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1. INTRODUCTION

Let K be a local field with finite residue field. For the purposes of
paper, “local class field theory” consists of the (more or less) exp
description of the maximal abelian extension K, of K, of the calcula
of the galois group Gal(K,,/K); i.e., the proof that Gal(K,;/K) ~
the completion of K* with respect to the topology given by the ¢
subgroups of finite index in K*, and finally of a description of
isomorphism K* =~ Gal(K,,/K). Local class field theory in this p:
does not include, e.g., a calculation of the Brauer group Br(K).

It is the aim of this paper, which is partly expository in nature, to s.
that local class field theory in this sense can be treated briefly and witl
using any of the involved (but powerful) machinery that one “usua
finds in this connection. In particular we need nothing at all (not e
in a concealed way) of the cohomology of groups. All the facts we ass
known are collected in Section 2. A large part of this paper (Sections :
6, and most of 7) is closely related to the authors 1969 Amsterdam thu

The remaining part of this introduction consists of an outline of
structure of the theory.

First let K be a local field with algebraically closed residue field,
let L/ K be an abelian (necessarily totally ramified) extension of K. T
one forms the following sequence.

UL) «~
V(LIK)

0 —— Gal (LJK) - U(K) — 0 .
where U(L) and U(K) are the units of L and K, respectively; V(L/E
the subgroup of U(L) generated by the elements of the form s(u)

* Part of the work for this paper was done while the author enjoyed a Fullbright-:
traveling grant (February/March, 1973).
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ue U(L), se Gal(L/K); the homomorphism Z associates the class of
s(m.)(mm)™t to s € Gal(L/K), where =, is a uniformizing element of L;
and N is induced by the norm map N, .

The first main result on which the theory rests is

THEOREM 1.2.  The sequence (1.1) is exact.

The proof of this theorem (cf. Section 4) presented here, is completely
new. The old proof in [4] still used some cohomology of groups theory.

Next, let K be a local field with finite residue field and L/K an abelian
extension of K. Taking maximal unramified extensions and completing
them we obtain an abelian extension of local fields with algebraically
closed residue fields L,,/K,, with galois group Gal(L,,/K,,) canonically
isomorphic to Gal(L/K),,,, , the ramification subgroup of Gal(L/K). We
can now form the diagram with exact rows.

0— Gal(L/K)ram - U(f"m‘)/ V(i‘nr/Knr) - U(Km) —0

e [ [

0 — Gal(L/K)ram — UL n) V(L) K ps) — URpr) — 0

where F is a lift of the Frobenius automorphism F e Gal(k/k), k, the
algebraic closure of k. Because ker(F — 1: U(K,,) - U(K,,)) = U(K)
and the induced map F — 1: Gal(K/K),qpn — Gal(L/K)ay, is the zero
map, we obtain by means of the snake lemma a homomorphism

H(LIK): UK) — Gal(L/K )ram -

The same kind of morphism occurs in [6]. This homomorphism turns
out to be surjective and its kernel is N, U(L). It is also functorial in L.
These homomorphisms then look remarkably like part of the “reciprocity
homomorphisms” #(L/K): K* — Gal(L/K), which we are trying to
construct.

The next step is to construct a number of abelian totally ramified
extensions L, /K which have maximally small norm groups. These are
the Lubin-Tate extensions first constructed in [7]. In case K = Q,
they are the extensions generated by the p"th roots of unity.

They are obtained as follows. Choose a uniformizing element 75 of K.
Let f(X) be a polynomial of the form

J(X) = X+ mga, X1 4 - + @, X?) + 7 X
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where a; € A(K), the integers of K, and ¢ is the number of elements of &,
the residue field of K. Let f™(X) be inductively defined as f"(X) =
F(f™ (X)) and let A, be a root of f ™)(X) that is not a root of f "~1(X).
One defines L, = K(A,). One now proves the following.

Taeorem 1.3. (i)
Np(U(Ly)) C UMK) = {ue UK) |u = 1 mod mg™}.
(1)) L,,/K s an abelian totally ramified extension of degree (g — 1)g™ 2.

The “almost reciprocity homomorphism” then gives N, /x(U(L,,)) =
Um(K), and using this (and the fact that Gal(K,,,/K) = Z is topologically
free) the almost reciprocity homomorphism yields that Gal(K,,;/K) ~
U(K) x Z and that K,;, = L, - K, , where L, = \JL,, . It remains to
“extend” the almost reciprocity homomorphism

¢: U(K) —> Gal(Kap/K)ram

to a reciprocity homomorphism r: K* — Gal(K,;/K) such that the kernel
of r: K* — Gal(K,;,/K) — Gal(L/K) is precisely N, ;(L*) for abelian
extensions L/K. It turns out that the map u+> ¢(u~') can indeed be
extended in this way.

Finally we give the “explicit” description of r: K* — Gal(K,;/K), due
to Lubin and Tate. This final part of Section 7 is based on [7].

Over the years I have had many valuable conversations with various
people about local class field theory. It remains for me to thank them,
especially Dr. A. Menalda (to whom I owe a main part of the idea of the
proof of Theorem 1.3(ii), Prof. J. Neukirch (who challenged me to
get rid of all cohomological considerations), Prof. F. Oort, and the many
people who urged me to write this.

2. Precis oF NoTaTions, CONVENTIONS AND RESULTS ASsSUMED KNOWN

In this section we have collected the results without proofs that

will be used in the following. They can all be found in a standard text
like [8, Parts I, I ; 9].

2.1. Notations (for Local Fields)

A local field K is a field K with a (normalized exponential) valuation
vg: K* — Z on it. We define:
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A(K) = {x € K | vg(x) = 0}, the ring of integers of K.

U(K) = {x € K | vg(x) = 0}, the units of K.

g, a uniformizing element of Kj; i.e., an element of K such that
o(mg) = 1.

M(K) = {x e K| vg(x) > 0} = mxA(K), the maximal ideal of 4(K).

U™K) = {x € UK)| x = 1 mod(mg™)}.

k = A(K)/M(K), the residue field of K. We shall always assume
that % is perfect.

K* = K\{0}, the invertible elements of K.

Finally # S denotes the number of elements of a set .S.

2.2. Extensions of Local Fields

Let L. K be a finite galois extension. The galois group is denoted
Gal(L/K). This is a solvable group if the residue field is finite or alge-
braically closed (cf. [8, chap. IV, Sect. 2]). (If L/K is not galois one
denotes with I'(K, L — £2) the various isomorphisms of L into a (large
enough) algebraically closed field £2). Let K; be the maximal unramified
subextension of L/K. The subgroup Gal(L, K;) is denoted Gal(L/K),,n,
and is called the ramification subgroup of Gal(L/K). Gal(L/K),,m is
a normal subgroup of Gal(L/K). If M/K is a galois extension containing
L/K then the natural map Gal(M/K)— Gal(L/K) maps Gal(M/K),,
into Gal(L/K),,,, -

Let K,, be a maximal unramified extension of K. The completion
K,,, is a local field with as residue field k,, an algebraic closure of k.

We now choose once and for all an algebraically closed extension Q2 of
K, and all extensions of K are supposed to be contained in Q. If & is
finite, then Gal(K,,/K) = Z (the completion of Z with respect to the
topology of subgroups of finite index) and we use F to denote the
Frobenius automorphism in Gal (k,/k), to denote its canonical lift in
Gal(K,,/K) and its extension to a K-automorphism of K, .

K,, denotes the maximal abelian extension of K. If %k is finite

K, CK,

ab - R

If L/K is finite galois, then L,,/K,, is a galois extension with its galois
group Gal(L,,/K,,) canonically isomorphic to Gal(L/K),.. [restrict
se Gal(L,,'K,,) to L].
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2.3. Two Results on Norm Maps

(i) Let K be a local field with algebraically closed residue field, and
L/K a finite extension of K. Then

Ny L* — K* and Ny UL)— UK)

are surjective (cf. [8, Chap. V]).

