isomorphism k(@1 = Qy,, of fields coincides with the homomorphism k> —

S

. given by
-1 -ordy (a
E* > a — ka_cyc(reck(a)) -pﬁk k(@) ¢ Q,,
[cf. [3], Lemma 1.7].

PROOF. — Assertion (i) follows from the [easily verified] fact that the Z,,-module
A(K)®%) is free of rank ome. Assertion (ii) follows immediately from the well-known
[cf., e.g., [15], Chapter III, §A.4, Corollary| fact that the pi-adic cyclotomic character
in the case where we take the “£” to be the MLF Q,, coincides with the “Lubin-Tate
character x5~ [cf. the notational convention introduced in [1], Definition 1.2, (ii)] in the
case where we take the “E” (respectively, “o”; “n”) of [1], Definition 1.2, (ii), to be Q,,
(respectively, the identity automorphism of Q,,; pr. € Oq,, = Z,,). Assertion (iii) follows
immediately from assertion (ii) and [3], Lemma 1.7, (1), (2). This completes the proof of
Lemma 4.1. U
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DEFINITION 4.2.
(i) We shall say that the MLF k is absolutely Galois if k is Galois over k(=1

(ii)) We shall say that the MLF k is absolutely abelian if k is absolutely Galois, and,
moreover, the Galois group Gal(k/k@=1) is abelian.

(iii) We shall write k") C k for the [uniquely determined] maximal absolutely abelian
MLF contained in &.

(iv) We shall write

(ab) def (ab) def
dk‘ - dk(ab), €k - ek(ab)

for the “dy”, “e;” in the case where we take the “k” to be k@) of (iii), respectively.

LEMMA 4.3. — Let K be an intermediate field of the finite extension k/k@) . Then the
following hold:

(i) It holds that K@) = k@b,

(ii) There is no nontrivial intermediate field of the finite extension k/k(
also of K/k®) that is unramified over k),

PROOF. — Assertion (i) follows from the definition of “(—)@"”. Assertion (ii) follows
immediately from the [easily verified] fact that every intermediate field of k/k®") unram-
ified over k@) is absolutely abelian [cf. [3], Lemma 1.5, (i)]. This completes the proof of
Lemma 4.3. U

2b)  hence

LEMMA 44. — The following hold:
(i) It holds that
d™ = ™ fr, & = [(KV) Ny e (65)].

(i1) The following three conditions are equivalent:
(1) The MLF k is absolutely abelian.

(2) It holds that dy = d\™

(3) It holds that e = e\™.

PRrROOF. — First, we verify assertion (i). The equality d,(fb) = e,(:b) - fr follows from

Lemma 4.3, (ii), together with [3], Lemma 1.2, (iii). The equality dg:”b) = [(Kd=D)x .
Nmy, =) (k)] follows immediately from [3], Lemma 1.7, (1), (2). This completes the
proof of assertion (i). Assertion (ii) follows immediately from assertion (i), together with
[3], Lemma 1.2, (iii). This completes the proof of Lemma 4.4. O

Recall the group of MLF-type

introduced at the beginning of §2.
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DEFINITION 4.5.
(i) We shall write
A(g)(p(G))
for the maximal pro-p(G) quotient of the cyclotome A(G) associated to G. Note that since

A(G)®ED) has a natural structure of free Z,g)-module of rank one [cf. [3], Proposition
4.2, (iv)], the perfection

(A(G)(p(G)))Pf
of A(G)P(E) has a natural structure of Q,g)-vector space of dimension one.
(ii)) We shall write
Z,(G) < End(A(G)P)
for the topological algebra of endomorphisms of the topological module A(G)®(©).
(iii) We shall write
Q,(G) ¥ End((A(G)(p(G)))Pf>

for the algebra of endomorphisms of the perfection (A(G)®@))Pf. Thus, we have a natural
inclusion

Zp(G) — Qu(G).
By considering the topology induced by the topology of Z,(G) [cf. (ii)], we regard Q,(G)
as a topological algebra.

LEMMA 4.6. — The following hold:
(i) The natural homomorphism
Loy — Lp(G)

li.e., obtained by the natural Zyc)-module structure of A(GYE)] is an isomorphism
of topological algebra. Moreover, this isomorphism determines an isomorphism of
topological algebra

Q) — Q(G).
(i) We have natural identifications

ZyC) = An(AGP®) < Q@) = Au((AGP@)")

[ef. ()]
PROOF. — These assertions follow immediately — in light of [3], Proposition 3.6; [3],
Proposition 4.2, (iv) — from Lemma 4.1, (i). O

DEFINITION 4.7.

(i) We shall write
Xpeye(G): G — Zy(G)”
for the natural action of G on A(G)P@) [cf. Lemma 4.6, (ii)].



34 Y UICHIRO HOSHI

(ii) We shall write
pe(G) € Q,G)"

for the automorphism of (A(G)P(¥))Pf given by multiplication by p(G) [cf. Lemma 4.6,
(ii)].

(iii) We shall write

Nmaps(G): K*(G) — Qu(G)™
for the homomorphism of topological modules defined by
B(0) 2 @ = xpene @) recl@)fa)) ™ pe(GYOHO) € @y (G)

[cf. Definition 2.2].

(iv) We shall write

4(G) % [Q,(E) : In(Nman(@)], (@) & a(G)/£(6).

DEFINITION 4.8. — We shall say that G is of AAMLF-type if d(G) = d®(G). [Here,
“AAMLF” is to be understood as an abbreviation for “absolutely abelian mixed-characteristic
local field” — cf. Proposition 4.9, (iii), below.]

PROPOSITION 4.9. — The following hold:

(i)  Write Nmy jpa=1: k* — (KW4=1)*" for the Norm map with respect to the finite

extension k/k\Y. Then the vertical isomorphism k* = k*(Gy) in the diagram of [3],
Proposition 3.11, (i), fits into a commutative diagram of topological modules

J R Ny p(a=1) (k,(dzl))x
| |
Nm,ps (G
R (Gr) S (G

— where the right-hand vertical arrow is the composite of the isomorphism (k{@=1)* =
Q;(Gk) induced by the [uniquely determined] isomorphism k(=1 = Qp(cy) of fields and
the isomorphism Qp = Q). = Qu(Gr)* cf. [3], Proposition 3.6] determined by the
isomorphism of Lemma 4.6, (i).

(ii) 1t holds that
A = dN(Gy), e = e(ay).

(iii) 1t holds that the MLF k is absolutely abelian if and only if the group Gy is of
AAMLF-type.

PROOF. — Assertion (i) follows — in light of Proposition 2.3; [3], Proposition 3.6; [3],
Proposition 3.11, (i); [3], Proposition 4.2, (iv) — from Lemma 4.1, (iii). Assertion (ii)
follows immediately from Lemma 4.4, (i), together with assertion (i) and [3], Proposition
3.6. Assertion (iii) follows from Lemma 4.4, (ii), together with assertion (ii) and [3],
Proposition 3.6. This completes the proof of Proposition 4.9. U
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REMARK 4.9.1. — Let H C G be an open subgroup of G. Then one verifies immedi-
ately from Proposition 4.9, (i), together with [3], Lemma 1.7, (2), that the diagram of
topological modules

R(H) 2 Q,(H)
| H
KO T Qy(0)

— where the left-hand vertical arrow is the homomorphism induced by the homomor-
phism H*» — G2 determined by the inclusion H < G, and the right-hand vertical arrow
is the composite of the isomorphisms Q;(G) = Qu(G), @;( ) = Q,(H)* determined by
the isomorphism of Lemma 4.6, (i) [cf. also [3], Proposition 3.6] — commutes.

REMARK 4.9.2. — Suppose that G is of AAMLF-type. Then a profinite group iso-
morphic to G may be constructed as follows: Let G be a group of MLF-type such that
(p(G),d(G)) = (p(G),1). [Note that one verifies easily from [3], Proposition 3.6, that this
condition (p(é),d(é)) = (p(G),1) completely determines the isomorphism class of the
group G.] Write J C G for the closure, i.e, in Gab of the inverse image (C k*(G) C G=»)
of Im(Nm,,s(G)) € Q,(G)* by N (G): k% (G) — Q,(G )% — relative to the composite
of the isomorphisms Q. = Qu(G)%, Q;( & =~ Q,(G)* determined by the isomorphism
of Lemma 4.6, (i). Then it follows immediately from Remark 4.9.1 that G is isomorphic,
as an abstract profinite group, to the inverse image of J C G in G.

DEFINITION 4.10. — We shall refer to the collection of data
(p(G). d(G), (N, (G)) € Q(G)* & Qi)

[cf. Lemma 4.6, (i)] consisting of the prime number p(G), the positive integer d(G), and
the open subgroup Im((Nmaps)(G)) € Q) of Q) as the MLF-Galois label of G.

THEOREM 4.11. — For each O € {o, e}, let G be a group of MLF-type. Suppose that
one of the following two conditions is satisfied:

(1) It holds that {(p(Gs),a(G,)), (p(Gs),a(Ge))} Z {(2,1)} [¢f. Definition 2.4, (ii)].
(2) FEither G, or G4 is of AAMLF-type.

Then it holds that the group G, is isomorphic to the group G4 if and only if the MLF-
Galois label of G, coincides with the MLF-Galois label of G,.

PROOF. — The necessity is immediate. Next, we verify the sufficiency in the case where
condition (1) is satisfied. Suppose that condition (1) is satisfied, and that the MLF-Galois
label of G, coincides with the MLF-Galois label of G,. Then since Im(Nm,s(G,)) =
Im(Nmaps(G,)), one verifies immediately from Proposition 2.5, (i); Proposition 4.9, (i);
3], Lemma 1.7, (1), (2); [3], Proposition 3.6, that (2,1) & {(p(G>), a(G,)), (p(G,),a(G,))}.
Thus, since the MLF-Galois label of G, coincides with the MLF-Galois label of G,, it
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follows immediately — in light of Proposition 2.5, (i); Proposition 4.9, (i); [3], Proposi-
tion 3.6 — from the main theorems of [4] and [13], together with [3], Lemma 1.7, (1),
(2), that G, is isomorphic to G, as desired. This completes the proof of the sufficiency
in the case where condition (1) is satisfied

Finally, we verify the sufficiency in the case where condition (2) is satisfied. Sup-
pose that G, is of AAMLF-type, and that the MLF-Galois label of G, coincides with
the MLF-Galois label of G,. Then since Im(Nm,ps(Go)) = Im(Nm,ps(G,)), we obtain
that d@(G,) = d@)(G,). In particular, since G, is of AAMLF-type, the equality
d(G,) = d(G,) implies that G4 is of AAMLF-type. Thus, since the MLF-Galois label of
G, coincides with the MLF-Galois label of G,, it follows immediately from Remark 4.9.2
that G, is isomorphic to G,, as desired. This completes the proof of the sufficiency in
the case where condition (2) is satisfied, hence also of Theorem 4.11. U

REMARK 4.11.1.

(i) Let us recall that the main theorem of [1] asserts that, roughly speaking, the Hodge-
Tate-ness of py-adic representations of the group Gy, of MLF-type is closely related to the
ring structures of the fields k£ C k.

(ii) Let us also recall that, as discussed in [3], Proposition 4.2, (iv), the py-adic
cyclotomic character may be “reconstructed” from just the group structure of the group
G} of MLF-type.

Next, let us recall that Theorem 4.11 asserts that — under a mild assumption on
“(pr,ax)” — the isomorphism class of the group Gy, is completely determined by the MLF-
Galois label of G. Now observe that the main component of the notion of MLF-Galois
label is the third component, i.e., the image of the Norm map to (k{=Y)*. Moreover,
recall that, as discussed in Lemma 4.1, (iii), roughly speaking, the Norm map to (k(4=1)*
may be essentially described by the py-adic cyclotomic character.

Thus, one may conclude that, roughly speaking, the py-adic cyclotomic character is
closely related to the group structure of the group Gy of MLF-type.

(iii) It follows from the observations of (i), (ii), together with [3], Remark 4.3.3, that,
in summary,

Hodge-Tate representations is closely related to arithmetic holomorphic
structures [cf. [9], §2.7, (vii)] of MLF’s,

and, moreover,

the cyclotomic character [that is one of Hodge-Tate representations] is
closely related to mono-analytic structures [cf. [9], §2.7, (vii)] of MLF’s.

