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CHAPTER 1

Normed Fields and Valuation Theory

1. Absolute values and valuations

1.1. Basic definitions.
All rings are commutative with unity unless explicit mention is made otherwise.
A norm on a field k is a map | - | : k — R2Y satisfying:

(V1) |z] =0 < z=0.
(V2) Va,y € k, |zy| = |=||yl.
(V3) Va,y € k, |z +y| < [2] + |y|.

EXAMPLE 1.1. On any field k, define | |o : k — RZ% by 0 0, x € k\ {0} — 1.
This is immediately seen to be a morm on k, called the trivial norm. In many
respects it functions as an exception in the general theory.

EXAMPLE 1.2. The standard norm on the complex numbers: |a+bi| = v a? + b2.
The restriction of this to Q or to R will also be called “standard”.

EXAMPLE 1.3. The p-adic norm on Q: write ¢ = p™§ with gcd(p, cd) = 1 and
put [§lp =p™"

It is straightforward to check that |- |, is a norm on Q. It will be more rewarding to
give a conceptual explanation. Later we will see that we we can associate a norm
||y to any nonzero prime ideal p in a Dedekind domain. This hints that norms are
both plentiful and intimately related to classical algebraic number theory.

EXERCISE 1.1. Let |- | be a norm on the field k.
a) Show that the function d : k x k — R by d(z,y) = |z — y| is a metric.
b) (Reverse Triangle Inequality) Show: for all a,b € k, ||a] — |b|| < |a — b].

EXERCISE 1.2. Let R be a ring in which 1 # 0. Let |-|: R — R2° be a map
which satisfies (V1) and (V2) (with k replaced by R) above.
a) Show that |1| = 1.
b) Show that R is an integral domain, hence has a field of fractions k.
¢) Show that there is a unique extension of |-| to k, the fraction field of R, satisfying
(V1) and (V2).
d) Suppose that moreover R satisfies (V3). Show that the extension of part b) to k
satisfies (V3) and hence defines a norm on k.

L This is the first of many points in the course where basic metric topology intervenes. Because
students may be rusty on such things, we prefer to err on the side of assuming too little rather
than too much familiarity with such topics.
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e) Conversely, show that every integral domain admits a mapping | - | satisfying

(V1), (V2), (V3).

EXERCISE 1.3.
a) Let | | be a norm on k, and let © € k be a root of unity: we have ™ =1 for
somen € Z*. Show: |z| = 1.
b) Show that for a field k, the following are equivalent:
(i) Every nonzero element of k is a root of unity.
(i1) The characteristic of k is p > 0, and k/F, is algebraic.
¢) If k/F, is algebraic, show that the only norm on k is | - |o.

In Chapter 2 we will see that the converse of Exercise 1.3c) is also true: a field that
is not algebraic over a finite field admits a nontrivial norm.

EXERCISE 1.4. Let (k,| - | be a normed field, and let o : k — k be a field
automorphism. Define o*| | : k — R by = — |o(x)|.
a) Show that o*| - | is a norm on k.
b) Show that this defines a left action of Aut(k) on the set of all norms on k which
preserves equivalence.
¢) Let d be a squarefree integer, not equal to 0 or 1. Let k = Q(\/d) viewed as a
subfield of C (for specificity, when d < 0, we choose V/d to lie in the upper half
plane, as usual), and let | - | be the restriction of the standard valuation on C to k.
Let o : \/d — —/d be the nontrivial automorphism of k. Is o*| | = |-|? (Hint: the
answer depends on d.)

1.2. Absolute values and the Artin constant.

For technical reasons soon to be seen, it is convenient to also entertain the fol-
lowing slightly weaker version of (V3): for C € R>Y, let (V3C) be the statement

(V3C) Ve €k, |z| <1 = |+ 1] <C.

A mapping | - | : k — R2Y satisfying (V1), (V2) and (V3C) for some C will be
called an absolute value.

For an absolute value | | on a field k, we define the Artin constant C} to be
the infimum of all C' € R>? such that | - | satisfies (V3C).

EXERCISE 1.5. Let |- | be an absolute value on k.
a) Show that | - | satisfies (V3C) for some C, then C > 1.
b) Let Cy be the Artin constant. Show that | - | satisfies (VSCy,).
¢) Compute Cy, for the standard norm on C and the p-adic norms on Q.

LEMMA 1.4. Let k be a field and | - | an absolute value, and C € [1,00). Then
the following are equivalent:
())Vrek, |z|]<1 = |z+1|<C.
(i) Vx,y € k, |z + y| < Cmax(|z], |y|).

PROOF. Assume (i) and let 2,y € k. Without loss of generality we may assume
that 0 < [z| < |y|. Then [ <1, so0 |7 + 1| < C. Multiplying through by [y gives

|z +y| < Cly| = Cmax(|zl, [y]).
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Now assume (ii) and let = € k be such that|z| < 1. Then
|z + 1] < Cmax(|z|, |1]) = Cmax(|z|,1) = C. O

LEMMA 1.5. Let k be a field and | - | an absolute value with Artin constant C.
Then | -] is a norm iff C < 2.

PROOF. (=) Let | - | be a norm on k, and let € k be such that || < 1.
Then
e+ 1] <|z|+ 1=z +1<1+1=2.
(<=) Suppose C < 2. Let x,y € k. Without loss of generality, we may assume
that 0 < [z| < [y[. Then |7| <1, s0 [1+ £ < C < 2. Multiplying through by y,
we get |z + y| < 2|y| = 2max(|z|, |y|). Applying this reasoning inductively, we get
that for any x1,...,xen € k with 0 < |z1]| < ... < |xan]|, we have

|1+ ...+ xon

< 2" max |z
1
Let 7 be an integer such that n < 2" < 2n. Then
1) |er1+...4zp=lx1+...+ 2 +0+ ...+ 0] < 2"max|z;| < 2nmax |z,|.
K3 K3

Applying this with z; = ... = x,, = 1 gives that |n| < 2n. Moreover, by replacing
the max by a sum, we get the following weakened version of (17):

n
|z1 4+ ...+ a2, < 2nZ|xl|
i=1

Finally, let z,y € k be such that 0 < |z| < |y|. Then for all n € Z*,

~ n . o n n . .
ool =13 (1)t < 200 0 31 () el
i=0 1=0
- n i, |n—1 n
< a0+ 1) 3 (7)lel " = a0+ 1)l + )"
i=0
Taking nth roots and the limit as n — oo gives |z + y| < |z| + |y|. O

Why absolute values and not just norms?

LEMMA 1.6. Let |- | : k — R2% be an absolute value with Artin constant C.
Put
||k = R0, 2 |z
a) The map |- |* is an absolute value with Artin constant C*.
b) If | - | is a norm, | - |* need not be a norm.

EXERCISE 1.6. Prove Lemma 1.6.

This is the point of absolute values: the set of such things is closed under the op-
eration of raising to a power, whereas the set of norms need not be.

Moreover, Lemma 1.6 suggests a dichotomy for absolute values. We say an ab-
solute value is non-Archimedean if the Artin constant is equal to 1 (the smallest
possible value). Conversely, if the Artin constant is greater than one, we say that
the norm is Archimedean.
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For example, on k = Q, the p-adic norm |- |, is non-Archimedean, whereas the
standard absolute value | - |5 is Archimedean with Artin constant 2.

EXERCISE 1.7. Let | | be an absolute value on l, and let k be a subfield of 1.
a) Show that the restriction of | - | to k is an absolute value on k.
b) If | - | is a norm on 1, then the restriction to k is a norm on k.

1.3. Equivalence of absolute values.

Two absolute values |- |1, |- |2 on a field k are equivalent if there exists a € R>?
such that |- |o = |- |§. When convenient, we write this as |- |1 ~ |- |2.