(ii) Let K be a local field with finite residue field and L/K an
unramified galois extension. Then N, j: U(L) — U(K) is surjective
(cf. [8, Chap. V, Sect. 2]).

3. Tae DrcomPoSITION THEOREM

Let K be a local field (in the sense of Section 2). We fix some alge-
braically closed field 2 containing K, . All composite fields are supposed
to be taken in this large field.

TueorReM 3.1. Let L/K be a finite galois extension, where K is a local
feld with finite residue field. Then there is a totally ramified extension
L'|/K such that L,, =L -K, =L-K, =L, . If Ga(L/K),,C
Z Gal(L/K) we can take L' |K to be an (abelian) galots extension. (Here ZG
denotes the center of the group G.)

Proof. Let K, be the maximal unramified subextension of L/K.
The galois group Gal(K,/K)is cyclic with F' (Frobenius) as a

L

K K,

generator. Let F' be any lift in Gal(L/K) of F. Let » be the order of F".
Let K, be the unramified extension of degree r of K. Then K; CK,. Define
F" e Gal(L - K,/K) by means of the conditions F” | K, = Frobenius €
Gal(K,/K) and F"| L = F' e Gal(L/K). Then F" is well defined. Let
L’ be the invariant field of F”. Then L'/K is totally ramified and
L'-K,=L-K,.

Finally, if Gal(L/K),a, C Z Gal(L/K), then

G(L - K\/K)zam C Z Gal(L - K, /K)
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which implies that the subgroup of Gal(L - K,/K) generated by F” is
normal, so that L' is galois over K.

Remark 3.2. Theorem (3.1) is also true for local fields K with
perfect (but not necessarily finite) residue fields (cf. [4, 2.8; or, 5, no. 2]).
The proof is different in those cases.

CoroLLARY 3.3. Let K, be the maximal abelian extension of K. Then
K., = K,, - L where L|K is a maximal totally ramified abelian extension
of K.

Proof. Use infinite galois theory and the fact that Gal(K,,/K) ~ Z
is topologically free.

CoroLLary 3.4. Gal(K,,/K),ym = lim Gal(L/K),,, where LK runs
over all finite abelian extensions and the maps Gal(L/K),,p — Gal(M/K)qm
are induced by the natural projections Gal(L|K)— Gal(M/K) if M CL;
Gal(Kuh/K) = Gal(Kab/K)ram X Z

4. LocaL FieLps wiTH ALGEBRAICALLY CLOSED RESIDUE FIELD

In this section K is a local field with algebraically closed residue field.

4.1. Let L/K be a finite abelian galois extension (necessarily totally
ramified). We consider the following sequence of abelian groups

UL)  Nuk
V(LIK)

0 — Gal (L/K) - UK)—>0  (4.1.1)

where U(L) is the group of units of L; U(K) is the group of units of K;
V(L|K) is the subgroup of U(L) generated by the elements of the form
suju, u e U(L), s € Gal(L/K); N is induced by the norm map U(L) —
U(K) (it is clear that N, x(V(L/K)) = {1}); and 7 is defined as i(s) = class
of s7; /7y (this does not depend on the choice of ).

Lemma 4.2, The map i is a homomorphism of groups.

Proof.

myr t(ﬂ‘L) myr ™y

stlr) _ s(tmy) | Hm) s | M) s gk
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because #(w.) is another uniformizing element of L; i.e., f(m;) = um,
for a certain u € U(L).

THEOREM 4.3 ON THE FUNDAMENTAL EXACT SEQUENCE. Let L/K be
a finite abelian extension of the local field K (with algebraically closed
residue field). Then sequence (4.1.1)

(L)

o_qmmm)fpﬂm

U(K) 0

is exact. This sequence will be called the fundamental exact sequence.

The proof of Theorem (4.3) is divided into several steps. We first
prove the injectivity of 7. To do this we use the following elementary
lemma on abelian groups.

LemMa 4.4. Let G be a finite abelian group and g € G an element of G.
Then there exists a subgroup H of G such that the following conditions are

Sfulfilled

(1) G/H is cychic.

(i) If r: G— G/H is the canonical map, then ord(g) = ord(r(g))
where ord( ) denotes the order of a group element.

Proof. Let G = @ G, be the decomposition of G into its Sylow
subgroups, and let g = (g,), under this decomposition. We write G,
as a direct sum of cyclic groups

_Z_ _Z_
(P%) (p)

For neZ, let v,(n) denote the number of factors p in n; ie,
n = p»™ . m with (p, m) = 1 and let

Gp = DD &y = (g,,(l),...,gp(r)).

w,(g,) = max(i, — v,(g,(n)}
Then
ord(g,) = p**”
Now choose an index & such that w,(g,) = 7, — v,,(g,(0)). And let

Z
H, = (:) ——CG,
? 1,%b (p™)

H=®H,CG
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Then if 7,: G, — G,/H,, is the canonical map, ord(g,) = ord(r,(g,))
and consequently ord(g) = ord(r(g)).

4.5. Proof of the injectivity of i. Gal(L/K)— U(L)/V(L/K)

Let 1 # g€ G = Gal(L/K); and let H be a subgroup of G such that
the two assertions of (4.4) hold. Let g be the image of g in G/H, then
g # 1; let f be a generator of G/H and let f be any lift in G of f; then if
7=

g =frh for a certain he H.
Suppose that i(g) € I'(L/K). Then we have [using (4.2)]
flr) | ) II f "h;(uﬁ)

" T o

(4.5.1)

i

where 7 = 1, 2,..., ord(f); and %; runs through the elements of H; and
u; € U(L).
Now because

fthw) _ frh(w) | 7RGy fPRGe) | fR(e) | B(w)
u Foh()  f7RR) fhw) k() w

(4.5.2)

we can rewrite (4.5.1) as

fOr) | A | f(w) I h(u)

7TLT mr w Uy

we UL), u,eUL) (4.5.3)

heH

Let M be the invariant field of the subgroup H of G. Taking N, on
both sides of equation (4.5.3) we obtain

fau™ (_ﬁ) (4.5.4)

TI'MT

where m, = Np(m;) and @ = N, (w). Because M/K is cyclic,
Eq. (4.5.4) implies that 7,/@~ € K, which is impossible because M/K is
totally ramified and » < ord(f) = [M : K], as g 1.

The second step of the proof of Theorem (4.3) consists of the proof
of the exactness of the fundamental sequence in the case that L/K is a
cyclic extension. To do this we need the “classical” version of “Hilbert
90” (cf. [3, Sect. 13, Satz 114]).

We repeat the proof for completeness sake.
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Lemma 4.8. Let L|K be a finite galois extension, and M a galois sub-
extension of L. Then the induced map

Ny VLIK) — V(MIK)
is surjective.

Proof. Let H be the subgroup of G = Gal(LK) corresponding to M.
It suffices to show that g(u)/u e Im N,,,, for ge G/H and ue UM).
Because Ny U(L) — U(M) is surjective there is an v € U(L) such that
Nim(v) = u. Let g € G be any lift of g. Then

Z -1 g
N ( (@) ) ~ 11 g(v) _ Tle(g'he)(®) _ &)

v wer h(0) [TA() u
which proves the lemma.

LemMa 4.9. Let L/K be a finite abelian extension, and M a subextension
of L such that L| M is cyclic. Then the following sequence is exact

i UL) v U(M)
0 — Gal (L/M) LI TR 0

Proof. i is injective because Gal(L/M) is a subgroup of Gal(L/K)
[cf. (4.5)] and N is surjective because N: U(L) — U(M) is surjective.
Now consider the following commutative diagram

0 — Gal(L/M) —i> U(L)/V(L|M) —2Y—s UM) ———— 0

| l !