Hodge-Tate representations <= arithmetic holomorphic structures of MLF’s
the main theorem of [1]
immediate

mono-analytic structures of MLF’s
Lemma 4.1, (iii), and Theorem 4.11
[3], Proposition 4.2, (iv)

cyclotomic characters

el
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DEFINITION 4.12. — For each [J € {o, e}, let G be a group of MLF-type. Let a: G, —
G, be a homomorphism. Then we shall say that « is cyclotomically compatible if p(G,) =
p(G,), and, moreover, the diagram

Go Xp-cye(Go) ZP(GO)X

| |
G. Xp-cyc(Ge) Z,,(Go)*

~

— where the right-hand vertical arrow is the composite of the isomorphisms Z;(Go) —

Zp(tGO)X, Z;(G.) = Z,(G4)* determined by the isomorphism of Lemma 4.6, (i) — com-
mutes.

REMARK 4.12.1. — Let us recall that it follows immediately from the various definitions
involved that every open injection between profinite groups of MLF-type induces a natural
isomorphism between the cyclotomes “A(—)" [cf. [3], Definition 4.1, (i), (ii), (iii)]. In
particular, every open injection between profinite groups of MLF-type is cyclotomically
compatible.

REMARK 4.12.2. — Let [ be a prime number such that [ # p(G). Then, in the situation
of Definition 4.7, (i), by considering the natural action on the maximal pro-I quotient
of the cyclotome A(G) [i.e., as opposed to the natural action on A(G)P(@) discussed in
Definition 4.7, (i)], one may define the notion of ‘I-adic cyclotomic character” of G [i.e.,
as opposed to the “p(G)-adic cyclotomic character” Xpcyc(G) defined in Definition 4.7,
().

Now let us observe that it follows immediately — in light of [3], Proposition 3.6; [3],
Proposition 4.2, (iv) — from Proposition 3.4, (iii), (iv), and [3], Lemma 1.5, (i), (ii), (iii),
that every open homomorphism between profinite groups of MLF-type is compatible with
the respective ‘l-adic cyclotomic characters”, i.e., a similar diagram to the diagram of
Definition 4.12 commutes.

THEOREM 4.13. — For each [0 € {o, e}, let G be a profinite group of MLF-type. Let
a: G, — G,
be an open homomorphism. Then the following hold:

(i) Ifa iscyclotomically compatible and surjective, then the surjection k*(G,) —
k> (G,) induced by « [cf. Proposition 3.5, (1)] fits into a commutative diagram of topo-
logical modules

Nmaps(Go

F(Go) ) g, (G
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~

— where the right-hand vertical arrow is the composite of the isomorphisms @;(GO) —

Q(Go)™, Qe = Q,(G.)* determined by the isomorphism of Lemma 4.6, (i) [cf. also

Proposition 3.4, (iii)]. Moreover, it holds that
deP)(G,) = d™(G,), (G, = e(G,).

(ii) If G, is of AAMLF-type, then the following two conditions are equivalent:
(1) The homomorphism « is injective.
(2) The homomorphism « is cyclotomically compatible.

(iii) In the situation of (ii), if, moreover, (1) and (2) of (ii) are satisfied, then the
group Go is of AAMLF-type.

PROOF. — First, we verify assertion (i). The first assertion, hence also the equality
d@)(G,) = d®)(G,), follows immediately from Proposition 3.4, (iii), and Remark 3.5.1.
Thus, the equality e (G,) = ¢@P)(G,) follows from Proposition 3.4, (iii). This completes
the proof of assertion (i).

Next, we verify assertion (ii). The implication (1) = (2) was already discussed in
Remark 4.12.1. We verify the implication (2) = (1). Suppose that condition (2) is
satisfied. Let us first observe that it follows from Remark 4.12.1 that, to verify the
implication (2) = (1), we may assume without loss of generality, by replacing G4 by the
image of « [which is of MLF-type — cf. the discussion following [3], Proposition 3.3,
that « is surjective. Thus, since [we have assumed that] d(G,) = d®(G,), it follows
from assertion (i), together with the [easily verified] inequality d®*"(G,) < d(G,), that
d(G,) < d(G,). In particular, it follows from Theorem 3.6 that « is an isomorphism, as
desired. This completes the proof of the implication (2) = (1), hence also of assertion
(ii).

Assertion (iii) follows — in light of Proposition 4.9, (iii) — from the [easily verified]
fact that an MLF contained in an absolutely abelian MLF is absolutely abelian. This
completes the proof of Theorem 4.13. U

COROLLARY 4.14. — For each 0 € {o, 8}, let kg be an MLF and kg an algebraic closure
of ko; write G def Gal(kg/kp). Then the following hold:

(i) Suppose that there erists a cyclotomically compatible surjection G, — G,.
Then the field k&™ is isomorphic to the field k™.

(ii) Suppose that k. is absolutely abelian. Then the following three conditions are
equivalent:

(1) The field k, is isomorphic to the field k..
(2) There exists a cyclotomically compatible surjection G, - G,.
(3) The group G, is isomorphic to the group G,.

PROOF. — Assertion (i) follows immediately — in light of Proposition 4.9, (i) — from
Theorem 4.13, (i), and [3], Lemma 1.7, (1), (2). Next, we verify assertion (ii). The
implication (1) = (2) is immediate. The implication (2) = (3) follows — in light of
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Proposition 4.9, (iii) — from Theorem 4.13, (ii). Finally, we verify the implication (3) =
(1). Suppose that condition (3) is satisfied. Then it follows from Proposition 4.9, (iii
that ke is absolutely abelian. Thus, the implication (3) = (1) follows from assertion (i
This completes the proof of the implication (3) = (1), hence also of assertion (ii). O

);
)

REMARK 4.14.1. — The main theorem of [6] is equivalent to Corollary 4.14, (i), in the case
where the surjection “G, - G,” is an isomorphism. Now let us recall that it is immediate
that every isomorphism between groups of MLF-type is cyclotomically compatible. Thus,
Corollary 4.14, (i), may be regarded as a refinement of the main theorem of [6].

Some of the group-theoretic reconstruction algorithms discussed in the present §4 may
be summarized as follows.

SUMMARY 4.15.

(i) There erist group-theoretic reconstruction algorithms [cf. [8], Remark 1.9.8]
for constructing, from a group G of MLF-type,

e topological rings Z,(G) C Q,(G) [¢f. Definition 4.5, (ii), (iii)],

e a homomorphism Nm,ps(G): k*(G) — Q,(G)* of topological modules [cf. Defini-
tion 4.7, (iii)], and

e integers AP (G) and e (G) [cf. Definition 4.7, (iv)]
which “correspond” to

e the topological rings Z,, < Q,, [cf Lemma 4.6, (1)],

e the Norm map Nmy p@=1: k* — (KU4=DY* with respect to the finite extension
k/k4=Y [cf. Proposition 4.9, (i)], and

e the integers d,(cab) and e,(gab) [cf. Proposition 4.9, (ii)],
respectively.

(ii) There exists a group-theoretic condition for a group of MLF-type [cf. Def-
inition 4.8] which “corresponds” to the condition for an MLF to be absolutely abelian
[cf. Proposition 4.9, (iii)].

REMARK 4.15.1.

(i) By Summary 4.15, (ii), one may conclude that

the condition for an MLF to be absolutely abelian may be considered to
be “group-theoretic”.

(ii) On the other hand, it follows from example (1) given in [4], §2 [i.e., “L;” and “L3”
n (1) of [4], §2], that there exist an absolutely Galois MLF k., and an MLF k, that is not
absolutely Galois such that the absolute Galois group of k, is isomorphic, as an abstract
profinite group, to the absolute Galois group of k.. By this fact, one may conclude that
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the condition for an MLF to be absolutely Galois should be considered to
be “not group-theoretic”.

5. RECONSTRUCTION ALGORITHMS RELATED TO MLF’s oF DEGREE ONE

In the present §5, we maintain the notational conventions introduced at the beginnings
of §1 and §2. In particular, we have been given a group of MLF-type

G.

In the present §5, suppose that

d(G) = 1.
In the present §5, we establish some group-theoretic reconstruction algorithms [cf. [8],
Remark 1.9.8] related to MLF’s of degree one, i.e., such that the integer “d(_y” [cf. the
notational conventions introduced at the beginning of §1] is equal to one. As a conse-
quence of the group-theoretic reconstruction algorithms, we also prove [cf. Theorem 5.9,
(ii), below] that every absolutely strictly radical [cf. Definition 5.6, (iii), below] MLF is
absolutely characteristic [cf. Definition 5.7 below].

LEMMA 5.1. — The homomorphism
Nm,ps(G): k™ (G) — Qp(G)”
[cf. Definition 4.7, (iii)] is an isomorphism of topological modules.

PROOF. — Since [we have assumed that] d(G) = 1, this assertion follows from Proposi-
tion 4.9, (i). O

DEFINITION 5.2. — Consider the isomorphism k, (G) = Q,(G)x of topological monoids
[cf. Remark 2.3.1] determined by the isomorphism £*(G) = Q,(G)* of Lemma 5.1 [cf.
the discussion entitled “Fields” in §0]. Then, by means of the topological field structure
of Q,(G), i.e., on Q,(G), together with this isomorphism, one may define a structure of
topological field on ky(G). We shall write

k(@)

for the resulting topological field. Thus, we have a tautological isomorphism of topological
fields
k(G) — Qy(G)

and natural identifications

REMARK 5.2.1. — One verifies immediately that the topological field k(G) is isomorphic,
as an abstract topological field, to the topological field Q) [cf. also Lemma 4.6, (i)].
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DEFINITION 5.3. — Let H ~ M be an MLF”-pair [cf. [3], Definition 5.3] such that
d(H) = 1][cf. [3], Remark 5,4,1]. Thus, the Kummer poly-isomorphism «(H ~ M): (H ~
M) S (H ~ MP(H) = O%(H)) [cf. [3], Definition 5.8; [3], Definition 7.4] associated
to H ~ M consists of a single isomorphism [cf. [3], Definition 5.5] [i.e., as opposite to
just a poly-isomorphism]|. Then, by means of the topological field structure of k(H), i.e.,
on ky (H), of Definition 5.2, together with the isomorphism ((M#&)#)® = (k*(H)H)® =
k«(H) [cf. [3], Proposition 5.7, (i)] induced by the Kummer poly-isomorphism x(H ~ M)
[consisting of a single isomorphism|, one may define a structure of topological field on
(Me&P))® We shall write
k(H ~ M)
for the resulting topological field. Thus, we have tautological isomorphisms of topological
fields
k(H~ M) — k(H) — Q,(H)

and natural identifications

k(H ~ M), = (M) k(H~ M)* = (M=),

REMARK 5.3.1. — One verifies immediately that, in the situation of Definition 5.3, the
topological field k(H ~ M) is isomorphic, as an abstract topological field, to the topo-
logical field Qpy [cf. also Lemma 4.6, (i)].

REMARK 5.3.2. — Let us recall the “étale-like” MLF”-pair G ~ O™ (G) [cf. [3], Definition
5.8]. Then one verifies immediately from the various definitions involved that we have a
natural identification

k(G) = k(G ~ O"(G)).

Recall the MLF

introduced at the beginning of §1.

THEOREM 5.4. — Suppose that di, = 1, which thus implies that d(Gy) = 1 [cf. [3],
Proposition 3.6]. Then the following hold:

(i) The homomorphism
recy: kX — GiP

of 3], Lemma 1.7, determines an isomorphism of topological fields

k=5 k(Gy).

(ii) By applying the reconstruction algorithm of Definition 5.3 to the model MLF® -
pair Gy, OED [cf. [3], Definition 5.2], we obtain a topological field k(Gy (9'{) whose
underlying set may be identified with the underlying set of k. Then the topological field
structure of k on the underlying set of k coincides, relative to this identification, with
the topological field structure of k(Gy (9%) on the underlying set of k.
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PROOF. — These assertions follow immediately from Proposition 4.9, (i). 0

COROLLARY 5.5. — The image of the natural homomorphism Aut(G) — Aut(G®) is
trivial.

PROOF. — Let a be an automorphism of G. Now let us observe that since the subset
EX(G) C G* of G* is dense [cf. [3], Lemma 1.7, (1); [3], Proposition 3.11, (i)], to verify
Corollary 5.5, it suffices to verify that the automorphism £*(«) of £*(G) induced by « is
the identity automorphism. On the other hand, since k* («) extends to an automorphism
of the topological field k(G), and the topological field k(G) is isomorphic, as an abstract
topological field, to the topological field Q,, [cf. Remark 5.2.1; [3], Proposition 3.6], we
conclude that k*(«) is the identity automorphism, as desired. This completes the proof
of Corollary 5.5. O

DEFINITION 5.6.