By a place on a field k, we mean an equivalence class of absolute values.?2 It
is easy to check that this is indeed an equivalence relation on the set of absolute
values on a field k. Moreover, immediately from Lemma 1.6 we get:

COROLLARY 1.7. FEach absolute value on a field is equivalent to a norm.

THEOREM 1.8. Let |- |1, | |2 be two nontrivial absolute values on a field k. The
following are equivalent:
(i) There exists o € R”% such that | - |$ = | |2
(i) Ve €k, x| <1 = |z]2 < 1.
(i) Ve € k, |x]1 <1 = |z]2 < 1.
(iv) Va € k, all of the following hold:

2] <1 <= Jz|]2 < 1,
2] >1 <= |z|]2 > 1,
|zh =1 < |z]2=1.

Remark: This may seem like a strange way to organize the equivalences, but it will
be seen to be helpful in the proof, which we give following [Ws, Thm. 1-1-4].

PrOOF. We shall show (i) = (ii) = (iii) = (iv) = (i). That (i)
= (ii) (and, in fact, all the other properties) is clear.
(ii) = (iii): let « € k be such that |z|; = 1. We must show that |z|s = 1. Since
| - |1 is nontrivial, there exists a € k with 0 < |a|]; < 1, and then by (ii) we have
0 < |ala < 1. Then, for all n € Z*, |z™al; < 1, so |z"als < 1, so |z]2 < |a|2_%.
Taking n to infinity gives |z|s < 1. We may apply the same argument to z~!,
getting |z|y > 1.
(iii) = (iv): Choose ¢ € k such that 0 < |c|2 < 1. Then for sufficiently large n,

xn
)1 <1 = |z|f <|ch = |7|1 <1 = |z|3 <|c2e <1 = Jz|]a < L

So far we have shown (iii) == (ii). As in the proof of (ii) = (iii) we have
|z]s =1 = |z|2 = 1. Moreover

1 1
)1 >1 = |1 <1 = |=]a <1l = |z]2 > 1.
X x

2Waurning: in more advanced valuation theory, one has the notion of a K-place of a field k,
a related but distinct concept. In these notes we shall always use place in the sense just defined.
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This establishes (iv).
(iv) = (i): Fix a € k such that |a|; < 1. Then |a|z < 1, so
1
_ loglals
log |aly

We will show that |- |o = |- |§. For this, let « € k, and put, for i = 1,2,

_ log|zl;

K2

~ loglal;’
It suffices to show 1 = . Let r = % be a rational number (with ¢ > 0). Then

r==2>v <= plogla|; <qlogl|z|;

SIS

x4 x4
— [d’[1 2 |21, = | =1 L1 <= |2 <1
aP aP
D
< ploglala > qlog|z|s — 6272. O

EXERCISE 1.8. Let | - | be an absolute value on a field k. Show that | - |
is Archimedean (resp. non-Archimedean) iff every equivalent absolute wvalue is
Archimedean (resp. non-Archimedean).

1.4. Artin-Whaples Approximation Theorem.

THEOREM 1.9. (Artin-Whaples) Let k be a field and | |1, ... ,| |» be inequivalent
nontrivial norms on k. Then for any x1,...,x, € k and any € > 0, there exists
x € k such that

Vi, 1<i<n, |z —x;; <e.

PRrROOF. Our proof closely follows [A, §1.4].

Step 1: We establish the following special case: there exists a € k such that |a|; > 1,
lal; < 1for 1 <i<mn.

Proof: We go by induction on n. First suppose n = 2. Then, since |-|; and |- |5 are
inequivalent and nontrivial, by Theorem 1.8 there exist b, ¢ € k such that |b]; < 1,
b2 > 1, [c]1 > 1, [e2] < 1. Put a = {.

Now suppose the result holds for any n — 1 norms, so that there exists b € k
with |bl; > 1 and |b|; < 1 for 1 < i < n — 1. Using the n = 2 case, there is ¢ € k
such that |¢[; > 1 and |¢|, < 1.

Case 1: |b],, < 1. Consider the sequence a, = ¢b". Then for all r € ZT we have
la,[1 > 1 while |a,|, < 1. For sufficiently large r, |a,|; < 1 for all 2 < i < n, so we
may take a = a,.

Case 2: |b|,, > 1. This time, for r € Z*, we put

cb”
ar = .
1+07
Then for ¢ = 1 and i = n,
" — (1+0")|; i
lim |a, —c¢|; = lim |c\2M = lim L =0,
r—00 r—00 ‘1 + b"”|l r—00 |1 + b li

so for sufficiently large r we have

lar]1 =|cl1 > 1 and |ay|, = |c|ln < 1.
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On the other hand, for 1 < i < n,

|cl[b]7
[14 0|
Therefore we may take a = a, for sufficiently large 7.
Step 2: We claim that for any § > 0, there exists a € k such that ||a|; — 1] < ¢ and
lal; < 6 for 1 <i <mn.
Proof: If b is such that |b|; > 1 and |b|; < 1 for 1 < ¢ < n, then the computations
of Step 1 show that we may take a, = 1_’;% for sufficiently large r.
Step 3: Fix § > 0. By Step 2, for each 1 < ¢ < n, there exists a; € k such that
llal; — 1| < 6 and for all j # 4, |a;|; < 6. Put A = max; j |z;|;. Take

|a7«|i = < |C|Z|bl|r < 1.

r=a121+ ...+ anTy,.

Then
J#i

Thus taking § < -5 does the job. |
Remark: Theorem 1.9 also goes by the name weak approximation. By any name,
it is the most important elementary result in valuation theory, playing a role highly
analogous to that of the Chinese Remainder Theorem in commutative algebra. On
other hand, when both apply the Chinese Remainder Theorem is subtly stronger,
in a way that we will attempt to clarify at little later on.

1.5. Archimedean absolute values.

In the land of Archimedean absolute values, there is one theorem to rule them
all. It is as follows.

THEOREM 1.10. (Big Ostrowski Theorem) Let k be a fi eld and |-| an Archimedean
absolute value on k. Then there exists a constant o € R>Y and an embedding
t: k= C such that for all x € k, |z| = |u(z)|%,. In other words, up to equivalence,
every Archimedean absolute value arises by embedding k into the complexr numbers
and restricting the standard norm.

Theorem 1.10 is a deep result: every known proof from first principles takes several
pages. It immediately implies all of the other results in this section, and conversely
these results — and more! — are used in its proof. Indeed, to prove Big Ostrowski it
is convenient to use aspects of the theory of completions, so the proof is deferred
until Chapter 2.

For a field k, let Z - 1 be the additive subgroup generated by 1. Recall that if
k has characteristic 0, then Z - 1 is isomorphic to the integers, whereas if k£ has
characteristic p > 0, Z -1 = F,.3

PROPOSITION 1.11. Let |-| be an absolute value on a field k. The following are
equivalent:

(i) | - | is non-Archimedean.
(i) |Z - 1| is bounded.

3Thus either way Z -1 is a subring of k, often called the prime subring.
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PROOF. Since both conditions (i) and (ii) are unaffected by changing the abso-
lute value within its equivalence class, we may and shall assume that |- | is a norm.

The implication (i) == (ii) follows from the remark preceding the statement
of Proposition 1.11. Now suppose (ii): for specificity, suppose that there exists
M > 0 such that |n-1| < M for all n € Z. Let a, b € k and n € Z*. Then

b’ﬂ: bn — ZbTL*Z <M an71<M 1 b n.
o7 = (o0 = 132 (7)1 A3l < Mot 1) (. o)
Taking nth roots of both sides and letting n approach infinity gives the result. [

COROLLARY 1.12. An absolute value on a field of positive characteristic is non-
Archimedean.

LEMMA 1.13. (Ostrowski Lemma) Every Archimedean absolute value on Q is
equivalent to the standard Archimedean norm | - |s.