0 —— Gal(L/M) —— U(L)|V(L|K) -2 UM)|V(M|K) — 0

where the two arrows in the middle and on the right are natural projec-
tions. Let u € U(L) and suppose N(u) € V(M/K). Because of Lemma 4.8
there is a v € V(L/K) such that N(v) = N(u), i.e., N(uv™') = 1. Using
exactness of the top line (4.7) we obtain that uv~1 == s(7)/7, mod V(L/M)
for a certain s e Gal(L/M), which implies u = s(m.) 77' mod V(L/K).
This proves the lemma.

The final step in the proof of Theorem 4.3 is an induction argument.

4.10. Proof of Theorem 4.3

Let L/ K be an abelian extension and M/K be a subextension such that
L/M is cyclic. By induction we can assume that the fundamental sequence
for M/K is exact. Now consider the following diagram
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Lemma 4.6. (“Hilbert 90.”) Let L/K be a cyclic galois extension and
suppose that Npx(x) = 1 for a certain x € L. Then there exists an y € L
such that x = sy/y, where s € Gal(L/K) is a generator of the galois group.

Proof. Let a be any element of L. One forms
vy =a -+ s(a) x1 -+ 52(‘1) . s(x“l) o x—1 e s"‘l(a) . s"“2(x“1) “ee s(x‘l) - xl
where n = ord(s). We then have

S(y) —_ s(a) + S2(a) S(x——l) —+ e sn-l(a) . Sn-—:’.(x~l) s(x"l)
+ s"(a) . Sn~1(x—-1) s(x'l).

As s(a) = a and s""Y(x1) .-+ s(x~1) a7t = 1, it follows that

(y)at =y,

If y were equal to zero for all 4, then letting a run through a basis of L
over K we would have a nontrivial solution (viz., (1, 7%, s(x71) x~1 -
sn3(x71) -« s(x71) 1)) for an n X n system of linear equations with
nonzero determinant. Therefore y £ 0 for suitable @, which means that
x = s(y)y

4.7. Proof of the Exactness of the Fundamental Exact Sequence in the
Cyclic Case

Let L/K be a cyclic extension. We consider

uE)

0 — Gal (LK) LR

Y. U(K) 0

4.1.1)

The injectivity of 7 has just been proven. The surjectivity of N is very
well known [cf. (2.3)]. It remains to prove that ker N = Imz. That
N o iis the zero map is obvious. Suppose then that N(u) = 1. According
to Lemma 4.6 there is an y € L* such that u = s(y)y~!, where s is a
generator of Gal(L/K). Write y = =,"v. Then

=0 S g k)
Ty my,
which concludes the proof.

The next step (the third) of the proof of Theorem 4.3 consists of two
easy technical lemmata.
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0 0
Gal(L/M) = Gal(L/M)
| |
0 — Gal(L/K) —— U(L)|V(L|K) U(K) —> 0

| J |

0 —— Gal(M/K) —> U(M)[V(M|K) —> U(K) —> 0

! l

0 0
The second column is exact according to Lemma 4.9. The first column is

exact and so is the third row (induction hypothesis). It follows that the
second row is also exact.

Remark 4.11. It is not difficult to extend Theorem 4.3 to cover the
case of nonabelian (totally ramified) galois extensions. The fundamental
exact sequence then becomes

0 — Gal(L/K)w — U(L)/V(LIK) —> UK) —> 0 (4.11.1)

where G#P denotes the maximal abelian quotient of G. Indeed let M be
the field corresponding to <G, G, the commutator subgroup of
G = Gal(L/K). By induction on the number of elements of (G, G)
we see that it suffices to prove the exactness of sequence (4.11.1) in the
case that M'/K is a subgalois extension of L/K containing M such that
L/M' is abelian and such that the fundamental sequence for M'/K is
exact. We now have the following diagram.

0

|

Y

Gal(L/M') =  Gal(L/M)

Je !

Gal(L/K)»» —i—> U(L)/V(L/K) X UK)—> 0

L L |

0 — Gal(M'/K)aP ——> U(M")|V(M'|K) - U(K) — 0

l

0
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The map « is an isomorphism and B is the zero map because M’ contains
M, the field of invariants of {G, G). It follows that 7 is injective, as the
bottom row is exact by induction hypothesis. The second column
is exact by an argument identical to the one used in (4.9), using
Theorem 4.3 instead of (4.5). It follows that the second row is exact.

5. “AvLmost’”’ THE REecriprociTy HoOMOMORPHISM

5.1. In this section K is a local field with finite residue field of ¢
elements, and L/K is a finite (abelian) galois extension that is totally
ramified. Let K, and L,, be the maximal unramified extensions of K
and L and let K, and L., be their completions. The extension L,,,/K,,, is
also (abelian) galois and totally ramified and the galois group Gal(L,,/K,,,)
is naturally isomorphic with Gal(L/K) [cf. (2.2)].

The algebraic closure of the residue field & of K is denoted k,; it is the
residue field of K, and K, .

We use the symbol F for the Frobenius morphism of Gal(k,/k) for
their canonical lifts in Gal(K,,,/K) and Gal(L,,/L) and also for their
extensions to K,, and L,,. We can now form the following diagram

(cf. Section 4).

O —— Gal{L/K) —> U(Lnr>/v(im‘/ﬁnr) — U(ﬁnr) —0 :l

F-1 o L_/,/ (5.1.1)
- F

e -~ ~ -~ ~
/’/ O —— Gal(L/K) —> U(Liny)/V(Lny /Knr) —> UKnr) — O

i g l
\
~

Se=e-~C—————»D

where F — 1 is the homomorphism which associates F(u)u™* to
ue U(K,,); X, Y, C, D are the appropriate kernels and cokernels.

Lemma 5.2.
(i) F—1:U(R,,)— UR,,) is surjective; F — 1: A(K,,) - A(K,,)
1s surjective.
(i) F—1: V(E,W/Km.) — V(f,m/K'm) is surjective.
(i)  ker(F — 1: U(R,,) — UK,,)) = UK).
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Proof. (i) Use the filtration of U(K,,) by the subgroups U*(K,,) of
units congruent to 1 mod mx*. The induced homomorphisms

F— 1: UK, UAK,,) ~ k* — k* = UK,,)| UK,
F — 1: U(R,,)|U"YK,,) ~ k— k, =~ UYK,,)|U"YK,,)
are
F — 1: b+ — k¥, x>yl

F—1:k,—k,, X X7 — &

which are surjective because k, is algebraically closed. The first part of (i)
now follows by a well-known argument concerning homomorphisms
of complete filtered abelian groups. For the second part of (i) use the
filtration by the mxnA(K,,) of A(K,,). The induced maps F — 1: kb, — k&,
are (again) the maps x— x? — x.

(i) Now let #(x) x*e V(L,,/K,,). It suffices to show that these

elements are in Im(F — 1). Choose y € U(L,,) such that (F — 1)(y) = .
Then we have

=) - (2) - (A

X
because F and t commute as L/K is totally ramified.
(iii) Let ue U(K,,), and F(u) = u. We write u = u, + mw,,
with u,€ K,,; F(u) = u yields Fu, = u, mod mx . Hence we can
write # = u, + mxw, with u, € K; then Fu = u yields Fw, = w, .

_Now write wy = 7}51u1 , Uy € U(I{'”T); this gives Fu, = u;; repeating
this process with u; instead of u gives

— 7 73+l s
U =y + Ty, + TR Wy, U, , Uy, € K

Continuing in this way we see that u € K mod 7" for all #, and hence that
u € U(K) because K is complete.