(i) We shall refer to a collection of data

(n; M, Tl Qe Q)
consisting of
e positive integers n, m, 71, ..., 7, such that n € ()., r,Z and
e clements aq,...,a,, € k* of k*

as a strictly radical data for k.

(ii) Let K C k be a finite extension of k. Then we shall say that the finite extension
K/k is strictly radical if there exists a strictly radical data (n;m;r, ..., ;a1 ..., an)
for k such that

K = Kk( n,a}/rl,... al/rm)y C E.

? ' m

(ili) We shall say that the MLF k is absolutely strictly radical if the finite extension
k/k\@=1 is strictly radical.

REMARK 5.6.1. — One verifies easily that a strictly radical extension is Galois. In par-
ticular, an absolutely strictly radical MLF is absolutely Galois [cf. Definition 4.2, (i)].

DEFINITION 5.7. — We shall say that the MLF £ is absolutely characteristic if the open
subgroup Gy, C Gal(k/k@=D) of Gal(k/k@=V) is characteristic [cf. Remark 5.7.1 below].

REMARK 5.7.1. — One verifies immediately that the issue of whether or not the MLF
k satisfies the condition that the open subgroup G} C Gal(k/k(dz_l)) of Gal(k/k(@=1) is
characteristic [cf. Definition 5.7] does not depend on the choice of k, i.e., depends only on
k.



ANABELIAN GEOMETRY OF MIXED-CHARACTERISTIC LOCAL FIELDS 43

REMARK 5.7.2.

(i) Let us recall that since G is topologically finitely generated [cf., e.g., [3], Lemma
1.4, (i)], one verifies easily that the topology of the profinite group G admits a basis of
characteristic open subgroups.

(ii) It follows from (i) that there exists a finite extension K C k of k such that the
MLF K is absolutely characteristic.

DEFINITION 5.8.

(i) Let H ~ M be an MLF”-pair such that d(H) = 1 and (n;m; 71, ..., " Ay, - . Q)
a strictly radical data for the MLF k(H ~ M) of Definition 5.3 [cf. also Remark 5.3.1].
Then we shall write

(H~M)(n;m;ry, ...,y G,y am) © H
for the uniquely determined maximal subgroup of H which acts trivially on the subset of

NP
{a€e M® |a"=1ora" =aq, for some i€ {1,...,m} }.

(i1) Let (n;ym;ry,...,7"m;aq, ..., ay) be a strictly radical data for the MLF k(G) of
Definition 5.2 [cf. also Remark 5.2.1]. Then we shall write

L (G A O™ (s 15 1y T rs - am) © G

G(n; m; 11y oy T A1y ey Q) =
[cf. Remark 5.3.2].

THEOREM 5.9. — The following hold:

(i)  Suppose that dy = 1, which thus implies that d(Gy) = 1 [cf. [3], Proposition
3.6]. Let (nym;ry,...,Tm;as,...,an) be a strictly radical data for k = k(Gy) [cf.
Theorem 5.4, (1)]. Then it holds that

Gr(n; m; ri, ..o T A1,y ) = Gal(%/k( n,a}/”,... al/””))

r'm
— i.e., as subgroups of Gy.

(ii) FEwvery absolutely strictly radical MLF is absolutely characteristic [cf. also
Remark 5.9.1 below).

PROOF. — Assertion (i) follows immediately from the various definitions involved. As-
sertion (ii) follows immediately from assertion (i) and Corollary 5.5. This completes the
proof of Theorem 5.9. U

REMARK 5.9.1. — Note that there exists an absolutely characteristic MLF that is not
absolutely strictly radical. Indeed, let us observe that one verifies immediately from
Kummer theory that if k is absolutely strictly radical, then the Galois group Gal(k/k(?=1)
[cf. Remark 5.6.1] has a structure of extension of an abelian group by an abelian group.
Thus, it follows from Remark 5.7.2; (i), that if every absolutely characteristic MLF is
absolutely strictly radical, then we conclude that the absolute Galois group Gal(k/k@=1)



44 Y UICHIRO HOSHI

has a structure of extension of an abelian group by an abelian group — in contradiction to
some well-known group-theoretic properties [cf., e.g., [12], Theorem 7.5.12] of the group
Gal(k/k\@=D).

REMARK 5.9.2.

(i) It follows from example (1) given in [4], §2 [i.e., “Ly” and “L3” in (1) of [4], §2],
that there exist an absolutely strictly radical MLF k, and an MLF k, that is not absolutely
strictly radical [cf. Remark 5.6.1] such that the absolute Galois group of k, is isomorphic,
as an abstract profinite group, to the absolute Galois group of k,. By this fact, one may
conclude that

the condition for an MLF to be absolutely strictly radical should be con-
sidered to be “not group-theoretic”.

(ii) It follows from example (1) given in [4], §2 [i.e., “L;” and “L3” in (1) of [4],
§2], that there exist an absolutely characteristic MLF k, [cf. Theorem 5.9, (ii)] and an
MLF k, that is not absolutely characteristic such that the absolute Galois group of k, is
isomorphic, as an abstract profinite group, to the absolute Galois group of k,. By this
fact, one may conclude that

the condition for an MLF to be absolutely characteristic should be consid-
ered to be “not group-theoretic” .

REMARK 5.9.3.
(i) Let us first observe the following “tautological’ assertion in the anabelian geometry
of absolutely characteristic MLF’s:
For each O € {o, e}, let kg be an absolutely characteristic MLF and ko an
algebraic closure of kg; write G def GaI(ED /kn). Then the following two
conditions are equivalent:

(1) The field k, is isomorphic to the field k,.

(2) There exists an isomorphism G, — G, compatible with the re-
spective natural outer actions of Gal(k:o/k:gd:l)), Gal(k;./ksd:l)) [i.e., by
conjugation] relative to some isomorphism Gal(ko/kS*=") = Gal(ks /kS=Y).

[This assertion follows immediately from the definition of the notion of absolutely char-
acteristic MLF — cf. also [3], Proposition 3.6.]

(ii) It follows from Theorem 5.9, (ii), that one may apply the “tautological’ assertion
of (i) to absolutely strictly radical MLF’s.

(iii) Finally, let us observe that it follows from example (1) given in [4], §2 [i.e., “L;”
and “Ly” in (1) of [4], §2], that there exist absolutely strictly radical MLF’s ko, ke such
that the field k. is not isomorphic to the field k,, but the absolute Galois group of k, is
isomorphic, as an abstract profinite group, to the absolute Galois group of k,. Thus, we
conclude from Theorem 5.9, (ii), that, in the “tautological’ assertion of (i), one cannot
replace condition (2) by the following condition:
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(2') There exists an isomorphism G, — G,.

REMARK 5.9.4. — Let us recall the following three well-known facts in anabelian geom-
etry:

(1) One verifies easily that an immediate consequence of the Neukirch-Uchida theorem
[cf. the main theorem of [16]] is that every normal open subgroup of the absolute Galois
group of the field of rational numbers is characteristic.

(2) It follows immediately from [7], Corollary 3.7, that it holds that the natural
injection Aut(k) — Out(Gy) [cf., e.g., [3], Proposition 2.1] is bijective if and only if each
member of the filtration on Gy given by the higher ramification groups in the upper
numbering is characteristic.

(3) Suppose that di = 1. Then it follows immediately from the equivalence of (2)
[cf. also the argument in Remark 6.4.1, (ii), below] that the natural injection Aut(k) —
Out(Gy) [cf., e.g., [3], Proposition 2.1] is bijective if and only if every normal open sub-
group of Gy, is characteristic. [Note that this equivalence also follows from [5], Theorem

Al

By these facts, one may find the importance of discussing the issue of whether or not a
given closed subgroup of the absolute Galois group of a field is characteristic in the study
of anabelian geometry. This observation is one of motivations of studying Theorem 5.9,

(ii).

Some of the group-theoretic reconstruction algorithms discussed in the present §5 may
be summarized as follows.

SUMMARY 5.10. — There ezist group-theoretic reconstruction algorithms [cf. [§],
Remark 1.9.8] for constructing, from a group G of MLF-type such that d(G) =1,

e a structure of topological field on ky«(G) [cf. Definition 5.2] and
e subgroups of G [cf. Definition 5.8, (ii)]
which “correspond” to
e the topological field structure of k on ky [cf. Theorem 5.4, (i)] and

e the open subgroups of Gy corresponding to the absolutely strictly radical MLF’s con-
tained in k [cf. Theorem 5.9, (i)],

respectively.

REMARK 5.10.1. — Let us recall that, as asserted in Summary 5.10, we have established
[cf. Definition 5.2] a group-theoretic reconstruction algorithm for constructing, from a
group G of MLF-type such that d(G) = 1, a structure of topological field on ky(G) which
“corresponds” to the topological field structure of k, i.e., on ky.

Here, let us also recall that, as discussed in [2], Remark 1.4.1, (ii), it is impossible to
establish a group-theoretic reconstruction algorithm for constructing, from an arbitrary
group G of MLF-type, such a structure of topological field on kv (G).
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6. RECONSTRUCTION ALGORITHMS RELATED TO (GALOIS-SPECIFIABLE MLF’s

In the present §6, we maintain the notational conventions introduced at the begin-
nings of §1 and §2. In the present §6, we consider Galois-specifiable [cf. Definition 6.1
below| MLFE’s. Moreover, we also establish some group-theoretic reconstruction algorithms
[cf. [8], Remark 1.9.8] related to Galois-specifiable MLE’s. For instance, we establish a
group-theoretic reconstruction algorithm for constructing, from a group of MLF-type that
satisfies a certain condition, a collection of subgroups of the outer automorphism group of
the group of MLF-type which “corresponds” to the Out(Gy)-orbit, i.e., by conjugation, of
the subgroup of Out(Gy) determined by the field automorphisms of & [cf. Definition 6.9,
(ii); Theorem 6.13, (ii), below].

DEFINITION 6.1. — We shall say that the MLF k is Galois-specifiable if the MLF k
is absolutely Galois [cf. Definition 4.2, (i)], and, moreover, the following condition is
satisfied: If L is an MLF such that there exist an algebraic closure L of L and an

isomorphism G} — Gal(L/L) of groups, then the field k is isomorphic, as an abstract
field, to the field L [cf. Remark 6.1.1 below].

REMARK 6.1.1. — One verifies immediately that the issue of whether or not the MLF £
satisfies the condition in Definition 6.1 does not depend on the choice of k, i.e., depends
only on k.

REMARK 6.1.2. — Suppose that (pk, ar) # (2,1). Then it follows immediately — in light
of Proposition 2.5, (i); Proposition 4.9, (i); [3], Proposition 3.6 — from Theorem 4.11,
together with [3], Lemma 1.7, (1), (2), that it holds that the MLF k is Galois-specifiable
if and only if the following condition is satisfied: If K C k is a finite extension of k(@=1
such that d; = dg, and, moreover, k) = K@) [cf. Definition 4.2, (iii)], i.e., as subfields
of k, then k = K, i.e., as subfields of k.

PROPOSITION 6.2. — Suppose that the MLF k is Galois-specifiable. Let K be an
intermediate field of the finite extension k/k®®) tamely ramified over k). Then the

MLF K is Galois-specifiable.
def

PROOF. — Let L be an MLF, L an algebraic closure of L, and a: G = Gal(k/K) =

G, ¥ Gal(L/L) an isomorphism of groups. Thus, it follows from [3], Proposition 3.6,

that

(1) (pK>€K> = (pL7€L)~
Write L, C L for the finite extension of L which corresponds to the open subgroup

a(Gy) € G, of Gr. [So we have a natural identification G, et Gal(L/Ly) = a(Gy).]
Then since [we have assumed that] k is Galois-specifiable, we conclude that

(2) the field & is isomorphic to the field L.
Next, observe that, by applying Corollary 4.14, (i), to the isomorphism «, we obtain that
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(3) the field K@) ie., k@) [cf. Lemma 4.3, (i)], is isomorphic to the field L"),

Now I claim the following assertion:

(%): Suppose that K is the [uniquely determined] mazimal MLF contained
in k tamely ramified over kP). Then the field K is isomorphic to the field
L.