PROOF. Let |- | be an Archimedean absolute value on Q. Once again we may,
and shall, assume that |- | is a norm. By Proposition 1.11, |- | is unbounded on the
integers, so we may define N to be the least positive integer such that |[N| > 1. Let
a € R>Y be such that [N| = N®. Our task is to show that |n| = n® for all n € Z.
We show separately that [n| < n® and |n| > n®.

Step 1: For any n € Z*, consider its base N expansion:

‘
n= E a;N*
i=0

with 0 < a; < N, ag # 0. (Of course £ depends on n and N.) Then

¢
In| < Z la;| N
=0

Note that n > N*. Also, by definition of N, we have |a;| < 1 for all i. So

l 4 0o
|n‘ < ZN(M — Noz@ Z(N—a)z < naZN—ai — Clna,
=0 =0 1=0

where C1 =32 N~ a constant. Now let A be a positive integer. Applying the
above inequality with n? in place of n, we get

|n|A < Oyn®A.
Taking Ath roots and the limit as A approaches infinity gives
[n| < n®.
Step 2: Keeping N and ¢ = £(n) as above, we have N* < n < N1, Then
N = [N =t ] < NS = 4 [,
SO

‘n| > |NZ+1| _ ‘NE+1 _ TL‘ > Na(EJrl) _ (NZ+1 _ n)a

1
> Nel+1) _ (N“l . NZ)O: — No+1) <1 _ (1 _ N)a) > Con”,

where Cy =1 — (1 — %)O‘, a constant. Arguing as above, we get |n| > n®. a
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THEOREM 1.14. (Computation of the Artin constant) Let k be a field and | - |
an absolute value on k.
a) The Artin constant Cy, of k 4is max(|1], |2|) = max(1,]2]).
b) For any subfield | of k, the Artin constant of the restriction of |- | to l is C.

PRrOOF. (E. Artin) a) The absolute value | - | is non-Archimedean iff Cy, = 1 iff
max(1,]2]) = 1, so we may assume that it is Archimedean. By Corollary 1.12 the
field k has characteristic 0 and thus contains Q. Moreover by Proposition 1.11 the
restriction of | - | to @ is Archimedean. If | |, denotes the standard Archimedean
norm on @, then by the Ostrowski Lemma (Lemma 1.13), there is 5 > 0 such that
the restriction of | - |g is |- |2,. On the other hand, let o > 0 be such that Cj, = 2.
Thus the conclusion of part a) is equivalent to a = £3.

Let a,b,a1,...,an, € k. Assuming without loss of generality that 0 < |a| < |b],
we get |§] < 1so [¢ 4 1] < 2% hence

la + 0] < 2% max(|al, |]).
This argument is familiar from the proof of Lemma 1.1. A similar adaptation gives
lar + ...+ ap| < (2m)“ mzax|ai|.
In particular, we have

a8 =1 0)"| < (2m + 1) mae] (7l

Since 31 (") = 2™, we have
B
I("f”)l = (m) <2mP,
i i

la+ 0™ < (2(m +1))*2"™7 (max(|al, [b]))™.

Taking mth roots and the limit as m — oo, we get

Thus

|a+b] < 27 max(|al, [b]),
so that Cy = 2% < 28. Since
11+ 1| =27 = 2% max([1],]1]),

we also have 2% < 2% so a = f5.
b) This follows immediately from part a), as the computation of the Artin constant
depends only on the restriction of the absolute value to its prime subring. ([

1.6. Non-archimedean norms and valuations.

EXERCISE 1.9. Let (k,|-|) be a normed field.
a) Show: for all a,b € k, we have ||a| — |b]| < |a — b].
For the remainder of the exercise, we suppose that the norm is non-Archimedean.
b) Suppose |a| > |b|. Show that |a + b| = |a].
¢) Show: for alln € Z% and x1,...,2, €k, |v1 + ... + 25| < max; |z4].
d) (Principle of Domination) Suppose x1,...,x, € k and |z;| < |z1| for all
i > 1. Show that |z1 + ... + x| = |z1]-
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Exercise 1.9d) can be restated as: if in a finite collection of elements, there is
a unique element of maximal norm, then that element “dominates” in the sense
that the norm of it is the norm of the sum. Although this result does not lie any
deeper than the non-Archimedean triangle inequality, its usefulness cannot be over-
stated: if you are trying to prove estimates on the norm of a sum of terms in a
non-Archimedean field, always expect to use the principle of domination.

Until further notice, we let (k, |- |) be a non-Archimedean normed field.
EXERCISE 1.10. Define
R={ze€k]| |z| <1}
and
m={xek||z] <1}

Show that R is a ring and that m is the unique mazimal ideal of m.

Thus R is a local ring, called the valuation ring of (&, |- |).

Remark: More generally, an integral domain R is called a valuation ring if for
every x € kX, at least one of z, ! lies in R.

EXERCISE 1.11. Show that two non-Archimedean norms on a field k are equiv-
alent iff their valuation rings are equal.

EXERCISE 1.12. Let R be a valuation ring.
a) Show that R* is the set of elements x € k* such that both x and =1 lie in R.
b) Show that R\ R* is an ideal of R and hence is the unique mazimal ideal of R:
R is a local ring.

In the non-Archimedean case it is often fruitful to consider, in place of the norm
| - | itself, its logarithm. This goes as follows:

A (rank one) valuation on a field & is a map v : k — R U {oo} such that:
(V1) v(z) =00 <= x=0.

(V2) For all z,y € k, v(zy) = v(z) + v(y).

(V3) For all z,y € k, v(z +y) > min(v(z), v(y)).

EXERCISE 1.13. Show that v : 0 — —o0, k* +— 0 is a valuation on k, called
trivial.

Two valuations v and v’ on k are equivalent if there exists ¢ > 0 such that v/ = cv.

EXERCISE 1.14. Let k be a field and v a valuation on k.
a) Show that T := v(k*) is a subgroup of (R,+). It is called the value group.
b) Show that a valuation is trivial iff its value group is {0}.
A wvaluation is called discrete if I is a nontrivial discrete subgroup of (R, +).
¢) Show that every discrete subgroup of (R, +) is infinite cyclic.
d) Deduce that every discrete valuation is equivalent to one with value group Z.
Such a discrete valuation is said to be normalized.

EXERCISE 1.15. Let k be a field and ¢ € (1,00).
a) If | - | is a non-Archimedean norm on k, show v = —log, | | is a valuation on k.
b) If v is a valuation on k, then | -| = ¢™? is a non-Archimedean norm on k, with
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valuation ring R = {x € k | v(z) > 0}.
¢) Show that different choices of ¢ yield equivalent norms.

THEOREM 1.15. Let v be a nontrivial valuation on a field k with valuation ring
R and mazximal ideal m. The following are equivalent:
(i) v is discrete.
(i) There is an element m € R such that m = (7).
(#ii) The valuation ring R is a PID.
(iv) R is a Noetherian.
A valuation ring satisfying the equivalent conditions (ii) - (iv) is called a discrete
valuation ring or a DVR.

PrROOF. (i) = (ii): If v is discrete, then by Exercise 1.14 we may as well
assume that the value group is Z. Let m € k be such that v(w) = 1. Then it is
easily seen that m = (7).

(i) = (i): If m = (w), then necessarily 7 is an element of minimal positive
valuation, so v is discrete.

(i) = (iii): This is similar to — but easier than! — the proof that Z is a PID.
Namely, since (ii) = (i), every ideal contains an element of minimal positive
valuation, and one readily shows such an element is a generator.

(iii) = (iv): a ring is Noetherian iff every ideal is finitely generated, so of course
a PID is Noetherian.

(iv) = (ii): we may assume that m = (z1,...,2,) with v(z1) < ... < v(a,).
Then for all i > 2, v(£%) >0, so £+ € R, s0 21 | @, so m = (x1). O

The moral here is that the discrete valuations are by far the easiest to understand.
Thus it is natural to wonder whether we really need to bother with non-discrete
valuations. The answer is yes, at least in certain circumstances. The following
exercise gives an indication of this.