5.3. DeriNitioN OF ¢(L/K): U(K) — Gal(L/K). Let L/K be totally
ramified abelian. One forms the diagram (5.1.1). The rows of this diagram
are exact by Theorem 4.3. Therefore, there is (by the snake lemma) an
induced homomorphism g: ¥ — C as shown. According to Lemma
5.2(iii), Y = U(K). Further, because L/K is totally ramified, F commutes
with every te Gal(L/K) so that F — 1: Gal(L/K)— Gal(L/K) is the
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zero map, which permits us to identify C with Gal(L/K). We therefore
obtain “the almost reciprocity homomorphism”

H(LIK): UK)— Gal(L/K)

for abelian totally ramified extensions L/K.

PRrOPOSITION 5.4.
(1) H(L/K) is surjective.
(if) ker(¢(L/K)) = Npx(U(L))-
Proof. (i) To prove (i) it suffices to show that D = 0in diagram 5.1.1,

which follows from the surjectivity of F — 1: U(L,,) — U(L,,)
[Lemma 5.2(1)].

(i) Itis clear that N, x(U(L)) C a(X) (cf. diagram 5.1.1). Now let
the element € X be represented by x € U(L,,). Then
(Fx) xYe V(L,,/K,,)

(because & € X). According to Lemma 5.2(ii) there is a y € V(L K,ir)
such that (Fy)y~! = (Fx)x~*. Or, in other words, F(xy~*) = xy~%, which
implies xy~'e U(L) by Lemma 5.2(iii). And therefore Nj;(x) =
Nyx(xy™) e Ny x(UL)), ie., a(&)e Npx(U(L)). This concludes the
proof of the proposition.

THEOREM 5.5. For every finite abelian totally ramified extension L|K’
we have an isomorphism
$(LIK): UK)[NyxUL) — Gal(L/K)

These isomorphisms are functorial in the sense that if L/ K is totally ramified
abelian extension and MK a subextension of L'K then the following
diagram is commutative

U(K)|N 1 xU(L) ——> Gal(L/K)

U(K)[N v U(M) —— Gal(M/K)
Proof. The first statement is Proposition 5.4 and the second statement

follows from the functoriality of the connecting morphism g of the snake
lemma.

607/18/2-4
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5.6. It is convenient to have a slight extension of Theorem 5.5 to the
case of finite abelian (not necessarily totally ramified) extensions L/K.
Let F’ be any lift in Gal(L,,,, K) of the Frobenius morphism in Gal(k,/k);
let L' be the invariant field of F’. Then L'/K is abelian totally ramified and
L,, =L, . ldentifying Gal(L/K),,,, and Gal(L’/K) in the canonical
way we find a diagram:

X £ Y

! !

0— Gal(L/K)ram — U (ﬁm)/ V(Zm.‘/Km) i U(Km,) — 0

Lo Lo o

00— Gal(L/K)Tam _— U(f‘m’)/l V(I‘n'l'/Kn-r) —_— U(Km) —0

l !

C b D

This, as in Proposition 5.4, yields an isomorphism:
UK)INy,x(UL")) —> Gal(L/K)ram = Gal(L'/K)

But L' - K, = L - K,, for some finite unramified extension K,/K and

L-K,/LandL' - K,'L are unramified extensions. Further
Nog i UM)) = UM)

if M'/M is an unramified extension (2.3). Therefore N, ;x(U(L)) =
N x(U(L)), which gives us an isomorphism

~

$(L/K): U(K)/NLix(U(L)) —> Gal(L/K)ram

TreOREM 5.7. For every finite abelian extension L] K there is a canonical
1somorphism

$(L/K): UK)/Nyx(U(L)) —> Gal(L/K )ram

that is functorial in the sense that if M/K is a larger abelian extension
(t.e., L C M) then the following diagram commutes

U(K)IN 1 x(U(L)) — GallL/K )ram

I I

U(K)INpyx(U(L)) —— Gal(MK)ram
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where the first vertical arrow is the canonical projection and the second one
1s tnduced by the canonical projection Gal(M|/K) — Gal(L/K).

Proof. Cf.5.6. 'The functoriality follows again from the functoriality
of the snake lemma.

6. THE LuBIN-TATE EXTENSIONS

As in the previous section, let K be a local field with finite residue field
k of g elements. Let my = = be a uniformizing element of K; 4(K) is the
ring of integers of K.

6.1. Definition of the Lubin—Tate extensions L,/ K
Let f(X) be a polynomial over A(K) of the form

FX) = X (g X0+ o @ X2) + 7X, gy, @y € AK)

We use f“(X) to denote the mth iterate of f(X); i.e., fI(X) = f(X),
f™(X) = f(f™I(X)). As X divides f(X), it follows that fm-D(X)
divides f“(X). For each m let A,, be a root of f“?(X) that is not a root
of fm-1(X). We can choose (and shall do so) the A, in such a way that
F(A,) = A,_; for each m > 2. We define the Lubin-Tate extensions
L,/KasL, = K(Am)

It is the aim of this section to prove the following theorem concerning
the extensions L, /K.

THEOREM 6.2.

(i) L, /K is totally ramified abelian. Its galois group is isomorphic
U(K)/U™K).

(i) NL"L/K(U(Lm)) - Um(K)

The proof of this is in several steps.

Lemma 6.2. L, /K is totally ramified; A, is a uniformizing element
of L, .

Proof. f™(X)/ f m-1(X) is an Eisenstein polynomial.
The second step is to show that N, (U(L,,)) C U™(K). To do this
we need a “denseness of separable polynomlala” lemma.
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LemMaA 6.3, Let k be an arbitrary field, g = X* + a,,_ X"+ -+ a,,
a polynomial over k such that (n, char(k)) = 1 if char(k) 5% 0. Then there
exists an r > 0 and a polynomial § of degree <r — 1 such that the
polynomial h = X'g + g is separable (i.e., has only simple roots).

Proof. If k has infinitely many elements, we can choose 7 = 1 and g
equal to some suitable constant ¢ € k. [For (d/dX)(Xg + ¢) is independent
of ¢ and has only finitely many roots.] Suppose now that #k = ¢, then
dg'dX == 0 (because (n, char(k)) = 1). Let , ,..., x,_, be the set of roots
of dg/dX. The %, ,..., x,_; are all contained in some finite extension &’ of
k. Let #k = g% we can assume that ¢° > degree(g). Let k be the

polynomial (r = ¢5*; g := —X%(X) + 1)
B XOUX) — Xg(X) 41, (e x0) B

If a is a root of dh/dX, then we have either that a is a root of X" — X1
and then A(a) = 1, or we have that a is a root of dg/d X, then a € k', hence
a¥ = a, and also h(a) = 1. Q.E.D.

We are now in a position to prove the inclusion
Ny x(U(L,,)) C U™(K).
THEOREM 6.5.
Nip,x(U(Ln)) C UM(K)

Proof. Every element of U(L,,) can be written as a product uu’, where
ue UYL,)and uis a (g — 1)th root of unity. But

N@W) = (w)e-v"? = |

where we have written N for N ;x . Hence, it suffices to show that
N(UYL,,)) C UK). This is clearly true for m = 1. Therefore, we
assume m > 2. Every element of UY(L,,) can be written as a sum

u =14 @A+ aA® + -+ + a,\" + x, a;€ A(K), A:=A,,

with n = m(q — 1) g™ — 1 and v(x) > v(7™), so that (n, char(k)) = 1
(m = 2; v denotes the normalized exponential valuation on K). Consider
the polynomial d(X) = X" + g, X*! 4 --- 4+ a, (same a; as in the
sum above). Let g be the reduction of d to a polynomial over k. Choose r
and § as in Lemma 6.4, let § be a lift of § of the same degree as g. Let
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h := X"d + §. Then the reduction of % in k[X] has no multiple roots,
hence all roots of % are in K,,,. We can choose the constant term of A
equal to 1, which implies that the product of the roots 2 ,..., &, of A is
equal to 1, and that therefore the roots of % are all units (of K,,,). Then
(1 —2) (I —2A) =1+ aA + - + g, + &' with o(x") = v(7™)
andu =14 aA + - + @ A* + & = (1 — ) - (I — 221 + 3)
with 2(y) = o(#™). Now N(1 + y) € U K). We have left to show that

N ([:]1 a— zl-,\)) e Un(K)

It suffices to show that N, x s ([I(I — =) is in U™(K,,). This
follows from the commutativity of the diagram below and the fact that
UMK, N UK) = U"(K) (because K,,/K is unramified).

nri

L,~—L, K,
l‘NLm/K l‘VLm' Kpp/Kyy (6'5’ l )
Ke— K,

(The commutativity is proved as follows. Let x € L,, , then x has the same
minimum polynomial over K as over K,, because K,,/K is unramified

and L,,/K is totally ramified, Q.E.D.).