To this end, suppose that K is the [uniquely determined| mazimal MLF contained in
k tamely ramified over k). In particular, it follows from Lemma 4.3, (i), that the
intermediate field K of k/k®P) is the uniquely determined intermediate field of k/k(P)
such that ey /ex is a power of pg, and, moreover, ey /ey@v is prime to px. Thus, it
follows immediately from (1), (2), and (3) that the intermediate field L of L;/L®P) is
the uniquely determined intermediate field of Ly /L) such that er,/er is a power of pr,
and, moreover, ep /e @y is prime to pr. In particular, by (2) and (3), we conclude that
the field K is isomorphic to the field L, as desired. This completes the proof of the above
claim (x).

Next, observe that it follows immediately from the above claim (x) that, to com-
plete the verification of Proposition 6.2, we may assume without loss of generality, by
replacing k by the [uniquely determined| mazimal MLF contained in k tamely rami-
fied over k@P) that k is tamely ramified over k@P). Then one verifies immediately from
Lemma 4.3, (ii), and [3], Lemma 1.5, (ii), that the intermediate field K (respectively,
L) of k/k@) (respectively, Lj/L®)) is the uniquely determined intermediate field M of
k/k@) (respectively, Lj/L®)) such that ey, = ex (respectively, ey = er). Thus, by (1),
(2), and (3), we conclude that the field K is isomorphic to the field L, as desired. This
completes the proof of Proposition 6.2. O

LEMMA 6.3. — Suppose that k is Galois over k). Let K C k be a finite unramified
[necessarily Galois| extension of k®P). Note that it follows immediately from Lemma 4.3,
(i), that we have a natural isomorphism Gal(k-K/k®)) = Gal(k/k@) x Gal (K /k@)).
Let ¢: Gal(K/k@)) — Gal(k/k®)) be a homomorphism of groups. Write L for the
intermediate field of the finite Galois extension k - K/k@) which corresponds, relative
to the above natural isomorphism Gal(k - K/k®)) = Gal(k/k®P) x Gal(K/k@), to
the graph (C Gal(k/k®P) x Gal(K/k@)) of the homomorphism ¢. Then the equalities
dy, = dy, L@ = E@P) pold.

PROOF. — The equality d;, = dj follows from the fact that the graph (C Gal(k/k®) x
Gal(K/k@))) of the homomorphism ¢ is isomorphic, as an abstract group, to the group
Gal(K /K@),

To verify the equality L(®?) = k@) assume that L@P) #£ k(@) je. that the extension
L) /E@D) is not of degree one. Then since the intermediate field L corresponds to the
graph of ¢, one verifies immediately from the natural isomorphism Gal(k - K/k®) =
Gal(k/k®P)) x Gal(K /k®P)) that the extension L. K/K is not of degree one, which thus
implies that the extension kN (L™ . K)/k@) is not of degree one. On the other hand,
one verifies easily [cf. the proof of Lemma 4.3, (ii)] that the MLF L(®P) . K hence also
the MLF kN (L®P) . K), is absolutely abelian [cf. Definition 4.2, (ii)]. Thus, we obtain a
contradiction [cf. Lemma 4.3, (i)]. This completes the proof of the equality L®P) = k®P),
hence also of Lemma 6.3. U
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THEOREM 6.4. — Consider the following four conditions:
(1) The MLF k is absolutely abelian [cf. Definition 4.2, (ii)].
(2) The MLF k is Galois-specifiable.
(3) The MLF k is absolutely characteristic [cf. Definition 5.7].
(4) The MLF k is absolutely Galois [cf. Definition 4.2, (i)].
Then the following hold:
(i) The implications
1) = (2) = B) = (¢
hold [cf. also Remark 6.4.1 below].
(ii) Suppose that (pg,ar) # (2,1). Then the equivalence
(1) = (2)
holds.

PROOF. — First, we verify assertion (i). The first implication in assertion (i) follows
immediately from Corollary 4.14, (ii). The second and third implications in assertion
(i) follow immediately from the various definitions involved. This completes the proof of
assertion (i).

Next, we verify assertion (ii). By assertion (i), to verify assertion (ii), it suffices to
verify the implication (2) = (1). Suppose that k is Galois-specifiable. To verify that k
is absolutely abelian, let A C Gal(k/k@) be a cyclic subgroup of Gal(k/k®)). Then it
follows from [3]|, Lemma 1.5, (i), that there exist a finite unramified [necessarily Galois|
extension K C k of k@ and an isomorphism ¢: Gal(K/k@) 5 A (C Gal(k/k®P)))
of groups. Thus, it follows from Lemma 6.3 that the graph of ¢ determines an MLF
L C k- K such that d; = dj, and, moreover, L(®?) = k() On the other hand, since
[we have assumed that] k is Galois-specifiable, it follows from Remark 6.1.2 that k& = L,
i.e., that the homomorphism ¢, hence also the subgroup A, is trivial. In particular, we
conclude that every cyclic subgroup of Gal(k/k®)), hence also the group Gal(k/k®)
itself, is trivial, as desired. This completes the proof of assertion (ii), hence also of
Theorem 6.4. U

REMARK 6.4.1. — Suppose that we are in the situation of Theorem 6.4.

(i) In general, the implication (3) = (2) does not hold. Indeed, for an odd prime

number py, the MLF @pk((’pk,p}c/pk) is absolutely characteristic [cf. Theorem 5.9, (ii)] but
not Galois-specifiable [cf. example (1) given in [4], §2].

(ii) In general, the implication (4) = (3) does not hold. Indeed, let us first observe
that it is immediate that the implication (4) = (3) is equivalent to the following assertion:

Every normal open subgroup of Gj-=1) o Gal(k/k9=V) is characteristic.

Thus, since every normal closed subgroup of Gwu=1) may be obtained as the intersection
of the normal open subgroups of Gju=1) that contain the normal closed subgroup, if
the implication (4) = (3) holds, then we conclude that every normal closed subgroup
of Gu=1 is characteristic. In particular, if the implication (4) = (3) holds, then it
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follows from [7], Corollary 3.7, that every outer automorphism of Gu=1) arises from an
automorphism of the field k%=1 i.e., that Out(Gju—n) = {1}. But this contradicts the
conclusion of the discussion given at the final portion of [12], Chapter VII, §5, if pj is
odd.

DEFINITION 6.5. — Recall that the natural homomorphism Aut(k) — Out(Gy) is injec-
tive [cf., e.g., [3], Proposition 2.1]. By means of this injection, let us regard Aut(k) as a
[necessarily finite] subgroup of Out(Gy):

Aut(k) C Out(Gy).
Then we shall write
OrbAut(k)

for the set of Out(Gy)-conjugates of the subgroup Aut(k) C Out(Gy), i.e., the Out(Gy)-
orbit of the subgroup Aut(k) C Out(Gy).

Recall the group of MLF-type

introduced at the beginning of §2.

DEFINITION 6.6. — Let I' C Out(G) be a finite subgroup of the outer automorphism
group Out(G) of G.

(i) We shall write
GNT C Aut(Q)
for the inverse image of I' C Out(G) by the natural surjection Aut(G) — Out(G). Thus,
since G may be identified with Inn(G) C Aut(G) by the natural isomorphism G = Inn(G)
[cf. [3], Lemma 1.8, (i)], the group G "¢ T has a natural structure of extension of T by G-

out

1] —G — G@x!l — T — 1.

By means of the second arrow of this exact sequence, let us always regard G as a subgroup
out
of G x I

out

G C G xT.

out

(ii) We shall say that the finite subgroup I' is quasi-geometric if the group G x T is
of MLF-type.

(iii) We shall say that the finite subgroup T is strictly quasi-geometric if T is quasi-

out
geometric, and, moreover, the equality d(G x T') = 1 holds.

LEMMA 6.7. — Let I' C Out(G) be a quasi-geometric subgroup of Out(G). Then the
following hold:

(i) Ewvery subgroup of T' is a quasi-geometric subgroup of Out(G).
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(ii) The natural inclusion k*(G ) I') — k*(G) — i.e., determined by the transfer
map with respect to G C G Wr [cf. [3], Lemma 1.7, (3)] — and the natural action of T’
on k*(G) determine an isomorphism k*(G % ) = EX(G)L.

(iii) It holds that d(G) € {I'Z.

(iv) It holds that T' is strictly quasi-geometric if and only if 1" = d(G).

PROOF. — Assertion (i) follows from the discussion following [3], Proposition 3.3. As-
sertion (ii) follows immediately from [3], Proposition 3.11, (i). Assertions (iii), (iv) follow
immediately from [3], Proposition 3.6. This completes the proof of Lemma 6.7. O

PROPOSITION 6.8. — The subgroup Aut(k) C Out(Gy) is quasi-geometric. If, more-
over, the MLF k is absolutely Galois, then the subgroup Aut(k) C Out(Gy,) is strictly
quasi-geometric.

ProOF. — This assertion follows immediately from the various definitions involved. [

DEFINITION 6.9.
(i) We shall say that G is of GSMLF-type if the following two conditions are satisfied:
(1) There exists a strictly quasi-geometric subgroup of Out(G).
(2) For each strictly quasi-geometric subgroup I' C Out(G) of Out(G) and each
open subgroup H C G O;]t I' of G O;t I, if H is isomorphic, as an abstract group, to G,
then H = G, i.e., as subgroups of G O>l:1t I

[Here, “GSMLEF” is to be understood as an abbreviation for “Galois-specifiable mixed-

characteristic local field” — cf. Theorem 6.11 below.]
(ii) Suppose that G is of GSMLF-type. Then we shall write
Oty (G)

for the set of strictly quasi-geometric subgroups of Out(G).

LEMMA 6.10. — Let @pk be an algebraic closure of kY. Let us fix an isomorphism

vk = Q,, of fields. Write k, aof (k) C Q,, for the finite extension of k'Y obtained
by forming the image of k C k by v. Let I' C Out(G}) be a strictly quasi-geometric

subgroup of the outer automorphism group Out(Gy) of the group Gy of MLF-type. Then
the following hold:

out ~ —
(i) There exists an isomorphism a: Gy x I' 5 Gal(Q,, /k'"=Y) of groups.

(ii) Suppose either that the MLF k is Galois-specifiable, or that the group Gy is of
GSMLF-type. Then the isomorphism « of (i) restricts to an isomorphism between the

subgroup Gy C G, T with the subgroup Gal(Q,, /k,) C Gal(Q,, /k*=").



ANABELIAN GEOMETRY OF MIXED-CHARACTERISTIC LOCAL FIELDS 51

PROOF. — Assertion (i) follows immediately from the definition of the notion of strictly
quasi-geometric subgroup [cf. also [3], Proposition 3.6].

Next, we verify assertion (ii) in the case where the MLF k is Galois-specifiable. Suppose
that k is Galois-specifiable. Write K C @pk for the finite extension of k=Y which
corresponds to the open subgroup a(Gy) C Gal(Q,, /k“=Y) of Gal(Q,, /k*=V). [So we
have a natural identification Gal(Q,, /K) = a(Gy).] Thus, since k is Galois-specifiable,
we conclude that k is isomorphic, as an abstract field, to K. In particular, since k is
absolutely Galois, we conclude that k, = K, i.e., as subfields of @pw as desired. This
completes the proof of assertion (ii) in the case where the MLF k is Galois-specifiable.

Finally, we verify assertion (ii) in the case where the group Gy is of GSMLF-type. Sup-
pose that Gy, is of GSMLF-type. Let us first observe that it is immediate that the group
Gy is isomorphic, as an abstract group, to the group Gal(Q,, /k,) C Gal(Q,, /k=Y),

hence also to the group o (Gal(Q,, /k.)) C Gi W Thus, since Gy, is of GSMLF-type,

— out
we conclude that Gy, = o '(Gal(Q,, /k.)), i.e., as subgroups of G, x T', as desired. This
completes the proof of assertion (ii) in the case where the group Gy is of GSMLF-type,
hence also of Lemma 6.10. O

THEOREM 6.11. — [t holds that the MLF k is Galois-specifiable if and only if the
group Gy is of GSMLF-type.