EXERCISE 1.16. Let (A,+) be a commutative group. Recall that A is divisible
if for allx € A and n € Z™, there exists y € A such that ny = z. (Equivalently,
the multiplication by n map [n] : A — A is surjective.)

a) Show: no nontrivial discrete subgroup of R is divisible.

b) Show: a quotient of a divisible group is divisible.

¢) Show: if k is algebraically closed, then k* is a divisible group.

d) Deduce: an algebraically closed field admits no discrete valuation.

EXERCISE 1.17. For any field k, let R = k[[t]] be the ring of formal power
series with k-coefficients and k((t)) its fraction field, the field of formal Laurent
series Y oo ant™.

a) Show that for any ring S, the units of S[[t]] are precisely the formal power series
whose constant term is a unit in S.

b) Show that a nonzero f € k[[t]] may be uniquely written as f = t™u with u € R*.
¢) Show that f — N is a discrete valuation on k[[t]].

EXERCISE 1.18. Let f be a field, F = f((t)), and F an algebraic closure of F.
Let R = F[{tn }pez+] and let k be the fraction field of R.
a) Show that every element in R (resp. k) can be written as a formal power series
(resp. formal Laurent series) in tw for some n € ZT which depends on k.*

4Either type of series is called a Puiseux series.
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b) Show that the units in R are the Puiseuz series with nonzero coefficient of t°.
Deduce that R is a local ring.

¢) Show that any nonzero f € k may be uniquely written as te - u with u € RX.
Deduce that R is a valuation ring. Show that R is not Noetherian, so is not a DVR.
d) Define ||| : k —R> by 0— 0, f =t -urs 27 5. Show that ||| is a norm on k.

1.7. R-regular valuations; valuations on Dedekind domains.

Let R be an integral domain with fraction field k. We say that a valuation v
of k is R-regular if v(z) > 0 for all € R, i.e., if R is contained in the valuation
ring R, of v.

THEOREM 1.16. (Classification of R-regular valuations on a Dedekind domain)
Let R be a Dedekind domain with fraction field K, and let p a nonzero prime ideal
of R. We define a map vy, : K — Z U —o0o as follows: v,(0) = —oco. Let o € K*.
Write o = £ with x,y € R\ {0}. Let

Y
(x) = pa. (y) =p"q’
with ged(p,qq’) =1. Put v, =a —b.
a) The map vy : K — Z|J{oo} is a normalized discrete valuation.
b) Conversely, let v be a nontrivial valuation on K. If v is R-regular — i.e., v(R) C
[0,00] — then v ~ v, for a unique nonzero prime ideal p of R. In particular, any
nontrivial R-reqular valuation on K is discrete.

PRrROOF. The proof of part a) is straightforward and left to the reader as Exer-
cise 1.19 below. As for part b), let v be a nontrivial R-regular valuation on K. Let
us call its valuation ring A, and its maximal ideal m,, so by hypothesis R C A,.
Put p := RN m,. Since p is nothing else than the pullback of the prime ideal m,
under the homomorphism of rings R < A, certainly p is a prime ideal of R. We
claim that it is nonzero. Indeed, p = {0} would mean that every nonzero element
of R is a unit in A,. Since every nonzero element of K is a quotient of two nonzero
elements of R, this would give A, = K, contradicting the nontriviality of v. Thus
p is a nonzero prime ideal in the Dedekind domain R, hence maximal. Let R, be
the localization of R at p, a discrete valuation ring. Since every element of R\ p
is a unit in A,, we have an inclusion of nontrivial valuation rings R, C A,. By
Theorem 1.8, this implies that v, ~ v. O

EXERCISE 1.19. Prove Theorem 1.16a,).

PROPOSITION 1.17 (Dedekind Approximation). Let R be a Dedekind domain
with fraction field K. Let S = {p1,...,p,} be a finite set of nonzero prime ideals
of R, let ny,...,n. € Z and x1,...,x, € K. Then there is x € K such that:

(i) For all1 <i <7, vy, (x —x;) =n,; and
(1t) vg(z) > 0 for all nonzero prime ideals q different from the p;’s.

PROOF. Step 1: For 1 < i < r, choose y; € K such that vy, (x; — y;) = n,.
By Artin-Whaples approximation there is @ € K such that vy, (@ — y;) > n; for all
1 <4 <r, and the principle of domination gives vy, (a — z;) =n; for all 1 <4 <r.
Step 2: Let {q1,...,qm} be the set of prime ideals disjoint from S at which a has
negative valuation. If m = 0, we're done. Otherwise, let N = —min;<;<m vq,(a),
and let M € N be such that

M >n;—vp,(a) VI <i <7
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By the Chinese Remainder Theorem there is ¢ € R such that ¢ = 1 (mod pM) for
all1 <i<rand ¢c=0 (mod qjv) for all 1 < j <m. Thus vy(ac) >0 for all p & S,
and for all 1 <7 < r we have

Upz:(ac - le) = vpi((a’ - xi) - (CLC - a)) = Ny,
so we may take r = ac. O

Proposition 1.17 is not an immediate consequence of Artin-Whaples approximation
because of the extra integrality conditions. In the case where K is a gloal field, this
result is also related to the related to the Strong Approximation Theorem, one
of the fundamental results of Chapter 6.

EXERCISE 1.20. The special case of Proposition 1.17 in whichx; = ... =z, =0
is already a useful fact. Give a proof of this case that does not use Artin-Whaples
approximation. Can you prove the general case without it?

EXERCISE 1.21.
Let R be a Dedekind domain with fraction field K. Let S C MaxSpec R be finite.
a) (Moving Lemma) Let I be a fractional ideal of R. Show: there is o € K* such
that ()1 is coprime to S — i.e., ()] = [[i—, q" with a; € Z and q1,...,q, €
MaxSpec R\ S.
b) Show: if R is semilocal — i.e., MaxSpec R is finite — then R is a PID.
¢) More generally, suppose R is semilocal, let L/ K be a finite degree field extension,
and let S be the integral closure of R in L. Show: S is a PID. (If you like, you
may assume that L/K is separable or that S is finitely generated as an R-module.
The result s still true without these assumptions, but you may not wish to worry
about the commutative algebraic technicalities.)
d) Let R=7 and L = Q(/-5), so S = Z[/=5]. Use

6=2-3=(1++v-5)(1—-+v-5)

to show that S is not a PID. Deduce: there are infinitely many prime numbersP
e) What about the converse of part ¢)? More precisely: is there R with MaxSpec R

infinite and such that for all finite degree field extensions L/K, the integral closure
S of Rin L is a PID? (See [Cl167].)

1.8. Some Classification Theorems.

In this section we give some cases of fields k over which we can classify all norms.
The first, and most famous, case is k = Q:

THEOREM 1.18. (Norms on Q) Up to equivalence, the nontrivial norms on Q
are precisely the Archimedean norm |- | and the p-adic norms.

PROOF. Let | - | be a nontrivial norm on Q. If | - | is Archimedean, then by
Lemma 1.13 it is equivalent to | - |o. Otherwise |- | is non-Archimedean. Then by
Proposition 1.11, it is Z-regular on the Dedekind domain 7Z, so its valuation ring is
the localization at a prime ideal of Z, i.e., it is a p-adic norm.