In particular we have that the minimum polynomial of AeL,, - K, is
Fm™(X) fm-1(X) e K,,[X]. This yields

N| A se=1)g™1 [T UK, 6.5.2
1—2) == FoET) ze UK,,) (6.5.2)
[Thanks to the commutativity of diagram (6.5.1) we can and shall use IV
for both N, /¢ and N _.x_jx,  indiscriminatedly.]

Setting y; := 27" we obtain from (6.5.2)

N(ljl a1- z,-)\)) _ (ﬁ zi)m—x)qm-l - ﬁ i

i=1 i=1 Fo=(yy)

_h ()
i=1 f(m——l)(yi)

I—-[Zal f (M)(J’i) - 1---[z%=1 f (m-—l)(yi)
H2=1 FoD(y,)

because [[ z; = +1and m > 2
( )

=14+
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The z; are units, therefore the y; too, and also the f™=1( y,), as is easily
seen from the form of f ™~1(X). It follows that it suffices to prove that

t t

H fom(y,) — Hf('"*”(yi) = 0 mod(7™).

i=1 i=1

The automorphism F e Gal(K,,/K), the Frobenius automorphism,
permutes the roots z; of &, hence F also permutes the y; . The homo-
morphism F reduces to x > x2 mod (7). Therefore there exists a permu-
tation o of 1,..., £ such that

F(¥) = Yoty mod(mr)

because x — f(x) also reduces to x > x¢ mod (7).

For any two elements a, b € A(K,,), if a = b mod (") withr > | then
a? = b? mod (7"*') and wa® = 7b* mod (#"*!) (s = 1,..., ¢ — 1) hence
also f(a) = f(b) mod (="+1).

Applying this to the relation

F(3:) = Yot mod(m),

we obtain
F(5) = £ N34 9) mod(a").

Taking the product over z we find

t t t

Hf(-m)(yi) = Hf(m-—l)(yo(i)) = Hf('nwl)(yi) mod(ﬂ.m)

i1 il i1
Q.E.D.

The next step (the third) consists of proving that L, /K is galois. To do
this we need the following elementary but powerful lemma of Lubin
and Tate [7].

Lemma 6.6. Let K be a local field with finite residue field of q elements.
Let 7 be a fixed uniformizing element of K. Let f(X), g(X) € A(K)[[X]] be
two power series over A(K) such that

f(X) = 7X = g(X) mod(X2)
f(X) = g(X) = X* mod(n)
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Then for every a € A(K) there exists a unique power series [a]; (X) over
A(K) such that

f([dlyq (X)) = [al;,, (8(X))
[als., (X) == aX mod(X?)

Proof. One defines inductively polynomials F,(X) of degree r such
that

FFLX)) = F,(g(X)) mod(X™+)
F(X) = F,(X) mod(X"+1).
One can take Fy(X) = aX. Suppose we have found F,(X), for a certain

r = 1. One then sets F, (X) = F(X) + a,., X" where a,,, is yet
to be determined. One has

FFra(X) = f(FAX)) + 7@, X1 mod(X™+2)
F,1(8(X)) = F(g(X)) + n"t1a,,; X"+ mod(X"+2).

These equations show that @, , must satisfy

ay it = JED = FUeX)) | ray

gl

which proves in any case (inductively) that F,. (X)) is unique mod (X"*2)
for all 7, thus taking care of the uniqueness assertion concerning [a];, ,(X).
It remains to show that a, , € A(K), which follows from

FELX)) — Fo(g(X)) = (FX)) — F,(X%) = 0 mod(r)

The series [a]; (X) is the limit of the F,. This proves the lemma.

CoroLLarY 6.7 [7].

(@) [#](X) = f(X)
(i) [a]([b](X)) = [ab](X), a, b A(K).
(i) [1y,([1,. (X)) = X.

Here we have written [a]; for [a],;. All these equalities are proven
by showing that the left and right-hand sides both satisfy the same
characterizing properties of Lemma 6.6. E.g., [#](X) = 7X mod (X?)
and f([7](X)) = [#](f(X)); on the other hand, f(X) = 7X mod (X?)
and f(f(x)) = f(f(X)). Therefore [7](X) = f(X) by the uniqueness
assertion of (6.6).
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Now let f = X7 + m(g, 1 X9 + -+ + a,X?*) + 7.X, as before. Taking
f = g in the lemma above, we have for every u € U(K) a power series
[4](X) over A(K) such that f([u] (X)) = [u],(f(X)). It follows that if A,
is a root of f™)(X) that is not a root of f™-V(X), then [«],(},,), which
is in K(A,) = L,, because L, is complete and [u](X)e A(K)[[X]],
is another (possibly the same) root of f)(X), which is not a root of
S I(X). To prove that L,,/K is galois it suffices to show that by varying
u we get enough different roots [1],(A,,) of f ™(X). A preliminary lemma
for this is the following.

LemMa 6.8. Let f(X) be a power series over A(K); let L|K be a finite
extension of K and suppose that there is a A € L with vy (A) > O such that
fQ) = 0. Then there exists a power series g(X) over A(L) such that

F(X) = (X — %) g(X).

Proof. Write f(X) = (X — A)g, + b, mod (X*) with b, € A(L)
(division with remainder in A(L)[X]. Now f(A) = 0, therefore v,(b,) >
nv(A) which goes to infinity as # — o0 because v,(A) > 0. We also have
f(X) = (X — g1 (X) + b,y mod(X"+1). And therefore

(X — N(2a(X) — gnia(X)) = 0 mod(x, X7). (6.8.1)
Write
(X)) — gu(X) = a, X" + a, X1+ - + 0, X +a,
Using (6.8.1) one obtains
vr(a) = noy(X)
v(aA — a,) = no (A)
v (@par — an_g) = nv(A)
which implies
v(@) = (n — 1) vr(A)
v(a) = (n— 2) v,(A)
v(a,4) = 0.
It follows that the sequence g,(X) has a limit g(X) as # — oo. Then
f(X) = (X — X) g(X) mod (X, A") for all z; i.e., f(X) = (X — X)g(X).
Which proves the lemma.

We are now in a position to prove that L, /K is galois and to calculate
its galois group.
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PROPOSITION 6.9. The extension L,,|K is galois; its galois group is
isomorphic to U(K)/ U™(K).