PrROOF. — First, we verify the necessity. Suppose that the MLF k is Galois-specifiable.
To verify that the group Gy is of GSMLF-type, let I' C Out(Gy) be a strictly quasi-

out
geometric subgroup of Out(Gy,) [cf. Proposition 6.8] and H C G x I' an open subgroup

t
of Gy % T such that H is tsomorphic, as an abstract group, to Gj. Now suppose

out
that we are in the situation of Lemma 6.10. Thus, we have an isomorphism «: Gy i

I' 5 Gal(Q,,/k"=Y) of groups [cf. Lemma 6.10, (i)] that restricts to an isomorphism
G, = Gal(Q,, /k.) [cf. Lemma 6.10, (ii)]. Write K C Q,, for the finite extension of k{?=1)
which corresponds to the open subgroup a(H) C Gal(Q,, /k“=Y) of Gal(Q,, /k“=V). [So
we have a natural identification Gal(Q,, /K) = a(H).] Thus, since H is isomorphic to

both G}, and Gal(@pk/K), and k is Galois-specifiable, we conclude that k is isomorphic, as
an abstract field, to K. In particular, since k is absolutely Galois, it holds that k, = K,
i.e., as subfields of _pk, which thus implies that a(Gy) = «(H), i.e., as subgroups of
Gal(@pk /k@=1) as desired. This completes the proof of the necessity.

Next, we verify the sufficiency. Suppose that the group Gy is of GSMLF-type. To
verify that the MLF k is Galois-specifiable, let L be an MLF and L an algebraic closure
of L such that Gy, is isomorphic, as an abstract group, to Gal(L/L). Now take a strictly
quasi-geometric subgroup I' C Out(Gy) of Out(Gy) [cf. condition (1) of Definition 6.9,
(i)], and suppose that we are in the situation of Lemma 6.10. Thus, we have an iso-

out ~ —
morphism a: G, x I' 5 Gal(Q,, /k=Y) of groups [cf. Lemma 6.10, (i)] that restricts
to an isomorphism Gy = Gal(Q,, /k,) [cf. Lemma 6.10, (ii)] — which thus implies that

the MLF k,, hence also the MLF k, is absolutely Galois. Then let us observe that it
follows from [3], Proposition 3.6, that L is isomorphic, as an abstract field, to Q,,. Let

us identify L with @pk by means of some fixed isomorphism of L with @pk. Then since Gy,
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is isomorphic to Gal(L/L) = Gal(Q,, /L), and Gy is of GSMLF-type, we conclude that

Gr = a ' (Gal(Q,, /L)), i.e., as subgroups of Gy, % I, which thus implies that k, = L,
i.e., as subfields of @pk. Thus, the field £ is isomorphic to the field L, as desired. This
completes the proof of the sufficiency, hence also of Theorem 6.11. O

COROLLARY 6.12. — The following hold:

(i) If the group G is of AAMLF-type [cf. Definition 4.8], then G is of GSMLF-
type.

(ii) Suppose that (p(G),a(G)) # (2,1) [cf. Definition 2.4, (ii)]. Then if the group G
1s of GSMLF-type, then G is of AAMLF-type.

PROOF. — These assertions follow — in light of Proposition 2.5, (i), and [3], Proposition
3.6 — from Theorem 6.4, (i), (ii), together with Proposition 4.9, (iii), and Theorem 6.11.
0

THEOREM 6.13. — Suppose that the MLF k is Galois-specifiable, which thus implies
that the group Gy, is of GSMLF-type [cf. Theorem 6.11]. Then the following hold:

(i) LetT'y, T's C Out(Gy) be strictly quasi-geometric subgroups of Out(Gy). Then
Iy is an Out(Gy)-conjugate of I's.

(ii) 1t holds that
OrbAut(k) = Orbgg(Gy).

PROOF. — First, we verify assertion (i). Let a: G, o;t I, 5 Gy 0>12t I'y be an isomorphism
of groups [cf. Lemma 6.10, (i)]. Then since the group Gy, is of GSMLF-type, it is immediate
that the isomorphism «a restricts to an automorphism of Gy. Moreover, one verifies
immediately from the various definitions involved that I'; is the conjugate, by the outer
automorphism of G determined by the resulting automorphism of Gy, of I';. This
completes the proof of assertion (i).

Assertion (ii) follows from assertion (i) and Proposition 6.8. This completes the proof
of Theorem 6.13. U

REMARK 6.13.1. — Note that, in general, a similar assertion to Theorem 6.13, (i), for [the

absolute Galois group of] an absolutely characteristic MLF does not hold [cf. Remark 8.6.1,
(i), below].

Some of the group-theoretic reconstruction algorithms discussed in the present §6 may
be summarized as follows.

SUMMARY 6.14.

(i) There ezists a group-theoretic condition for a group of MLF-type [cf. Defini-
tion 6.9, (1)] which “corresponds” to the condition for an MLF to be Galois-specifiable
[¢f. Theorem 6.11].
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(ii) There exists a group-theoretic reconstruction algorithm [cf. [8], Remark
1.9.8] for constructing, from a group G of MLF-type that satisfies the condition of
(i), a collection Orbsye(G) of subgroups of Out(G) [cf. Definition 6.9, (ii)] which “corre-
sponds” to the Out(Gy)-orbit OrbAut(k), i.e., by conjugation, of the subgroup Aut(k) C
Out(Gy) [¢f. Theorem 6.13, (ii)].

REMARK 6.14.1. — By Summary 6.14, (i), one may conclude that

the condition for an MLF to be Galois-specifiable may be considered to be
“group-theoretic”.

7. ON OUTER AUTOMORPHISMS ARISING FROM FIELD AUTOMORPHISMS I

In the present §7, we maintain the notational conventions introduced at the beginnings
of §1 and §2. In particular, we have a natural open injection

Gr = Graey 2 Gal(k/k“=D).

In the present §7, we discuss outer automorphisms of the absolute Galois groups of
MLEF’s that arise from field automorphisms of the MLF’s. We prove that if the MLF £ is
absolutely characteristic, and that py, is odd, then the subgroup of the outer automorphism
group of Gy determined by the field automorphisms of k is not normally terminal [cf.
Theorem 7.2, (i), below]. Moreover, we also prove that, under some conditions, the

outer automorphism group of Gy has “many’ finite abelian subgroups [cf. Theorem 7.5,
Remark 7.5.1, below].

LEMMA 7.1. — Let H C G be a characteristic open subgroup of the group G of MLF-
type. Thus, we have, by considering restrictions, a natural homomorphism

Aut(G) — Aut(H).
Then the following hold:

(i) The homomorphism Aut(G) — Aut(H) is injective. In particular, we also have
an injection Aut(G)/Inn(H) — Out(H). Let us regard Aut(G), Aut(G)/Inn(H) as
subgroups of Aut(H), Out(H) by means of these injections, respectively:

Aut(G) C Aut(H), Aut(G)/Inn(H) C Out(H).

(ii) The natural homomorphisms G — Inn(G) — Aut(G) determine an isomorphism
G/H — Inn(GQ)/Inn(H).
Let us identify G/H with Inn(G)/Inn(H) by means of this isomorphism:
G/H = Inn(G)/Inn(H) (C Aut(G)/Inn(H) C Out(H)).
Thus, we have a natural exact sequence
1 — G/H — Aut(G)/Inn(H) — Out(G) — 1.

(i) 1t holds that
Nowm)(G/H) = Aut(G)/Inn(H).
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(iv) Recall the exact sequence
1 — G/H — Aut(G)/Inn(H) — Out(G) — 1
of (ii). Then the composite
Aut(G)/Inn(H) — Aut(G/H) — Out(G/H)

— where the first arrow is the action by conjugation via the second arrow of the above
exact sequence, and the second arrow is the natural surjection — coincides with the
composite

Aut(G@)/Inn(H) — Out(G) — Out(G/H)
— where the first arrow is the third arrow of the above exact sequence, and the second
arrow s the natural homomorphism.

PROOF. — First, we verify assertion (i). Let us first observe that it follows from [3],
Lemma 1.8, (ii), that the action of G on H by conjugation is faithful. Since [it is immediate
that] the resulting injection G — Aut(H) is Aut(G)-equivariant, assertion (i) holds.
This completes the proof of assertion (i). Assertion (ii) follows from [3], Lemma 1.8,
(). Assertions (iii), (iv) follow immediately from the various definitions involved. This
completes the proof of Lemma 7.1. O

THEOREM 7.2. — Suppose that the MLF k is absolutely characteristic [cf. Defini-
tion 5.7]. Then the following hold:

(i) Suppose, moreover, that py is odd. Then the subgroup Aut(k) C Out(Gy) of
Out(Gy) is not normally terminal.

(ii) It holds that the MLF k is absolutely abelian [cf. Definition 4.2, (ii)] if and

only if
Nout(c,) (Aut(k)) = Zouc,) (Aut(k)).

PROOF. — Since the open subgroup Gy C G=1) of Gju=1) is characteristic, by applying
Lemma 7.1, (ii), (iii) [in the case where we take the “H C G” of Lemma 7.1 to be
G, € Gpu=1], we obtain an exact sequence

1 — Aut(k) — Nouw(cy (Aut(k)) — Out(Gpa=)) — 1.

Now we verify assertion (i). Since py is odd, it follows from the discussion given at
the final portion of [12], Chapter VII, §5, that Out(Gw=1)) is nontrivial. Thus, by the
above exact sequence, we conclude that the subgroup Aut(k) C Out(Gy) is not normally
terminal, as desired. This completes the proof of assertion (i).

Next, we verify assertion (ii). The sufficiency is immediate. Let us verify the necessity.
Suppose that the MLF k is absolutely abelian. Let us first observe that it is immediate
that, to verify the necessity, it suffices to verify that the action of Nouyq,)(Aut(k)) on
Aut(k) by conjugation is trivial. On the other hand, since k is absolutely abelian, it
follows immediately from Lemma 7.1, (iv), that this action factors through the natural
homomorphism Out(Gju-1) — Out(G2P,_,)) (= Aut(G2._,))). Thus, the desired trivial-
ity follows from Corollary 5.5. This completes the proof of assertion (ii), hence also of
Theorem 7.2. U
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REMARK 7.2.1.

(i) Let us observe that it follows immediately from Corollary 5.5 that if dy = 1, then
the image of the natural homomorphism

Aut(k) — Aut(ky)
coincides with the image of the composite
Out(Gy) — Aut(k(Gy)) «— Aut(ky)

— where the second arrow is the isomorphism obtained by conjugation by the vertical
isomorphism k, — k. (G}) in the diagram of [3], Proposition 3.11, (iv).

(ii)) On the other hand, in general, the image of the natural homomorphism
Aut(k) — Aut(ky)
does not coincide with the image of the composite
Out(Gr) — Aut(k (Gy)) «— Aut(ky).

Indeed, suppose that k is absolutely characteristic, and that the image of the natural
homomorphism Out(Gju=1)) — Out(Gju=1)/G) is nontrivial, which thus implies [cf.
Lemma 7.1, (iv); also the exact sequence in the proof of Theorem 7.2] that the normal
subgroup Aut(k) C Now(c,) (Aut(k)) is not a direct summand. [Note that it follows im-
mediately from the discussion given at the final portion of [12], Chapter VII, §5, together
with Remark 5.7.2, (i), that such a “k” exists.] Next, observe that since Aut(k) is con-
tained in Nowy(q,) (Aut(k)), it is immediate that, to verify the desired assertion, it suffices
to verify that the image of the natural homomorphism

Aut(k) — Aut(ky)
does not coincide with the image of the composite
NOut(Gk) (Aut(k)) — Out(Gk) — Aut(k+(Gk)) <: Aut(kJr)

On the other hand, since the natural homomorphism Aut(k) — Aut(k,) is injective, if
these images coincide, then one verifies immediately that the normal subgroup Aut(k) C
Nows(a,) (Aut(k)) is a direct summand — in contradiction to our assumption on k.

REMARK 7.2.2. — The consideration in Remark 7.2.1, (ii), leads us to, for instance, the
following assertion:

If dj, = 2 [which thus implies that k is absolutely abelian|, and py — 1 & 47,

then the subgroup Aut(k) C Nouwa,)(Aut(k)) (= Zowc,) (Aut(k)) — cf.