To show how little is up our sleeves, let’s rephrase the non-Archimedean argu-
ment in more concrete terms:

Let | - | be a nontrivial non-Archimedean norm on Q. By Proposition 1.11,
|Z| C [0,1]. If |n| = 1 for every nonzero integer, then by multiplicativity | - | would

5This ridiculous — but amusing — proof of the infinitude of SpecZ is due to Larry Washington.
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be the trivial norm on @Q, so there exists a positive integer n with |n| < 1. Let p be
the least such positive integer; it follows easily that p is prime. By adjusting the
norm in its equivalence class, we may assume that |p| = %, and our task is now to
prove that | | = |- |,. As a multiplicative group, Q* is generated by —1 and the
primes numbers £. Certainly | — 1| = | — 1|, = 1, so it suffices to show that for
all primes ¢ # p, |¢| = |¢|, = 1. So suppose not, i.e., there exists £ > p such that
|¢| < 1. Then there exist integers x,y such that ap + y£ = 1, and hence

1= [1] = [zp + yt| < max(|zpl, [yf]) < max(|pl, |¢]) <1,
contradiction! O

Next we give the “function field analogue” of Theorem 1.18: namely, we will classify
all norms on Fy(¢). Recall that by Exercise 1.3, every norm on F,(t) restricts to
the trivial norm on F,. So the following is a more general result:

THEOREM 1.19. (Norms on k(t)) Let k be any field and let K = k(t), the field
of rational functions over k. Then every nontrivial norm on K that is trivial on k
is equivalent to exactly one of the following norms:
(i) | |p for P € E[t] a monic irreducible polynomial, or
(i1) the norm | - | defined by % s 2des(p(t)) —deg(a(t))

PROOF. Let |-| be anorm on K which is trivial on k. Note that since |-| is trivial
on k, in particular |Z - 1| C [0, 1] so by Proposition 1.11 | - | is non-Archimedean.
Let R =TF,[t] — a Dedekind domain with fraction field K.

Case 1: If | - | is R-regular, then by Theorem 1.16 the associated valuation is v, for
a unique prime ideal p of R. This is equivalent to what is stated in (i).

Case 2: Suppose |R| ¢ [0,1]. Since by hypothesis |k| C [0, 1], we must have |¢| > 1.
Adjusting | - | in its equivalence class we may assume that [¢| = 1, and our task is
now to show that | -| = | - |, for which it is sufficient to show that |P| = 24¢8 ¥ for
each polynomial P(t) = ant™ + ...+ ait + ag. But we know that |a;t’| = 2¢ for all
i, so by the Principle of Domination (Exercise 1.9d)) we get |P| = 248 ¥, O

Note the following remarkable similarity between Theorems 1.18 and 1.19: in both
cases, most of the valuations come from the prime ideals of a particularly nice
Dedekind domain (in fact, a PID) with fraction field k, but there is one exception,
a valuation “at infinity”. This seems strange: in the case of Q this exceptional
valuation is Archimedean, whereas in the case of k(t) it is non-Archimedean.

EXERCISE 1.22. Suppose k is algebraically closed.
a) Show that the group G = PGLa(k) acts faithfully on k(t). (Hint: linear fractional
transformation).
b) Show that the orbit of |- | under G consists of | - |oo together with all the norms
|- |p. where P.(t) =t —c force k.
¢) Show that G acts transitively on the set of norms of k(t) which are trivial on k
iff k is algebraically closed.

The proof of Theorem 1.19 pulls the norm | - | on k(t) out of a hat and then
shows that it is up to equivalence the unique norm on k(t) that is trivial on k and
not regular on k[t]. The following explanation is perhaps more conceptual: a norm
on k(t) that is trivial on k& and not regular on k[t] corresponds to a valuation v
which is non-negative on k£ but negative at ¢. One can obtain such a valuation by
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pulling back the valuation v; via the automorphism ¢ € Aut(k(t)/k) determined by

1 t mt" ... t :
Wty =116 f = % = Gl baboitiao with g,,,b, # 0, then

p amt™™ 4+ ...+ alt_1 + ag amt™ + ...+ aotm+n
v, — = =
“\g AN N A E\ bpt™ + . bt

=n —m = deg(q) — deg(p).

And here is another take on the uniqueness: let v be any rank one valuation on k()
that is trivial on k. Then the valuation ring R, contains t or % and thus contains
cither R[t] or R[}]. The latter ring is equally well a Dedekind domain (of course it
is the isomorphic image of R[t] under the field automorphism ¢) so the k[}]-regular
valuations on k(t) correspond to maximal ideals in k[}]. The maximal ideals of k[t]
other than t are the maximal ideals of klt, %], which are also the maximal ideals of

k[}] other than 7.

Let us now try to extend the above work to finite extension fields. This brings
us to some key definitions: a number field is a field £ that is a finite extension
of Q. A function field is a field that is a finite extension of [F,(¢) for some prime
p. (As a small remark, we would not change the definition of a function field by
requiring the extension to be separable: because I, is perfect, a field that is a finite,
nonseparable extension of F,,(¢) can also be realized as a finite separable extension
of F,(t).) A global field is a field k that is a finite extension either of Q or of F)(t).

The side-by-side treatment of number fields and function fields is one of the hall-
marks of modern number theory. We must quote André Weil, who eloquently cast
it in the language of his day (May, 1967):

“Once the presence of the real field, albeit at infinite distance, ceases to be re-
garded as a necessary ingredient in the arithmetician’s brew, it goes without saying
that the function-fields over finite fields must be granted a fully simultaneous treat-
ment with number-fields instead of the segregated status, and at best the separate
but equal facilities, which hitherto have been their lot. That, far from losing by
such treatment, both races stand to gain by it, is one fact which will, I hope, clearly
emerge from this book.”

We turn next to the classification of norms on an algebraic number field k. Much
of what we have said before carries over verbatim. There is a subtlety concerning
the inequivalent Archimedean norms that will not completely resolve at this point
but rather return to in Chapter 2 after developing further tools. Moreover, unlike
the case of R =7, k = Q, it is not immediately obvious that every valuation on K
is regular on the ring of integers. For this, we use the following result:

PROPOSITION 1.20. Let L/K be a finite degree field extension. Let R be a
Dedekind domain with fraction field K, and let S be the integral closure of R in L.
a) The ring S is a Dedekind domain with fraction field L.

b) Let v be a valuation on L. Thenv is S-regqular iff its restriction to K is R-regular.

PROOF. a) It is straightforward to see that S is an integrally closed domain
in which every nonzero prime ideal is maximal (equivalently, of Krull dimension at
most one): integral closures are integrally closed [C:CA, Cor. 14.11], and integral
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extensions preserve the Krull dimension [C:CA, Cor. 14.17], and neither of these
results lies very deep. So the matter of it is to show that S is Noetherian. Though
this may seem like an unlikely worry, actually for all d > 2 there is an integrally
closed Noetherian domain R of Krull dimension d with fraction field K and a finite
degree field extension L/K such that the integral closure of R in L is not Noe-
therian! It turns out that things are much nicer in Krull dimension one: it is a
consequence of the celebrated Krull-Akizuki Theorem [C:CA, Cor. 18.8] that
if R is a Noetherian domain of Krull dimension 1 with fraction field K and L/K is
a finite degree field extension, then the integral closure S of R in L is Noetherian,
hence a Dedekind domain. This is a rather deep theorem. However, under the
additional assumption that L/K is separable it becomes much easier, because then
one can show that S is finitely generated as an R-module. Since R is Noetherian, S
is then a Noetherian R-module: i.e., all R-submodules of S are finitely generated,
and thus a fortiori all S-submodules of S —1i.e., all ideals of S are finitely generated.
The proof of this is not essentially different from the special case that the ring of
integers of a number field is finitely generated as a Z-module: see [C:CA, Thm.
18.1]. (In fact, when L/K is not assumed to be separable, S need not be finitely
generated as an R-module, so the Krull-Akizuki Theorem really does lie deeper.)

b) Since R C S, certainly the R-regularity of v|x is necessary for the S-
regularity of v. Conversely, let = be an element of S. By definition of integral
closure, there exists n € Z* and ay,...,an—1 € R such that

2"+ apn_12" P+ ...+ ax+ao=0.