Proof. We first remark that if u, »’ € U(K), then [cf. (6.7)]
(s ([ (X)) = [ma']y (X)) (6.9.1)
Suppose we have proved that
[l () = [y () = u = « mod(U™(K)) (69:2)

Because U(K)/ U™K) has (g — 1)gm' elements and [L,: K] =
(g — 1)g™ it follows from (6.9.2) that L, /K is galois. The assignment
s € Gal(L,,/K) — class of any u such that s(A,,) = [#],(},,) then defines an
isomorphism of Gal(L,,/K) with U(K)/U™(K) [in virtue of (6.9.1)]. It
therefore remains to prove (6.9.2). Using (6.9.1) we see that it suffices
to prove that

[y (A) = A = u = 1 mod(U"(K)). (6.9.3)

Let s € I'(K, L — Q). Then s(2,,) is a root of [#],(X) — X, because s acts
continuously. Further f®(},) is a root of [u](X) — X for all r < m
because [u](f (X)) = f([#](X)). Therefore, all the roots of f™(X) are
roots of [u](X)— X. Applying Lemma 6.8 repeatedly we find a
factorization

[ul; (X) — X = fO(X) g(X).

But f"(X) = 7mX + ---. Comparing the coefficients of X on the left
and on the right we see that

u—1=rm""a

where a is the constant term of g(X). As g(X) has integral coefficients
[cf. (6.8)] the proposition is proven.

CoroLLARY 6.10.
Niyx(UlLn)) = U™K)
Proof. This follows from Proposition 6.9 and Theorems 5.5 and 6.5.

Remark 6.11. The Lubin—Tate extensions L,, depend only on the
choice of 7, not on the choice of the polynomial

f(X) = X9 'rr(aq_qu‘l e az‘Xz) 4+ X,



170 MICHIEL HAZEWINKEL

Indeed, let g(X) be another polynomial of the same form. According to
Lemma 6.8 there is a unique power series [1]; (X) such that [1]; (X) =
X mod(X?) and f[1]; (X)) = [1];,(8(X)). Now let w, be a root of
g™(X) that is not a root of g™~1(X); then we see that [1]; ,(u,) is a root
of f™(X) that is not a root of f™1(X) (look at v([1]; ,(u,)) for this
last statement). But [1]; (u,,) € K(u,,), and therefore L, C K(u,,) and
comparing degrees we see that L,, = K(u,,)-

We can therefore talk about the Lubin—Tate extensions associated to 7.

Remark 6.12. 7€ KisanormfromeachL, .Indeed N, /x(—A,) ==
because the constant term of fW(X)/f™-1(X) is equal to =, and
F(X)[f m=1(X) is irreducible.

7. Locar Crass FieLp THEORY

In this section K is again a local field with finite residue field. Let
K, be the maximal abelian extension of K. The first aim of this section
is to calculate Gal(K,,/K) and to give a description of K ; . We then
proceed to “‘extend” the “‘almost reciprocity homomorphism”

S(LIK): UK) — Gal(L/K)

of Section 5 to a “reciprocity homomorphism” #(L/K): K — Gal(L/K)
defined for all abelian L/K. And finally we give the explicit formula for
r(L/K) due to Lubin and Tate (and Dwork).

THeOREM 7.1.
Gal(Kan/K)ram =~ U(K);  Gal(Kan/K) =~ U(K) x 2
Proof. For every finite abelian extension L/ K we have an isomorphism
$(L/K): UK)Nk(UL)) — Gal(L/K)ram (7.1.1)
Taking the limit over all finite abelian L/K we obtain an isomorphism
¢: lim U(K)/N L x(U(L)) = Gal(K*>/K)ram (7.1.2)

(cf. Section 3.) Now U(L) is compact and N, . is continuous. It follows
that N,/ (U(L)) is compact and therefore closed in U(K). As it is also a
subgroup of finite index [by (5.7)], it is also open in U(K), i.e., there
exists an 7z (depending on L) such that N, ,(U(L))D U¥K). By
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Theorem 6.2 there exists for every me N an abelian extension L,,/K
such that N, x(U(L,)) = U™K). It follows from these facts that the
projective limit on the left of (7.1.2) is equal to U(K). This proves the
first part of the theorem and also the second in virtue of (3.4). Fix a
uniformizing element = of K. Let L,, be the Lubin—Tate extensions
corresponding to this choice of =. [Cf. (6.1) and (6.11)]. We write
L, = Um Lm .

CororLrary 7.2. K, =1L, -K,,.

Proof. L, - K,,1s an abelian extension and therefore contained in K.
We have a commutative diagram with exact rows.

O ———Gal(K z,/K)yam —> Gal(Kap/K) — Gal(Kpp/K) ——0
¢(Kab/ X)

U(K) o’ a

&(Ly. Kpp/K)
0— Gal(L Kpr/K)ram —— Gal(Lm Kpy/K )= Gal(Kpy/K) —— O

where « is the natural projection; o« is induced by «; and the homo-
morphisms ¢(K,,/K) and ¢(L, - K,,/K) are obtained by taking the
projective limit of the homomorphisms ¢(L/K), where L/K runs through
the abelian subextensions of K, and L, - K,,, , respectively.

Now (L, - K,,,/K) is the projective limit of the isomorphisms
F(L,./K): U(K)/'(NL,,L/K( UL,)) = Gal(L,/K) and as NLm/K( UlL,)) =
U™(K) by Theorem 6.2 we conclude that (L, - K,/K)is an isomorphism.
The homomorphism ¢(K,,/K) is also an isomorphism (Theorem 7.1)
and therefore o is an isomorphism and thus « too, which concludes the
proof of the corollary.

7.3. The group U(K) x Z is the completion of K* ~ U(K) x Z
with respect to the topology of open subgroups of finite index. (Open in
the sense of the topology on K* induced by the valuation on K.) When
regarded as this completion we shall write K* for U(K) x Z and
K* — K* will be the natural inclusion.

Of course, one can choose many isomorphisms K* ~ U(K) X Z ~
Gal(K??/K). It is the aim of the next few subsections to show that we can
choose this isomorphism in such a way that the kernel of

K* — K* — Gal(K#b|K) — Gal(L/K)
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is precisely Ny (L*) C K* for every abelian L/K (where the last map
is the natural projection).

7.4. Preliminary Definition

Let L'/K be a totally ramified abelian extension, mx a uniformizing
element of K that is a norm from L', and K, /K and unramified (abelian)
extension of K. We define a homomorphism r: K* — Gal(L’ - K,,/K)
as follows. (We should of course write 7,+.x_or something similar).

U(K)3 ur>r(h) := (u) € Gal(L'K) = Gal(L' - K,/K,) =Gal(L’ - KK p)ram
mx—>FeGal(l' - K,JL)

where F is the Frobenius automorphism of Gal(L’ - K,/L") and u — ¢(u)
is the homomorphism defined in (5.5).

The first step now is to show that this definition does not depend
on the choice of L' in L’ - K, , and to show that for this definition one
does have the kernel property mentioned in 7.3. To this end we need the
following lemma, which is also useful further on.

Lemma 7.5. Let LK be an abelian extension. The index of Ny x(L*)
in K is equal to the number # Gal(L/K).

Proof. Let K, be the maximal unramified extension of K contained
in L. We have [L : K;] = #(U(K)/Npx(U(L))) [cf. (5.7)]. There is an

exact diagram.

0 — U(L) L* 57 0

lNL/K lNL/K l Xfrx

0 — U(K) K+ 7 0

where f,/; 1= [K, : K]. Hence
#E*IN1ye(L*) = #HUK)Nyx(UL))) * fuix
=[L:K[K.:K] = #Gal(L/K). QE.D.
Lemma 7.6. Let L" CL' - K, be any other totally ramified abelian
extension such that L” - K, = L'+ K, (ie., [L': K] = [L": K]; same

situation as in the definition of 7 above). Then

ker(K* —— Gal(L' - K,/K) —> Gal(L"[K)) = N x(L"%).
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Proof. Lemma 7.5 implies that it suffices to show that N~/ (L"*) C
ker(---). For this it suffices to show that N, /,(7") € ker(---) when =" is a
uniformizing element of L” (because N~/ (U(L")) C ker(r) due to (5.7)
or because the uniformizing elements of L” generate L"*). Let L” be the
invariant field of 7(#)F. Such an u e U(K) exists because 7(U(K)) =
Gal(L' - K,/ K)pam [cf. (5.7)]. Write 7" = xr" where 7' € L’ is such that
Ny (7)) = 7 . We have

mx = Nykyx (™) = Nog (671 - Nk g (7)
= Np .k x,(x7) * N7 jg(”).