Theorem 7.2, (ii)) is a direct summand.
Indeed, let us first observe that it follows from elementary field theory that the action
of the [unique] nontrivial element of Aut(k) on the Q,,-vector space ki (Gy) (< ky —
cf. [3], Proposition 3.11, (iv)) of dimension dy = 2 has two eigenvalues 1, —1. Write
Vi, Vo1 C ki (Gy) for the eigenspaces that corresponds to the eigenvalues 1, —1, re-
spectively. [So we have ki (Gg) = Vi @ V_1.] Then one verifies easily that the action of
Nows(a,) (Aut(k)) on ky (Gy) preserves each of the subspaces Vi, V_; C ki (Gj). Thus, we
have a homomorphism

Nous(cy,) (Aut(k)) — Autg, (Voq) = Q5.
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Now let us observe that it follows from our assumption that py — 1 & 47, together with
3], Lemma 1.2, (i) [cf. also Proposition 1.1, (v), if px = 2], that there exists a surjection
Q,, — (Z/2Z), of modules such that the composite {+1} — Q) — (Z/2Z), is an
1somorphism. Thus, by considering the composite

Aut(k;) — Nout(Gk)(Aut(k)) — Athpk<V,1> = @;k —» (Z/QZ)+,

we conclude that the subgroup Aut(k) C Nouy(c,)(Aut(k)) is a direct summand, as de-
sired.

LEMMA 7.3. — Suppose that (pg,ax) # (2,1). Write Nmﬁ/w:wi ()N — ((kd=1)x)A
for the [necessarily open] homomorphism of abelian profinite groups induced by the Norm
map Nmy, =1 : K* — (K{@=D)%_ Then the following hold:

(i) The image of the [uniquely determined] pro-py-Sylow subgroup of the abelian profi-
nite group (k*)" by Nm,ﬁ/k(d:n is a free Z,, -module of rank two.

. . /\
= d=
(ii)  There exists a pro-py closed subgroup M C Ker(Nmk/k( y) of the kernel of
ng/md:l) such that M 1is a free Z,, -module of rank dy, — 1, and, moreover, the natural
inclusion M — (k*)" is a split injection.

PROOF. — First, we verify assertion (i). Write (K*)"(px), ((k4=Y)*)"(py) for the
[uniquely determined] pro-pg-Sylow subgroups of the abelian profinite groups (k*)",
((K“@=D)Y)" respectively. Let us observe that it follows immediately from [3], Lemma 1.2,
(i), that, to verify assertion (i), it suffices to verify that the image NmQ/WZI) ((K)M(px)) <

(K“9=DY)(pg) is torsion-free. Thus, if p, is odd, then since [one verifies easily from
Proposition 1.1, (v), that] ((k4=1)*)"(p,) is torsion-free, assertion (i) holds.

Suppose that p, = 2. Then let us observe that since ((k*=Y)*).,, = {£1} [cf. Propo-
sition 1.1, (v); [3], Lemma 1.2, (i)], it follows immediately from Lemma 4.1, (iii), that, to
verify assertion (i) in the case where p, = 2, it suffices to verify that the image of the iner-
tia subgroup I}, C Gy, by Xpj-cyc: G — Z, [cf. Lemma 4.1, (i)] does not contain —1 € Ly .
On the other hand, since [we have assumed that] (pg,ax) # (2, 1), this follows immedi-
ately from the [easily verified] injectivity of the composite {+1} — Z —» (Z/4Z)*. This
completes the proof of assertion (i) in the case where p, = 2, hence also of assertion (i).

Assertion (ii) follows immediately from assertion (i), together with [3], Lemma 1.2, (i).
This completes the proof of Lemma 7.3. O

LEMMA 74. — Suppose that (py,ax) # (2,1). Then there exists a Galois extension
ks C k of k such that Gal(ks/k) is a free Z,, -module of rank dy, — 1, and, moreover,

the [uniquely determined) maximal intermediate field of ko /k*=Y abelian over k(=Y
coincides with k@) [cf. Definition 4.2, (iii)].

PROOF. — Let us first observe that one verifies immediately from [3], Lemma 1.7,
(1), (2), that, to verify Lemma 7.4, it suffices to verify that there exists a surjection
¢: (k)" = ((Zp,)+)*® " of profinite groups such that if we write Nmy, - : (k)" —
((k“4=1)*)" for the homomorphism induced by the Norm map Nmy, jj@-1) : k* — (K*=D)*,
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then the equality Nmy , -y ((£)") = Nmy, ) (Ker(¢)) holds. On the other hand, this
follows immediately from Lemma 7.3, (ii). This completes the proof of Lemma 7.4. O

THEOREM 7.5. — Suppose that a maximal intermediate field of k/k®") tamely ram-
ified over k(*) does not coincide with k9=Y) C k [which is the case if, for instance,
d,gab) # 1], and that (p,ax) # (2,1). Let n be a nonnegative integer such that [k : k@] €
PRZ and A an abelian py-group that satisfies the following two conditions:

(1) It holds that A = p}.
(2) The finite abelian group A is generated by at most (dy/p}) — 1 elements.
Then there ezists a subgroup of Out(G}) isomorphic to A.

PROOF. — Let K, be a mazimal intermediate field of k/k®) tamely ramified over k@),
Thus, it follows from Lemma 4.3, (ii), that the positive integer dy /dk, is a power of pr and
> pit. Then since [we have assumed that] dg, > 2, it follows immediately from Lemma 7.4
that there exists a finite Galois extension Ky C k of K; such that dj, = py - dg, [i.e., that
d/dx, = PP - di,/dx,], and, moreover, K™ = K™ (= k) — ¢f Lemma 4.3, (i)).
Thus, it follows immediately — in light of condition (2) — from Lemma 7.4 that there
exists a finite Galois extension K3 C k of K5 such that Gal(K3/K>) is isomorphic to A —
which thus implies [cf. condition (1)] that dy, = dk, -§A = dk, -p} = dr — and, moreover,
K™ = K™ (= k@), In particular, since [we have assumed that] (py, a;) # (2,1), it
follows immediately — in light of Proposition 2.5, (i); Proposition 4.9, (i); [3], Proposition
3.6 — from Theorem 4.11, together with [3], Lemma 1.7, (1), (2), that G}, is isomorphic, as

an abstract group, to G, o Gal(k/K3). Thus, by considering the image of the composite
of the natural injection Gal(K3/K;) — (Aut(K3) —) Out(Gg,) and the isomorphism
Out(Gg,) — Out(G}) obtained by conjugation by some isomorphism G, — Gy, we
obtain a subgroup of Out(Gy) isomorphic to A, as desired. This completes the proof of
Theorem 7.5. U

REMARK 7.5.1. — One concrete application of Theorem 7.5 is as follows: Suppose that

pr is odd. Let n be a positive integer. Suppose, moreover, that k = ka(gpz, p,lc/ b Z) Then
one verifies immediately that

K = Q(Gr)y de = (1), A = prt (- 1).

Thus, it follows from Theorem 7.5 that, for positive integers d, rq,...,r; such that r| +
-+ 4+ rg = n, there exists a subgroup of the group Out(Gy) isomorphic to the abelian
Dr-group

ZIPRL x - x L/pZ
cf. the easily verified inequalities d < n < dj,/p}].

Note that this observation in the case where n = 2 was already given in example (2)
given in [4], §2.
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REMARK 7.5.2. — One of motivations of studying Theorem 6.13, Theorem 7.2, and
Theorem 7.5 is as follows:

(i) The Neukirch-Uchida theorem [cf. the main theorem of [16]] asserts that

(txp) every outer isomorphism of profinite groups between the absolute Galois
groups of number fields [i.e., finite extensions of Q] arises from a uniquely determined
isomorphism between the number fields,

which thus implies that

(typ) the isomorphism class, i.e., as an abstract profinite group, of the absolute
Galois group of a number field completely determines the isomorphism class, i.e., as an
abstract field, of the number field.

On the other hand, it is well-known [cf., e.g., [3], Theorem 2.2| that neither the assertion
(tap) for MLF’s nor the assertion (iyy) for MLF’s holds. More precisely, for instance, if
p is odd, then

(fmp) there exists an outer automorphism of the absolute Galois group of Q, that
is nontrivial, hence also does not arise from any automorphism of the field Q, [cf., e.g.,
the discussion given at the final portion of [12], Chapter VII, §5],

and, moreover,

(fyrp) there exist two MLF’s ko, ke such that the field k, is not isomorphic to k,
but the absolute Galois group of k, is isomorphic to the absolute Galois group of k, [cf.,
g., [17], §2, Theorem, (i)].

(ii) The assertion (fyr) in (i) thus asserts that, in general [e.g., in the case where we
take the “k” to be Q,, for some odd prime number p|, the natural injection
Aut(k) — Out(Gy)
cf., e.g., [3], Proposition 2.1] is not bijective. Under this state of affairs, one may consider
the following problem:

Problem: Isthere a certain “suitable” characterization of the subgroup
Aut(k) C Out(Gy) of Out(Gy)?

Here, let us observe that

Theorem 6.13, (ii), may be regarded as a certain affirmative solution to
this problem, i.e., in the case where the MLF k is Galois-specifiable [cf.
Definition 6.1].

(iii) From the point of view of the problem in (ii), let us observe

the [easily verified] finiteness of the group Aut(k).

In particular, as one of possible solutions to the problem in (ii), one may discuss the
following question:

(*gn) Is the subgroup Aut(k) of Out(Gy) the uniquely determined maximal finite
subgroup of Out(Gy)? Put another way, is every element of Out(Gy) of finite order
contained in the subgroup Aut(k) of Out(Gy)?
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Now let us observe that it is immediate that an affirmative answer to this question (xg,)
implies an affirmative answer to the following question (#qar), hence also an affirmative
answer to the following question (kper):

(*char) Is the subgroup Aut(k) of Out(Gy) characteristic?
(#nor) Is the subgroup Aut(k) of Out(Gy) normal?
an affir. sol. to (x5,) = an affir. sol. to (*char) = an affir. sol. to (*por)
(iv) Now let us observe that
Theorem 7.2 is related to the question (#,.,) in (iii),

and that

Theorem 7.5 [cf. also the example in Remark 7.5.1] yields a negative answer
to the question (xg,) in (iii).

(v) In §8, we will give a negative answer to the question (#,,,) in (iii), hence also
[cf. the discussion of (iii)] negative answers to the questions (#g,) and (kepar) in (iii) [cf.
Corollary 8.7 below].

8. ON OUTER AUTOMORPHISMS ARISING FROM FIELD AUTOMORPHISMS II

In the present §8, we maintain the notational conventions introduced at the beginnings
of §1 and §2. In particular, we have been given a group of MLF-type

G.
Let [ be a prime number. Suppose, moreover, that
(a) K*(G)I] # {1},
(b) d(G)/d®)(G) =1 [cf. Definition 4.7, (iv)], and, moreover,
(c) d="(G) ¢ 1Z.

In the present §8, we give a negative answer to the question (s#,,,) in Remark 7.5.2, (iii)
[cf. Corollary 8.7 below].

LEMMA 8.1. — Let I' C Out(G) be a quasi-geometric [cf. Definition 6.6, (ii)] subgroup
of order 1. Then the following hold:

out
(i) The group G x T' [cf. Definition 6.6, (i)] is of AAMLF-type [cf. Definition 4.8]
whose MLF-Galois label [cf. Definition 4.10] coincides with

(p(G), ™), T ((Nmae) (@) )
[cf. Definition 4.7, (iii)].

out
(ii) The isomorphism class of the group G x I' does not depend on the choice of T,
i.e., depends only on (G,1).

(iil) It holds that e(G 4 T) = e(G)/L, and that k*(G % T)[I] # {1}.
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(iv) There exists a uniquely determined F/ -torsor
out
T g k’X(G A F) ®ZFI

in the vector space k* (G °>‘3t [') ®z F;, over By that satisfies the following condition: Write
S C EX(G) for the subset of k*(G) consisting of elements v € k*(G) (D k* (G)GoitF =
k(G N I) — cf [3], Proposition 4.2, (i)) of k*(G) such that the l-th power ~' is
contained in k*(G 0;: I') and, moreover, a lifting of an element of T, i.e., relative to
the natural surjection k™ (G N ') —» k(G N ') ®zF,. Then the subset S is nonempty,
and, oreover, for every elementy € S of S, the subgroup G C G 0>lét I'of G O>u4t I' coincides
with the stabilizer, with respect to the natural action of G O>u4t I on k*(G), of y € S.