Seeking a contradiction, we suppose v(z) = N < 0. Since each a; is in R, by
hypothesis we have v(a;) > 0 for all 0 < i < n, so v(a;z) = iN + v(a;) > iN,
whereas v(z™) = nN. Thus in the sum 2" + a,, 12" + ... + a1z + ag we have a
unique term of smallest valuation; by Exercise 1.9¢), we get

00 =v(0) = v(2" 4+ ap_12"  + ...+ a121 + ap) = nN,

a contradiction. So v(z) > 0. O

THEOREM 1.21. (Norms on a number field)
Let k = QJt]/(P(t)) be a number field, with ring of integers Zy,. Then:
a) For every non-Archimedean norm, the corresponding valuation is equivalent to
the valuation vy, attached to a nonzero prime ideal of Zy. Moreover, the valuations
vp are pairwise inequivalent.
b) Every Archimedean embeddding, up to equivalence, is of the form x — |u(z)],
where ¢ : k — C is a field embedding and | - | is the standard absolute value on C.
¢) Let r1 be the number of real roots of P(t), and let ro be half the number of complex
roots of P(t). Let r be the number of Archimedean places. Then 1 <1 <r;+ 7.

PROOF. a) Since Zj, is a Dedekind domain, this follows from Theorem 1.16 and
Proposition 1.20.
b) By the Big Ostrowski Theorem, every Archimedean absolute value, up to equiv-
alence, arises from an embedding ¢ : kK — C. Since k/Q is finite separable, there
are [k : Q] embeddings of k into C, obtained by sending ¢ (mod P(t)) to each of
the [k : Q] complex roots of P(t).
¢) The subtlety is that distinct embeddings ¢ : k <— C may give rise to the same
norm: cf. Exercise 1.4c). Indeed, because complex conjugation on C preserves the
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standard norm |- |, the number r of Archimedean places of k is at most the number
of orbits of the set of embeddings under complex conjugation, namely r; + 5. [

Remark: Indeed we always have equality in part c): the number of Archimedean
places is precisely 1 + r3. I looked long and hard to find a proof of this fact using
only the tools we have developed so far. I found it in exactly one place: [Lor]. But
the proof given there is not easy! We will come back to this point in the context of
a more general discussion on extension of valuations.

EXERCISE 1.23. Let k be a field, R = k[t], K = k(t), and L/K be a finite degree
field extension. Let |- | be an absolute value on L that is trivial on k.
a) Let S be the integral closure of k[t] in L.° Show that | | = |- |p for some prime
ideal P of S iff the restriction of | - | to k is not | - |-
b) Let | - |, be an R-regular norm on K, with corresponding prime ideal p of R.
Ezxpress the number of places of L which restrict to |-| in terms of the factorization
ofpinS.
¢) Suppose L = K|[t]/P(t) for an irreducible polynomial P(t).” Can you give a more
concrete description of the number of places of L which restrict to | - |, ?
d) Show that the number of places of L that extend the infinite place |- | of K is
positive and at most [L : K]. Can you say more?

EXERCISE 1.24. (For those with some knowledge of algebraic geometry.) Let
C/i be a smooth, projective geometrically integral curve. Let v be a rank one valu-
ation on the function field k(C) that is trivial on k. Show: there is a unique closed
point P such that for all f € k(C)*, v(f) is the order of vanishing of f at P.

Let L/K be a finite degree field extension and |- | a place on K. As we can see from
the above results and exercises, with our current vocabulary it is slightly awkward
to describe the number of places of L which extend the place |-| of K. To elaborate:
suppose for simplicity that |- | is a non-Archimedean place whose corresponding
valuation is discrete and that L/K is separable. Then the valuation ring R of | - |
is a DVR with fraction field K. Let S be the integral closure of R in L, so that
S is again a Dedekind domain with finitely many maximal ideals (so, in fact, a
PID). What we want is precisely to count the number of maximal ideals of S. In
classical number theory, we do this via the criterion of Kummer-Dedekind: namely,
we write L = K[z] = K[t]/(P), where x € S has minimal polynomial P(¢t), and
then we factor P modulo the maximal ideal p of R. Unfortunately this only works
when S = R[z]. In the number field case, it is easy to see that this condition holds
at least for all but the primes dividing the discriminant of the minimal polynomial
P, which is usually enough for applications. But now we are in the local case, and
as we shall see it is simply not true that S need be monogenic as an R-module.

In summary, the fact that ring extensions are more complicated than field ex-
tensions is doing us in. What would be fantastic is if the number of maximal ideals
of S could be expressed in terms of the factorization of the polynomial P in some
field extension. This is exactly what the theory of completions will give us, so
we turn to that next.

6Recall that S is a Dedekind domain: cf. the proof of Proposition 1.20a).
7By the Primitive Element Corollary, this occurs if L/K is separable.
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2. Completions

2.1. Introduction.

The key idea is that of the completion K of a normed field (K, |- |). This is
a special case of the completion of a metric space — a concept which we will re-
view — but bears further scrutiny in this case because we wish K to itself have the
structure of a normed field.

THEOREM 1.22. Let (K, |-|) be a normed field.
a) There is a complete normed field (K, |-|) and a homomorphism of normed fields
v (K, | ]) = (K,|-|) such that L(K) is dense in K.
b) The homomorphism ¢ is universal for norm-preserving homomorphisms of K
into complete normed fields.
¢) In particular, K is unique up to canonical isomorphism.
d) It follows that any homomorphism of normed fields extends uniquely to a homo-
morphism on the completions.

Remark: In categorical language, these results amount to the following: completion
is a functor from the category of normed fields to the category of complete normed
fields which is left adjoint to the forgetful functor from the category of complete
normed fields to the category of normed fields. We stress that, for our purposes
here, it is absolutely not necessary to understand what the previous sentence means.

2.2. Reminders on metric spaces.

Let X be a set. A metric on X is a function p: X x X — [0, 00) satisfying:
(M1) (positive definiteness) Va,y € X, p(z,y) =0 < z =y.

(M2) (symmetry) Vz,y € X, p(z,y) = p(y, ©).

(M3) (triangle inequality) Vz,y,z € X, p(z,2) < p(x,y) + p(y, 2).

A metric space is a pair (X, p) where p is a metric on X.

For x an element of a metric space X and r € R>?, we define the open ball

Ber(z) ={y € X | p(y,x) <r}.
The open balls form the base for a topology on X, the metric topology. With your
indulgence, let’s check this. What we must show is that if z € B, () N By, (y),
then there exists r3 > 0 such that B.,,(z) C B, (z) N Bepy(y). Let r3 =
min(ry — p(x, z),72 — p(y, 2)), and let w € By, (z). Then by the triangle inequality
plx,w) < p(z, 2)+p(z,w) < p(z,2)+(r1 —p(x, z)) = r1, and similarly p(y, w) < ra.

Given a finite collection of metric spaces {(X;, ;) }1<i<n, we define the product
metric on X =[], X; to be p(z,y) = max; p; (i, y;).°

Remark: As is typical, instead of referring to “the metric space (X, p)”, we will
often say instead “the metric space X7, i.e., we allow X to stand both for the set
and for the pair (X, p).

8This is just one of many possible choices of a product metric. The non-canonicity in the
choice of the product is a clue that our setup is not optimal. But the remedy for this, namely
uniform spaces, is not worth our time to develop.
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EXERCISE 1.25. Let X be a set. A function p: X x X — R20 satisfying (M2)
and (M3) is called a pseudometric, and a set X endowed with a pseudometric is
called a pseudometric space.

a) Show that all of the above holds for pseudometric spaces — in particular, the open
balls form the base for a topology on X, the pseudometric topology.

b) Show that for a pseudometric space (X, p), the following are equivalent:

(i) p is a metric.

(ii) The topological space X is Hausdorf(f.

(iii) The topological space X is separated (i.e., Th: points are closed).

(iv) The topological space X is Kolmogorov (i.e., Ty: nmo two distinct points have
exactly the same open neighborhoods).