It follows that
NL'-K“/K"(x) € U(K) (7.61)
Now r(u) F(=") = =". Therefore, using F(=') = 7" and x7’ = =" we have

in the group U(L,,) = U(Ly,)
¢(u—1l)(#') _ r(u)(lw') __r(w) F/‘(-n’) _ (@) F(x)

m x—1

—1 ~

— ) mod V(ﬁ;"/KM)
(7.6.2)

Hence, by the definition of the isomorphism ¢ in (5.5) we must have [in

virtue of (7.6.1) and (7.6.2)]

r(w) F(x~Y)  F(x™) _ F(x
F(x) xt x

N,_'.Kn/Kn(x) -z u mod NL’/K(U(L,)) (763)
and hence
T(NL"/K(W”)) = r(u7TK) = 7(u)F
which is the identity on L”. This proves the lemma.
CorOLLARY 7.7. The definition of r in (7.4) is independent of the choice

of L'. More precisely, if we had used an L" as in Lemma 7.6 instead of L’
for the definition of r; i.e., if we had defined

UK)s ur>r(u) = $(u?)
N x> F

where F' is the Frobenius automorphism of Gal(L” - K, /L"), then we would
have obtained the same homomorphism r.
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7.8. Definition of the Reciprocity Homomorphism

Choose a uniformizing element = of K. Let L, be as before [cf. (7.1)]
then K, = L, - K,,, (7.2). Now define

7 K* — Gal(Kqp/K)
UK)3 u > 7(u) = () € Gal(L,/K) = Gal(Kap/K,,)
> F & Gal(Kap/L,)

Remarks 7.9. 'There are several remarks to be made concerning this
definition:

1. Aswisin Ny jx(L,,*) for all m, cf. (6.12), this definition agrees
with the one given in (7.4).

2. This definition is independent of the choice of 7 [by (7.7) and
(7.9), Remark 1].

3. The homomorphism r is determined by its values on the
uniformizing elements of K.

4. The homomorphism 7 is the restriction to K* of an isomorphism
K* — Gal(K#/K) [cf. (7.3)].

TueoreM 7.10. Let L/K be an abelian extension, then we have
ker(K* — Gal(K®|K) — Gal(L/K)) = N (L)
Proof. It suffices to prove that N, (L*) is contained in this kernel
(7.5). Let K, be the maximal unramified extension of K contained in
L; let [K, : K] = n. Let r, be the reciprocity homomorphism for the

base field K, . Then we claim that the following diagram is commutative:

N,k

K¢ — % g
| | (7.10.1)
Gal(L/K,) ——— G(L/K)

To see this, let L'/K be a totally ramified abelian extension such that
L' - K, = L- K, for some unramified extension K, /K of degree m. We
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can assume that K, C K,,. We have the following diagram of field
extensions

L
L \\ /L Ky————
K Ky

Let F e Gal(L' - K,, /L") be the Frobenius automorphism. Then F* is the
Frobenius automorphism of L' - K, /L’ - K, . Let = be a uniformizing
element of K which is in Ny /x(L'*). Then [cf. (7.4)]

L' Km = L.Km

Km

ralm) = F",  #(Ng () = r(a") = Fn. (7.10.2)
It remains to check that
7,(u) = r(Ng, @)  for we U(K,). (7.10.3)

To this end let »' € U(L,,) = U(L,,) be a lift of u [for the norm map
U(L,,— U(R,)]. The element u” = u’ - Fu',..., F*=1u is then a lift of
Nk jx(#) = u - Fu,..., F*"'u. The element 7,(u) e Gal(L' - K,/K,,) =
Gal (L’ - K, /K,) is according to (5.5) and (7.4) characterized by

’

r’n(u)(inL') — X mod V(znr/Kn'r)

Ty - Fry'

where 7, is any uniformizing element of L'. Hence

ro(w)y g w - Ful - LY u”

Ty — Fu -F% --Fr' T Fu”

mod V(L.,/K,,)

Butr(v) € Gal(L’ - K,,/K,,) for v € U(K) is characterized by

r@)my  w
mrr o Fo'

mod V(L,,,/K,)

where 9’ is any lift of ». It follows that

ra(4) = r(Ng,x@) € Gal(L' - K,,/K,,) C Gal(L’ - K,,JK,)). (7.10.4)
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Now suppose we have already found &,(X) such that
8,5(X) = B(([u], (X)) mod(X™+). (7.12.2)

We define 9,,,(X) = 8,(X) + b,,, X, where b, & A(K,,) is yet to be
determined. Now

97 (X) = OF (X) 4 F(b,1) X" mod(X™?)
B[y (X)) == 8,((], (X)) + broqe X711 mod(X71%)  (7:123)
Let
8,5 (X) — &.([u]; (X)) = —cX™ mod(X"+?) (7.12.4)

Then we must choose b,,, such that F(b,,;) = ¢ + b u""" Writing
b,y = a1, a,.; must satisfy (use F(e) = eu)

F(ayy) — @y = ()00 c. (7.12.5)

Such an a,,, exists because F — 1: A(K,,) — A(K,,) is surjective (cf.
Lemma 5.2). Let $(X) = lim 8,(X). This proves the lemma.

CororLary 7.13 [7, Lemma 2]. Under the conditions of Lemma 7.12
there exists a H(X) e A(K,)[X]] such that (7.12.1) holds and moreover

3[al, (X)) = [a], B(X)) forall ae A(K) (7.13.1)

Proof. We first remark that [#](X) = f(X) and [#](X) = g(X)
[cf. (6.7)(1)]. Let #(X) be as in (7.12). We consider
HX) = SF(F (X)) = ([, (FIHX) = H[=']; (B (X)), (7.13.2)

where 974(X) is defined by H(9YX)) = X = F1(HX)). [One uscs
(6.7)(1) and (6.7)(ii) to obtain the last equality.] The series £2(.X) has its
coefficients in 4(K) because
RE(X) = FF((["])7 (O~ (X)) = 97 ([u), (F7)F (X))
= 9HF(BX)) = )

[For the one but last equality substitute (9-1)F(X) for X in (7.12.1)]
Further

MX) = F(e) me ' X = unX == #'X mod(X?)

607/18/2-5
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Taking account of (7.10.2) we have shown that the diagram

N
K,* ol K
I, |» (7.10.5)
Gal(l' - Ky /K,) —— Gal(L’ - K,,/K)

is commutative, which implies the commutativity of (7.10.1). The kernel
of 7, in (7.10.1) is equal to N /x (L*) according to Lemma 7.6. It follows
that

NL/K(L*) = NK”/K(NL/K"(L*)) = ]VK“/K(kCI‘ Tn) C ker 7.

[cf. (7.10.1)]. This proves the theorem.

CoroLLarRY 7.11. The norm subgroups of K* (i.e., the subgroups
Ny x(L*) where LK is an (abelian) finite extension of K) are precisely the
open subgroups of finite index.

For every open subgroup R of finite index in K* there is one abelian
extension L|K such that the kernel of r: K* — Gal(K,,/K) — Gal(L/K) is
precisely R.

Proof. A norm subgroup is necessarily open of finite index. The rest
of the corollary follows from (7.10) and the fact that 7: K* — Gal(K,3,/K)
is the restriction to K* of an isomorphism K* ~ Gal(K,;/K).