PrROOF. — First, we verify assertion (i). Let us first observe that it follows from [3],

Proposition 3.6, that p(G % I') = p(G) and d(G % ) = d(G)/l = d®)(G) [cf. the
condition (b) at the beginning of the present §8]. Thus, to verify assertion (i), it suffices

out
to verify that Im(Nmups(G)) = Im(Nmas(G % T')). To this end, let us observe that
out
it follows from Remark 4.9.1 that Im(Nm,us(G)) € Im(Nm,ps(G % T')), and, moreover,
out
Im(Nmups (G x 1)) @ Im(Nmaps(G))] € {1,1}. Thus, it follows from the condition (c)

at the beginning of the present §8 that Im(Nm,ps(G)) = Im(Nmaps(G % '), as desired.
This completes the proof of assertion (i).

Assertion (ii) follows from assertion (i) and Theorem 4.11. Next, we verify assertion
(iii). The first assertion of assertion (iii) follows immediately — in light of Proposi-
tion 4.9, (iii); [3], Proposition 3.6 — from assertion (i) and Lemma 4.3, (ii). Next, let us
observe that it follows immediately from [3], Proposition 4.2, (i), that, to verify the sec-

t
ond assertion of assertion (iii), it suffices to verify that the homomorphism G NI — F)

out —
determined by the natural action of G x I' on k*(G)[l] is trivial. On the other hand, it
follows from the condition (a) at the beginning of the present §8, together with [3], Propo-

sition 4.2, (i), that the restriction to G C G O;t I of the homomorphism G 0>13t I' - F/is
trivial. Thus, the desired triviality follows from our assumption that I' is of order [. This
completes the proof of assertion (iii). Finally, since I" is of order [, assertion (iv) follows
immediately — in light of [3], Proposition 4.2, (i) — from Kummer theory, together with
assertion (iii). This completes the proof of Lemma 8.1. O

REMARK 8.1.1. — Suppose that py is odd. Let
a € @;k \ ( ;k)pk'

Suppose, moreover, that
1
ko= Qp (G a™).

Then, by the easily verified equality (Q; )** = Q. N (Qp, ((p,)*)P*, one verifies immedi-
ately that

K = Q. (G)s de = i (pr— 1), d;(cab) = pp—1
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[cf. Definition 4.2, (iii), (iv)]. Thus, it follows from Proposition 4.9, (ii); [3], Proposition
3.6; [3], Proposition 3.11, (i), that the group Gy of MLF-type satisfies the three conditions
(a), (b), and (c) at the beginning of the present §8 in the case where we take the prime
number “/” to be py. Moreover, in this case, by Lemma 6.7, (i), and Proposition 6.8, the
subgroup

Gal(k/Qp(G)) € (Aut(k) = Gal(k/Q,,) C) Out(Gy)

yields an example of a quasi-geometric subgroup of Out(Gy) of order py, i.e., as discussed
in Lemma 8.1.

DEFINITION 8.2. — Let I' C Out(G) be a quasi-geometric subgroup of order .
(i) We shall write
T(T) C KGN T) @y F,
for the uniquely determined F;*-torsor “I” of Lemma 8.1, (iv).

(ii)) We shall refer to an element of the subset “S” of Lemma 8.1, (iv), as a Kummer
generator for I'. Note that it follows from Lemma 8.1, (iv), that every Kummer generator
for I' is contained in k*(G) (= k*(G)Y C k*(G)).

(iii) We shall say that I' is of unit-Kummer type if the image of the F;*-torsor T'(I') C
out
E*(G x T') ®z B, of (i) by the homomorphism

out
k‘X(G X F) Rz Fl — (Fl)+

induced by ordg(G % I') [cf. Definition 2.2] is {0} [or, alternatively # (F;) \ {0}].

(iv) Let I'yy € Out(G) be a strictly quasi-geometric [cf. Definition 6.6, (iii)] subgroup

that contains I'. Then we shall say that I" is of ['g.-Kummer type if there exists a Kummer
out

generator v € k*(G) for T such that the I-th power 7' € k*(G) is contained in k* (G x
out
Ist) (CEY(G x I)).

REMARK 8.2.1. — One verifies immediately from [3], Proposition 4.2, (i), together with
the various definitions involved, that, in the situation of Definition 8.2, (iv), the following
two conditions are equivalent:

(1) The quasi-geometric subgroup I' is of I's;-Kummer type.

(2) There exists an element a € k(G % [) of the MLF k(G % I'st) [cf. Definition 5.2,

out out
Remark 5.2.1] such that the subgroup G C G x T’y of G x Ty coincides with the
intersection

(G N I)n(G % Ts)(l;1;1;a)

of the subgroup G 0>12t rca N [g and the subgroup (G O;t Is)(l;1;5a) € G 0>lét Iy
of Definition 5.8, (ii), by the strictly radical data [cf. Definition 5.6, (i)] (I;1;1;a) for

out

k(G % Ty).
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REMARK 8.2.2. — Suppose that we are in the situation of Remark 8.1.1. Then one
verifies immediately from the various definitions involved that the following hold:

(i) The F) -torsor

T(Gal(k/ka (Cpk))) C Kk (Gk 0;? Gal(k/(@pk (Cpk))> Xz Fpk - ka(gpk)x Xz Fpk

[cf. [3], Proposition 3.11, (i)] is given by the [’ -torsor obtained by forming the F, -orbit
of the image of a € Q) C Q,, ((p,)* in Qp, ()" @z Fp,..

(ii) The element a'/P* € k* = k*(G}) [cf. [3], Proposition 3.11, (i)] is a Kummer
generator for the quasi-geometric subgroup Gal(k/Q,, (¢,,)) of order py.

(iii) It holds that the quasi-geometric subgroup Gal(k/Q,,((,.)) of order py is of

unit-Kummer type if and only if a € Z - (Qy; )P*.

(iv) Let us observe that, by Proposition 6.8, the subgroup
(Gal(k/Qu(G)) C) Aut(k) = Gal(k/Q,,) € Out(Gy)

yields an example of a strictly quasi-geometric subgroup of Out(Gy) that contains the
quasi-geometric subgroup Gal(k/Q,, ((,,)) of order py, i.e., as discussed in Definition 8.2,
(iv). Moreover, in this case, since [we have assumed that] a € Q) (= (k*)*"®), the
quasi-geometric subgroup Gal(k/Q,, (¢,,)) of order py is of Aut(k)-Kummer type.

LEMMA 8.3. — Let I', ¥ C Out(G) be quasi-geometric subgroups of order I. Suppose
that T is not of unit-Kummer type. Let v € k*(G) be « Kummer generator for I
Then the following hold:

(i) It holds that v & k*(G % %).
(ii) Suppose that v' € k(G ) Y). Then 7 is « Kummer generator for X.

ut
(iii) Suppose that v € k*(G N Y). Then the quasi-geometric subgroup ¥ is not of
unit-Kummer type.

PROOF. — First, we verify assertion (i). Let us first observe that since I' is of order | and
not of unit-Kummer type, it follows immediately from Proposition 2.3 that ordg(G)(7y) &
[Z.. On the other hand, since X is of order [, it follows immediately from Proposition 2.3

out
and Lemma 8.1, (iii), that ordg(G)(k*(G % X)) = [Z. Thus, assertion (i) holds. This
completes the proof of assertion (i).

Next, since k*(G % )] # {1} [cf. Lemma 8.1, (iii)], and ¥ is of order [, assertion
(ii) follows immediately — in light of [3], Proposition 4.2, (i) — from assertion (i) and
Kummer theory. Finally, since ordg(G)(y) & IZ [cf. the proof of assertion (i)], and ¥ is of
order [, assertion (iii) follows immediately — in light of Proposition 2.3 — from assertion
(ii) and Lemma 8.1, (iii). This completes the proof of Lemma 8.3. O

LEMMA 84. — Let 'y, C Out(G) be a strictly quasi-geometric subgroup of Out(G).
Then the following hold:
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(i) The group Ty, has a uniquely determined l-Sylow subgroup. Moreover, the
[-Sylow subgroup s of order [.

(ii) Let ¥ C Out(G) be a subgroup of Out(G) such that ¥ C Nowe)(Ist). Then it

holds that .
EX(G x Ty) C k(G

(iii) In the situation of (ii), suppose, moreover, that ¥ is quasi-geometric. Then it

holds that ) )
E*(G x Ty) C k(G x X).

PROOF. — First, we verify assertion (i). Let us first observe that it follows from the
conditions (b), (c) at the beginning of the present §8, together with Lemma 6.7, (iv), that

each [-Sylow subgroup of I'y; is of order l. Let I'y, I'ys C I'y; be [-Sylow subgroups of I'y;
[which thus implies that $I'; = #I's = {]. Then since both I'y and I'y are quasi-geometric

out

out
[cf. Lemma 6.7, (i)], it follows immediately from Lemma 8.1, (i), that G x I'; = G x Ty,

ut
i.e., as subgroups of GG N ['st. In particular, we obtain that I'y = I's, i.e., as subgroups
of Out(G), as desired. This completes the proof of assertion (i).

out
Next, since Iy is strictly quasi-geometric [which thus implies that d(G x T'y) = 1],
assertion (ii) follows immediately from Corollary 5.5. Finally, assertion (iii) follows from
assertion (ii), together with Lemma 6.7, (ii). This completes the proof of Lemma 8.4. [

THEOREM 8.5. — Let I'yy C Out(G) be a strictly quasi-geometric subgroup of Out(G)
and ¥ C Out(G) a quasi-geometric subgroup of order I. Write I' C Ty for the uniquely
determined 1-Sylow subgroup of I's; [cf. Lemma 8.4, (1)]. Suppose that the following three
conditions are satisfied:

(1) The subgroup ¥ C Out(G) normalizes the subgroup I'sy € Out(G).
(2) The quasi-geometric subgroup T is of I'si-Kummer type.
(3) The quasi-geometric subgroup T' is not of unit-Kummer type.

Then the quasi-geometric subgroup ¥ is not of unit-Kummer type.

out
PrOOF. — It follows from Lemma 8.4, (iii), and condition (1) that k(G x T'y) C
out
k*(G x X). Now observe that since I' is of I's-Kummer type [cf. condition (2)], there
out
exists a Kummer generator v € k*(G) for T such that 4/ € k*(G x Ty), which thus

out out out
implies [cf. the above inclusion kX (G x I'y) C k*(G x X)] that 4 € k(G x X). Thus,
since I is not of unit-Kummer type [cf. condition (3)], it follows from Lemma 8.3, (iii), that
3 is not of unit-Kummer type, as desired. This completes the proof of Theorem 8.5. [

COROLLARY 8.6. — Suppose that py, is odd. For each [0 € {o, e}, let
ag € Q, \ (Q,)™;

write
def

ko 9 Qp(Gra™), Go ¥ Gal(ko/ko)
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— where ko is an algebraic closure of k. [So it follows from Theorem 4.11, together
with Remark 8.1.1 — c¢f. also Proposition 4.9, (i); [3], Proposition 3.6 — that the group
G, is isomorphic, as an abstract group, to G,.| Write

¢: Out(G,) — Out(G,)

for the isomorphism obtained by conjugation by some fized isomorphism Go = G of
groups. Suppose that a, € Z) [e.g., ao = pp + 1] but ae & Z) [e.g., ae = pi|. Then it
holds that

@ (Gal (ks /@) ) € Now(cn) (Aut(ks).

Proor. — This assertion follows immediately from Theorem 8.5, together with Re-
mark 8.1.1 and Remark 8.2.2, (iii), (iv). O

REMARK 8.6.1.

(i) Let us recall from Theorem 6.13, (i), that if k is Galois-specifiable [cf. Definition 6.1],
then there is a precisely one Out(Gy)-conjugacy class of strictly quasi-geometric subgroups

of Out(Gy,).

(ii) Next, suppose that we are in the situation of Corollary 8.6. Then it follows
immediately from Corollary 8.6 that ®(Aut(k,)) # Aut(k,). On the other hand, it fol-
lows from Proposition 6.8 that both ®(Aut(k,)) and Aut(k,) are strictly quasi-geometric.
Thus, [since one may take the isomorphism “G, — G,” of Corollary 8.6 to be an arbitrary
isomorphism]| there are at least two Out(G,)-conjugacy classes of strictly quasi-geometric
subgroups of Out(G,). In particular — in light of Theorem 5.9, (ii) — we conclude that,
in general, a similar assertion to Theorem 6.13, (i), for [the absolute Galois group of] an
absolutely characteristic [cf. Definition 5.7) MLF does not hold.