¢) Define an equivalence relation ~ on X by ¢ ~ y <= px,y) = 0. Let
X = X/ ~ be the set of equivalence classes. Show that p factors through a function
7: X x X = R20 and that p is a metric on X. Show that the map ¢ : X — X is
the Kolmogorov completion of the topological space X, i.e., it is the universal
continuous map from X into a Ty-space.

A Cauchy sequence in a metric space (X, p) is a sequence {z,} in X such that
for all € > 0, there exists N € ZT such that m,n > N = p(zm,2,) < €. Every
convergent sequence is convergent. Conversely, we say that a metric space X is
complete if every Cauchy sequence converges.

Let X and Y be metric spaces. A function f : X — Y is uniformly contin-
uous if for all € > 0, there exists 6 > 0 such that Vz,y € X, px(z,y) < § =

py (f(x), f(y)) <e

EXERCISE 1.26. Let (X,p) be a metric space. Show that p : X x X — R is
a uniformly continuous function: here R is endowed with the standard Fuclidean
metric p(x,y) = |x — y|.

EXERCISE 1.27. Let f : X — Y be a continuous function between metric spaces.
a) If f is uniformly continuous and {x,} is a Cauchy sequence in X, show that
{f(zn)} is a Cauchy sequence in'Y .
b) Give an example to show that a merely continuous function need not map Cauchy
sequences to Cauchy sequences.

A topological space is compact if it is Hausdorff and every open covering has a
finite subcovering. A topological space is locally compact if it is Hausdorff and
every point admits a compact neighborhood. This is equivalent (thanks to the
Hausdorff condition!) to the apparently stronger condition that every point has a
local base of compact neighborhoods.

A metric space (X, p) is ball compact? if every closed bounded ball is compact.

EXERCISE 1.28. Consider the following properties of a metric space (X, p):
(i) X is compact.
(i) X is ball compact.
(#ii) X s locally compact.
(iv) X is complete.

91 made up the term.
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Show that (i) = (ii) = (iii) and (1)) = (iv), but none of the other
implications hold.

2.3. Ultrametric spaces.

An ultrametric space is a metric space (X, p) in which the following stronger
version of the triangle inequality holds:

Vr,y,z € X, p(,2) < max(p(z,y), p(y, 2))-

PROPOSITION 1.23. (Isosceles Law)
Let x,y, z be points in an ultrametric space (X, p).
a) If p(z,y) < p(z, 2), then p(z,z) = p(y, 2).
b) In particular, at least two of p(x,y), p(x,2), p(y, z) must be equal: “Every tri-
angle in an ultrametric space is isosceles.”

PRrOOF. a) We have

Py, 2) < max p(y, @), pl, 2) = pl, 2).
If we had p(y, z) < p(z, z), then

pl,2) < max p(e, ). oy, =) < pla,2),

a contradiction.
b) This follows immediately. O

LEMMA 1.24. Let (X, p) be an ultrametric space, let x,, — x be a convergent
sequence in X, and let y € X \ {x}. Then for all sufficently large n, p(x,,y) =

p(,y).

PROOF. Choose N € Z* such that for all n > N, p(z,z,) < p(x,y), and apply
the Isosceles Law to x, x,,y. O

LEMMA 1.25. Let (X, p) be a compact metric space, and let f : X — R be
locally constant: for all x € X, there is r > 0 such that f|p_ () is constant.
Then:

a) The image f(X) is finite.
b) [ is uniformly locally constant: there is & > 0 such that for all z,y € X, if
pla,y) < 6 then f(z) = f().

PROOF. a) By the very definition of a locally constant function, for all x € X
U, = f~Y(f(x)) is open in X. This gives an open covering of X; since X is compact
we may extract a finite subcovering. This shows that f(X) is finite. (Note that
we did not use the metric yet: this holds for any continuous function on a quasi-
compact topological space.)
b) A direct proof of this is similar to the argument that any continuous function on
a compact metric space is uniformly continuous. We leave this to the reader as an
(informal exercise). To show something a little different, we recall that every open
covering {U; };er of a compact metric space (X, p) has a Lebesgue number: i.e.,
there is some § > 0 such that any subset Y C X with diameter at most § lies in
some U;. Applying this fact to the finite covering given by the fibers of the map f
as in part a), we deduce the result. ]
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PROPOSITION 1.26. Let (X, p) be an wultrametric space, and let Q@ C X be a
compact subset.
a) Let y € X \ Q. Then the set {d(x,a) | x € Q} is finite.
b) Let y € Q. Then the set {d(z,y) | € Q} is bounded and has no positive real
number as an accumulation point.

PROOF. a) The function f : Q@ — R given by z — p(x,y) is continuous; it
follows easily from Lemma 1.24 that it is locally constant. By Lemma 1.25, f(Q) =
{d(z,y) | = € Q} is finite. b) As above we define f : @ — R by z — p(z,y). Fix
e > 0. We may apply part a) with Q replaced by Q\ B<(y) to get that f(Q)N[e, o0)
is finite. This shows both the boundedness and the nonexistence of any positive
real number as an accumulation point. ([

EXERCISE 1.29. Let B = B.,(z) be an open ball in an ultrametric space (X, p)
and let y € B, (x). Show that y is also a center for B: B = B.,.(y). Does the
same hold for closed balls?

EXERCISE 1.30. Let By, Bs be two balls (each may be either open or closed) in
an ultrametric space (X, p). Show that By and By are either disjoint or concentric:
i.e., there exists x € X and r1,r2 € (0,00) such that B; = B(x,r;) or Be(x,r;).

EXERCISE 1.31. Let (X, p) be an ultrametric space.
a) Let r € (0,00). Show that the set of open (resp. closed) balls with radius r forms
a partition of X.
b) Deduce from part a) that every open ball is also a closed subset of X and that
every closed ball of positive radius is also an open subset of X.
¢) A topological space is zero-dimensional if there exists a base for the topology
consisting of clopen (= closed and open) sets. Thus part b) shows that an ultra-
metric space is zero-dimensional. Show that a zero-dimensional Hausdorff space is
totally disconnected. In particular, an ultrametric space is totally disconnected.

EXERCISE 1.32. Prove or disprove: it is possible for the same topological space
(X,7) to have two compatible metrics p1 and pa (i.e., each inducing the given
topology 7 on X ) such that py is an ultrametric and ps is not.

EXERCISE 1.33. Let Q be a nonempty set, and let S = H?il Q, i.e., the space
of infinite sequences of elements in ), endowed with the metric p(z,y) = 2~V if
Ty =Yp for alln < N and xnx # yn. (If ©n = yn for all n, then we take N = o0.)
a) Show that (S, p) is an ultrametric space, and that the induced topology coincides
with the product topology on S, each copy of 2 being given the discrete topology.
b) Show that S is a complete'® metric space without isolated points.
¢) Without using Tychonoff’s theorem, show that S is compact iff Q is finite. (Hint:
since S is metrizable, compact is equivalent to sequentially compact. Show this via
a diagonalization argument.)

d) Suppose Q1 and Qo are two finite sets, each containing more than one element.
Show that the spaces S(€1) and S(Q2) are homeomorphic.

2.4. Normed commutative groups.

Let G be a commutative group, written additively. By a morm on G we mean
amap | | : G — R2% such that:

10Completeness is formally defined in the next section.
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(NAG1) [g| =0 < g=0.
(NAG2) Vg € G, | —g| = |g]-
(NAG3) Vg,h € G, |g+ h| < |g| + |n].

For example, an absolute value on a field k is (in particular) a norm on (k,+).
By analogy to the case of fields, we will say that a norm is non-Archimedean if
Vg,h € G, |g+h| <|g|+ |h].

EXERCISE 1.34. For a normed commutative group (G,|-|), define p : G* — R=9
by p(z,y) = |z —yl.
a) Show that p defines a metric on G. Show that the norm is non-Archimedean
iff p is an ultrametric.
b) Show that the norm | -|: G — R is uniformly continuous.