The last part of this section is devoted to the explicit determination
of the reciprocity homomorphism 7 4 la Lubin-Tate. The main tool is:

LemMA 7.12 [7, Lemma 2]. Let m and 7’ be two uniformizing elements
of K, and let f(X), g(X) be polynomials of degree q such that f(X)=
2(X) = X? mod 7 and f(X) = nX mod (X?), g(x) = 7' X mod X2 Let
n' = um. Then there exists a formal series H(X) € A(K,)[[X]] such that

(X)) = 9([ul; (X)), HX) = X mod(X?), for a certain ¢ e UK,,)
(7.12.1)

where F is the Frobenius automorphism in Gal(K,,./K) and also its extension
to K, , and 9F(X)) is the series obtained from 3 X) by letting F act on the
coefficients of H(X).

Proof. Because F — 1: U(K,,) — U(K,,) is surjective there is an
e € U(K,,) such that u = F(e)e™ . Define #,(X) = €X, then

$,F(X) = 9y([uly (X)) mod(A7%).
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and
W(X) = §F(f(94X))) = (@ HX))? = FF((F)F (X9) = X? mod(m).

Therefore, A(X) is a power series of the type considered in (6.6). And
there exists therefore a unique power series [l],;(X) such that
[1];.4(X) = X mod (X?) and g([1],x(X)) = [1l,a(A(X)). Now let

#(X) = 1]y, (H(X)) (7.13.3)

then (7.12.1) also holds for & (because [1], ,(X) has its coefficients in
A(K)). Consider the series

I(X) = &([a], (3)* (X))
We have

g((X)) = g([1]o,x (3([als (O([1]n.0 (D))
= (Lo (R(¥[a]; (FH([1]n.0 (X))
= [1s.n (") ({als 37 ([1n.0 (D))
= [o.n 3([a]; ([#']s 37 ([1n,s (KDN)
= [115. (¥([al; G~ A)([n,0 (X))
= [o.n (3(aly (O~ ([Hn.0 (X))
= l(g(X))

where we have used A(X) = H[='](41(X))) twice and [1];7(X) =

[115.,,(X) and [#]([a](X)) = [r'a](X) = [a]([](X)) [cf. (6.T)]-
Thus I(X) satisfies the conditions that define [a],(X) so that (6.6)
[(X) = [4],(X), which proves the corollary.

DeriniTION 7.14. We now define a homomorphism s,: K* —
Gal(L, - K,,/K) as follows
sA7) = FeGal(L, - K,,/L,) (the Frobenius automorphism)
s (u) = [u,eGal(l, K,,|K,) for ueUK)
where [#7%); is the automorphism of Gal(L, - K,,/K,,) = Gal(L,/K)

which acts on the A, as A, — [u71](A,,) (i.e., subsitute A, in the series

[7](X))-
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TuaeorREM 7.15 [7, Theorem 3 and its corollary]. The homomorphism
s, s independent of = and coincides with the reciprocity homomorphism r

defined in (7.8).

Proof. We first show that s (#') = s5,(7'), for all uniformizing
elements 7, #' € K. This suffices to prove the first part of the theorem.
Nowon K,,,CK,, 'L, = K,;, = K,,, - L,” both s.(n") end s,(") induce
the Frobenius automorphism. On L,/ , s.(=') is the identity. Thus it
suffices to show that s,(=’) is the identity on L, , i.e., we have to show

that
s,,(rr')(/\m’) = A,

for all m, where A, is a root of g™(X)/gm+1(X) where g(X) is a monic
polynomial of degree ¢ such that g(X)= X?mod~" and g(X)=
7' X mod(X?).

Let #(X) be a power series over A(K,,) such that (7.12.1) and (7.13.1)
hold. Then because [7](X) = f(X) and [#'], = g(X) we have because
of (7.13.1) that ¥(A,,) is a root of g™(X)/g™ V(X).

Now s,(7'") = s,(w) s,(7) = s,(u). F, where F is the Frobenius auto-
morphism in Gal(L, - K,,,/L,.) C Gal(K,,,/K). Thus

Sa(m)An) = $4(1) - F(B(An))
= 5@ ()
= H([u]y (s2(#)(Am))
— 3l ([, ()
= 9%(Q,) = A,.
The second assertion of the theorem now follows easily because for

every uniformizing element 7 € K both () and s,(n) are the Frobenius
on K, and the identity on L, . Q.E.D.

8. CONCLUDING REMARKS

In this section we add a few extra comments to the foregoing.

8.1. “Almost the Reciprocity Morphism” for Arbitrary Finite Galois
Extensions L/ K

Let L/K be any finite galois extension. Then the diagram of 5.1 (or
rather, a similar diagram), gives an isomorphism

U(K)/Nyx(U(L)) — Gal(L/K)ram/<Gal(L/K )ram , Gal(L/K))
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8.2. Functoriality of the Reciprocity Homomorphism
Let ri: K* — Gal(K,,,/K) be the reciprocity homomorphism for the
base field K. Then if L/K is a finite galois extension of K, the following
diagram is commutative
Npix

L* K
|
|z % 82.1)

Y

Gal(Lap/L) —» Gal(Kap - L/L) —2> Gal(Kqn/K)

where a is the natural projection and b is the restricting of automorphisms
of K,;, - L to Ky, .

In the case of an unramified extension L'K this has already been
proven [commutativity of diagram (7.10.5)]. It thus suffices to prove
the commutativity of (8.2.1) in the case that L/K is a totally ramified
abelian extension.

We have to show that ao 7, = 7N, x, i.e., we only have to worry
about abelian extensions of L ‘‘arising from some subextension of

Can/ K.

Let M/K be a totally ramified abelian extension and K,/K an
unramified extension of K. The extension L - M/K is abelian. By
enlarging K, if necessary we can assume that the maximal unramified
subextension of L - M is contained in K, . By means of a similar argument
as in Section 3 we find an abelian extension M'/K such that M’ contains
L and such that M’ - K, =L - M - K,, for some unramified extension
K,, that contains K, .

M’ M’.Km = L.M.Kp
L
I
/ l/

X KL.m Kn Km

We can now use M'/L and L - K, /L to definer,: L* — Gal(M' - K, /L)
and M’'/K and K,,/K to define rg: K* — Gal(M’ - K,,/K).
Let v € U(L) and ' € U(M,,) a lift of u for

NM;M‘/Lnr: DY(NI;W) - U(‘E'ILT)‘
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Then «' is also a lift of Np(u) for Ny ¢ : U(M,,) — U(K,,), which
proves that (1) = 7x(N () for u € U(L), in view of the definition of
7.(u) [cf. Section 5 and (7.4)].

And if 7' is a uniformizing element of M’, we have that
7Ny o)) = Fe Gal(M’ - Ky /M') = Gal(M’ - L - K,/ M")

and
rk(N o (') = F € Gal(K,, - M'[M). QED.

8.3. Ramification

Keeping track of ramification in the fundamental exact sequence
and the diagram 5.1.1. one sees that ¢(L/K) and hence also 7 is ramification
preserving, in the sense that rg: K* — Gal(L/K) maps U¥K) into
Gal{(L;K), where Gal}(L/K) is the ith ramification subgroup of Gal(L/K)
(upper numbering).

8.4. The Case K = Q,,

In the case K = Q,, , taking = = p, f(X) = (X + 1)» — 1, one finds
f™(X) = (1 + X)»" — 1. The elements of A, then are of the form
{,, — 1, where {,, is a primitive p™th root of unity. In this case one has
[u] {X) = (1 + X)* — 1 for each p-adic integer u. Hence [u]/({, — 1) =

»¢ — | and formula (7.14) becomes the explicit cyclotomic reciprocity
formula given by Dwork in [1].
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