COROLLARY 8.7. — Suppose that p; is odd, and that

k = ka (Cpk ) pllq/pk)'

Then the subgroup
Aut(k) € Out(Gy)

s neither normally terminal nor normal.

PROOF. — Since k is absolutely strictly radical [cf. Definition 5.6, (iii)], hence also ab-
solutely characteristic [cf. Theorem 5.9, (ii)], it follows from Theorem 7.2, (i), that the
subgroup Aut(k) C Out(Gy) of Out(Gy) is not normally terminal. Moreover, it follows
immediately from Corollary 8.6 that the subgroup Aut(k) C Out(Gy) of Out(Gy,) is not
normal. This completes the proof of Corollary 8.7. U

REMARK 8.7.1. — In the present Remark 8.7.1, let us recall some of the discussions of
the present §8 from the point of view of the notion of “link” [cf. [9], §2.7, (i)] as follows:
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(i) Let us apply the notational conventions introduced in the statement of Corol-
lary 8.6. In particular, the prime number pj, is odd. Moreover, for each [J € {o, e}, we
are given an element

ap € @;k \ ( ;k)pk7

an MLF
def 1

ko = QG ag™),

and an algebraic closure
ko
of ko. Here, let us recall that the MLF kg — that is one of the main arithmetic holo-
morphic objects [cf. [9], §2.7, (vii)] in this discussion — determines some mono-analytic
objects [cf. [9], §2.7, (vii)]. For instance, we have
e the group of MLF-type
def

Go = Gal(kg/kp)
obtained by forming the absolute Galois group of kg and
e the MLF®-pair [cf. [3], Definition 5.3]
Go EE
obtained by considering the natural action of Gg on EE.

In the remainder of Remark 8.7.1, suppose that we are in a situation in which

we are interested in a certain “characterization” of the element ag € Q.
from the point of view of such mono-analytic objects associated to the
arithmetic holomorphic object kn.

More specifically, suppose that we are in a situation in which

we are interested in a certain “comparison” between a, and a, via a suitable
“link” that relates such mono-analytic objects associated to k, and k,.

a “link”, i.e., a suitable isomorphism
mono-an. obj. of k, — mono-an. obj. of k,

? ) .
— a certain “comparison” between a, and a,

(ii) Let us start by observing that, for each [J € {o, e}, the group G of MLF-type
does not give any “characterization” of the element ap € Q5 . Indeed, one verifies easily
that

ab ab
kl(:] ) - ka(Cpk)a de = pk(pk_1)7 d](gD) = pk‘_]-

Thus, it follows immediately from Theorem 4.11 [cf. also Proposition 4.9, (i); [3], Propo-
sition 3.6] that the isomorphism class of the group “Gp” does not depend on the choice
of “ap”. In particular, we have an isomorphism of groups

G, — G..

As a consequence, one may conclude that

one cannot obtain “any information about ap” if one considers only “G”.
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(iii) In order to obtain a certain “comparison” between a, and a,, let us relate mono-
analytic portions of the arithmetic holomorphic structures of k, and k, as follows: In the
remainder of Remark 8.7.1, let us fix an isomorphism of [abstract] groups [i.e., between
Frobenius-like portions — cf. [3], Definition 5.4]

ap kY — k{

such that the isomorphism Aut (E_(f) = Aut(k)) obtained by conjugation by ap restricts
to an isomorphism of G, C Aut(k)) with G, C Aut(k). Write

Qg Go — Go

for the resulting isomorphism [i.e., between étale-like portions — cf. [3], Definition 5.4].
[So the pair (ag, ag) determines an isomorphism

~

(am as): (Go v EY) = (Go K
of MLF-pairs — cf. [3], Definition 5.1, (ii).] In particular, roughly speaking, we are in a

situation in which the collection of data “Gp ~ Eg” may be regarded as a coric object

[cf. [9], §2.7, (iv)] of our “link” [i.e., the pair (apy, ag)]-
Note that we have natural inclusions of groups
def

Go C GE € Gal(kn/k5”) C Aut(kn) C Aut(k).
Write 3 B
k‘(_jzl) déf (k?D)AUt(k).
[So kfjd:l) = Q,, in ko.] Thus, we have a natural identification
Aut(kg) = Gal(ko/kS™Y).
In particular, the group Aut(kp) is a group of MLF-type such that d(Aut(kg)) = 1 [cf.
3], Proposition 3.6].

(iv) Before proceeding, we pause to recall some of the discussions of §5 from the point
of view of this situation. Let us recall that the reconstruction algorithms of Definition 5.2
and Definition 5.8, (i), assert that, in this situation,

(*): the MLF k;(Dd :1), as well as the collection of strictly radical data for the

MLF ki(jd:l) [cf. Definition 5.6, (i)] each member of which yields the abso-
lutely strictly radical MLF kg [e.g., the strictly radical data (px; 1; pg; an)

for k(Dd :1)], is “intrinsic” from the point of view of the collection of data
Go — Aut(ko) ~ kg
— le., the MLF -pair Aut(kp) ~ kg _equipped with the subgroup G C
Aut(kp) of the étale-like portion Aut(kn).
Here, suppose that the “link” of (iii) [i.e., the pair (ay, ag)] satisfies the condition that

agy also restricts to an isomorphism of Aut(k,) C Aut(kX) with Aut(k,) C
Aut(k)).
[Put another way, roughly speaking, we are in a situation in which the collection of data

“Aut(kp) ~ k%’ may be regarded as a coric object of our “link”.] Then we conclude
immediately from the above (x) that

(f,): the isomorphism Aut(kX) = Aut(EX_) obtained by conjugation by
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the ((k{=Y)*)Pr-orbit of a, € (K{"V)* coincides — relative to some
isomorphism ko, — ko of fields [i.e., determined by either the restric-
tion CYFr’(k(()d:I))X or the composite of ap| (=D and the automorphism
of (K{=")* given by “z — 2717 — cf. [3], Theorem 7.6, (ii)] — with the
(KS=Dype_orbit of a, € (K1),
i.e., obtain a certain “comparison” between a, and a,. As a result,
the field k. is isomorphic, as an abstract field, to the field k,.

This is precisely what is achieved by the application of the “tautological’ assertion in
Remark 5.9.3, (i), to absolutely strictly radical MLF’s [cf. Remark 5.9.3, (ii)].
Put another way, roughly speaking,

in the situation of (iv), one may characterize the element ag up to the
indeterminacies arise from the action of the group ((/{:(Ddzl))x)p’“.

Aut O) = Aut(_.)
mn &%
SR = a=agup to (W) S (D)

(v) Let us return to the situation of the present §8. Next, suppose that the “link” of
(iii) [i-e., the pair (o, o] satisfies the condition that
(f5): the action of the subgroup G% C Aut (kX) on Aut (kX) by conjugation
— relative to the isomorphism Aut(k)) = Aut(k}) by am — preserves
the subgroup Aut(k,) C Aut(kJ).
[Note that one verifies easily that the condition (f;) in (iv) implies this condition (f,).]

In this situation, we are not given any isomorphism of Aut(k,) with Aut(k,). [Put

another way, roughly speaking, we cannot regard the collection of data “Aut(kg) ~ EE”

as a coric object of our “link”.] In particular, we cannot apply the reconstruction algorithm
of Definition 5.8, (i). Nevertheless, Theorem 8.5 allows one to conclude that

if the (Y=Y )Pr_orbit of a, € (k{=V)* contains a unit of O, =1, then
the ((k:sd:l))x)pk—orbit of ae € (k’fdzl))X contains a unit of O, -1,
which thus implies that
if ord, =1 (as) = 0, then ord, @-1 (as) € piZZ.

In particular, we obtain a certain “comparison” between a, and a,.

Gr' D> G, = G. C Aut(k.)

~ ~
kX = kX, GU ~ k} preserves Aut(k,)
Then: ord, =1 (a0) =0 = ord, w-1(a.) € peZ

(vi) Finally, in order to obtain an application of the conclusion of the discussion of
(v), let us take the “(ao,as)” to be (pr + 1,px). Then it follows from the discussion of
(ii) that the group G, is isomorphic to the group G,. Thus, by applying a technique of
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mono-anabelian transport [cf. [3], Theorem 7.6, (i); also [3], Remark 7.6.1, (i)], we obtain
a “link”
(aFra aét): (Go N E?j) — (GO ~ E:()

as in (iii). In particular, since (ao,as) = (pr + 1, px), it follows from the conclusion of the
discussion of (v) that the “link” does not satisfy the condition (t,) in (v), i.e., that

the action of GT on Aut(k}) by conjugation — relative to the isomorphism
Aut (k) = Aut(k)) by am — does not preserve the subgroup Aut(k,) C
Aut(k)).

Therefore, we conclude that

the subgroup Aut(k,) C Aut(Gl,) is not normal,
which thus implies — by considering the respective quotients by G4 — that
the subgroup Aut(k,) C Out(G,) is not normal.

This situation is precisely the situation formulated in the “nonnormal portion” of Corol-
lary 8.7.

REFERENCES

[1] Y. Hoshi, A note on the geometricity of open homomorphisms between the absolute Galois groups
of p-adic local fields, Kodai Math. J. 36 (2013), no. 2, 284-298.

[2] Y. Hoshi, Mono-anabelian reconstruction of number fields, RIMS Preprint 1819 (March 2015).

[3] Y. Hoshi, Introduction to mono-anabelian geometry, RIMS Preprint 1868 (January 2017).

[4] M. Jarden and J. Ritter, On the characterization of local fields by their absolute Galois groups, J.
Number Theory 11 (1979), no. 1, 1-13.

[5] M. Jarden and J. Ritter, Normal automorphisms of absolute Galois groups of p-adic fields, Duke
Math. J. 47 (1980), no. 1, 47-56.

[6] W. Jenkner, Les corps p-adiques dont les groupes de Galois absolus sont isomorphes, Journédes
Arithmétiques, 1991 (Geneva). Astérisque No. 209 (1992), 14, 221-226.

[7] S. Mochizuki, Topics in absolute anabelian geometry I: generalities, J. Math. Sci. Univ. Tokyo 19
(2012), no. 2, 139-242.

[8] S. Mochizuki, Topics in absolute anabelian geometry III: global reconstruction algorithms, J. Math.
Sci. Univ. Tokyo 22 (2015), no. 4, 939-1156.

[9] S. Mochizuki, The mathematics of mutually alien copies: from Gaussian integrals to inter-universal
Teichmiiller Theory, RIMS Preprint 1854 (July 2016).

[10] N. Nakagoshi, The structure of the multiplicative group of residue classes modulo p
Math. J. 73 (1979), 41-60.

[11] J. Neukirch, Algebraic number theory. Translated from the 1992 German original and with a note
by Norbert Schappacher. With a foreword by G. Harder, Grundlehren der Mathematischen Wis-
senschaften, 322. Springer-Verlag, Berlin, 1999.

[12] J. Neukirch, A. Schmidt, and K. Wingberg, Cohomology of number fields. Second edition,
Grundlehren der Mathematischen Wissenschaften, 323. Springer-Verlag, Berlin, 2008.

[13] J. Ritter, PB-adic fields having the same type of algebraic extensions, Math. Ann. 238 (1978), no. 3,
281-288.

[14] J.-P. Serre, Local fields. Translated from the French by Marvin Jay Greenberg, Graduate Texts in
Mathematics, 67. Springer-Verlag, New York-Berlin, 1979.

[15] J.-P. Serre, Abelian l-adic representations and elliptic curves. With the collaboration of Willem
Kuyk and John Labute, Revised reprint of the 1968 original. Research Notes in Mathematics, 7. A
K Peters, Ltd., Wellesley, MA, 1998.

[16] K. Uchida, Isomorphisms of Galois groups, J. Math. Soc. Japan 28 (1976), no. 4, 617-620.

N+l Nagoya



ANABELIAN GEOMETRY OF MIXED-CHARACTERISTIC LOCAL FIELDS 69

[17] S. Yamagata, A counterexample for the local analogy of a theorem by Iwasawa and Uchida, Proc.
Japan Acad. 52 (1976), no. 6, 276-278.

(Yuichiro Hoshi) RESEARCH INSTITUTE FOR MATHEMATICAL SCIENCES, KYOoTO UNIVERSITY, KY-
oTo 606-8502, JAPAN
E-mail address: yuichiro@kurims.kyoto-u.ac.jp



	web-title
	preprint