The metric topology on G is Hausdorff and first countable, so convergence can be
described in terms of sequences: a sequence {x,} in X converges to x € G if for
all € > 0, there exists N = N(¢) such that for alln > N, p(z,,x) < €. A sequence is
said to be convergent if it converges to some x. Since G is Hausdorff, a sequence
converges to at most one point.

A semi-norm on a commutative group is a map |- | : G — RZ° which satisfies
(NAG2) and (NAG3). Show that a semi-norm induces a pseudometric on G.

EXERCISE 1.35. Suppose G is an arbitrary (i.e., not necessarily abelian) group
— with identity element e and group law written multiplicatively — endowed with a
function | -| : G — R20 satisfying:
(NAG1) |g| =0 <= g=ce.
(NAG2) Vg € G, |g7'| = g].
(NAG3) ¥g,h € G, |gh| < |g| + [h].
a) Show that d : G x G — R, (g,h) — |gh™!| defines a metric on G.
b) If | -| is a norm on G and C € R”Y, show that C|-| is again a norm on G. Let
us write | - |1 = | - |2 for two norms which differ by a constant in this way.
¢) Define on any group G a trivial norm; show that it induces the discrete metric.

In any topological commutative group, it makes sense to discuss the convergence
of infinite series Y -  a, in G: as usual, we say » - a, = S if the sequence
{>"%_, ax} of partial sums converges to S.

A series Y7 | a, is unconditionally convergent if there exists S € G such
that for every permutation o of the positive integers, the series ZZO:1 Ao (n) CON-
verges to S.

In a normed commutative group G we may speak of absolute convergence: we
say that Y | a, is absolutely convergent if the real series >~ |a,| converges.

EXERCISE 1.36. For a normed group G, show that the following are equivalent:
(i) Every absolutely convergent series is unconditionally convergent.
(ii) G is complete.
Whether unconditional convergence implies absolute convergence is more delicate.
If G = R™ with the standard Euclidean norm, then by the Riemann Rearrange-
ment Theorem unconditional convergence implies absolute convergence. On the
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other hand, it is a famous theorem of Dvoretzky-Rogers [DR50] that in any infi-
nite dimensional real Banach space (i.e., a complete, normed R-vector space) there
exists a series which is unconditionally convergent but not absolutely convergent.

Convergence in complete non-Archimedean normed groups is much simpler:

PRrROPOSITION 1.27. Let G be a complete, non-Archimedean normed group, and
let {an}52 be a sequence in G. The following are equivalent:
(i) The series Y ., a, is unconditionally convergent.
(ii) The series Y ., an is convergent.
(#4i) lim, o an = 0.

EXERCISE 1.37. Prove Proposition 1.27.

ProprosITION 1.28. Let X be a topological space.
a) Let (M, p) is a complete metric space, and let f, : X — M be a sequence of
continuous functions such that for all € > 0, there is N € ZT such that for all
m,n > N,

P(fms fn) = sup p(fm(2), fn(z)) < €.

There is a continuous function f : X — M such that f,, converges uniformly to f.
b) (Ultrametric Weierstrass M-Test) Let (G,|-|) be a complete ultrametric
normed commutative group, and let f, : X — G be a sequence of continuous
functions such that

| fnll = sup [fn(z)] = 0.
rzeX
Then the series Y, fn converges uniformly on X to a continuous function.

PRroOF. a) For each z € X, f,,,(z) is a Cauchy sequence in the complete metric
space M, so it converges; we define f(z) to be the limit. It is immediate to see that
the convergence of f,, to f is uniform on X, and the usual argument from advanced
calculus / undergraduate real analysis that the limit of a uniformly convergent
sequence of continuous functions is continuous applies here.

b) Because G is ultrametric, the hypothesis of part a) applies to the sequence of
partial sums Y ,_; fx. O

EXERCISE 1.38. Use Proposition 1.27 to give an explicit example of a series in
Qp which is unconditionally convergent but not absolutely convergent.

EXERCISE 1.39. Let (G,]|-]|) be a normed commutative group. Suppose that G
is locally compact in the norm topology.
a) Show that G is complete.
b) Must G be ball compact?

2.5. The topology on a normed field.

Let k be a field and | - | an Artin absolute value on k. We claim that there is
a unique metrizable topology on k such that a sequence {z,} in k converges to
x € k iff |z, — x| — 0. To see this, first note that the condition |z, — x| — 0
depends only on the equivalence class of the Artin absolute value, since certainly
|z, —2| - 0 < |z, —z|* — 0 for any positive real number a. So without
changing the convergence of any sequence, we may adjust | - | in its equivalence
class to get an absolute value (i.e., with Artin constant C' < 2) and then we define
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the topology to be the metric topology with respect to p(x,y) = |x — y| as above.
Of course this recovers the given notion of convergence of sequences. Finally, we
recall that a metrizable topological space is first countable and that there exists at
most one first countable topology on a set with a given set of convergent sequences.
We call this topology the valuation topology.

EXERCISE 1.40. Show that the trivial valuation induces the discrete topology.

EXERCISE 1.41. Let (k,|-|) be a valued field, and let {x,} be a sequence in k.
Show that x, — 0 iff |z,| — 0.

PROPOSITION 1.29. Let ||y and |- |2 be norms on a field k. The following are
equivalent:
(i) |- |1 ~ |- |2 in the sense of Theorem 1.4.
(i) The topologies induced by | - |1 and |- |2 coincide.

PRrROOF. The direction (i) == (ii) follows from the discussion given above.
Assume (ii). Let z € k. Then |z|; <1 <= 2" — 0 in the |- |;-topology iff 2™ — 0
in the | - [o-metric topology <= |z]a <1 < |-|1 ~ |- |2 O

An equivalent topological statement of Artin-Whaples approximation is:

THEOREM 1.30. (Artin-Whaples Restated) Let k be a field and, for 1 < i <n,
let | - |; be inequivalent nontrivial norms on k. Let (k,7;) denote k endowed with
the | - |;-norm topology, and let k™ = T]"_,(k,7;). Then the diagonal map A : k —
k™, x> (x,...,x) has dense image.

EXERCISE 1.42. Convince yourself that this is equivalent to Theorem 1.5.

EXERCISE 1.43. Show that any two closed balls of finite radius in a normed field
are homeomorphic. Deduce that a locally compact normed field is ball compact.

2.6. Completion of a metric space.

LEMMA 1.31. Let (X, px) be a metric space, (Y, py) be a complete metric space,
Z C X a dense subset and f: Z —'Y a continuous function.
a) There exists at most one extension of f to a continuous function F : X — Y.
(N.B.: This holds for for any topological space X and any Hausdorff space Y .)
b) f is uniformly continuous = [ extends to a uniformly continuous F: X =Y.
¢) If f is an isometric embedding, then its extension F is an isometric embedding.

EXERCISE 1.44. Prove Lemma 1.31.

Let us say that a map f : X — Y of topological spaces is dense if f(X) is dense
in Y. An isometric embedding is a map f : (X, px) — (Y, py) such that for all
x1, x2 € X, py(f(x1), f(z2)) = px(21,22). An isometry is a surjective isometric
embedding.

EXERCISE 1.45. Let f be an isometric embedding of metric spaces.
a) Show that f is uniformly continuous with 6 = e.
b) Show that f is injective. Therefore an isometry is bijective. Show that if f is an
isometry, then f~1 is also an isometry.

THEOREM 1.32. let (X, p) be a metric space.
a) There is a complete metric space X and a dense isometric embedding v : X — X.
b) The completion ¢ satisfies the following universal mapping property: if (Y, p) is
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a complete metric space and f: X — 'Y is a uniformly continuous map, then there
exists a unique uniformly continuous map F : X 5 Y such that f=Fou

) If: X — X' is another isometric embedding into a complete metric space with
dense image, then there exists a unique isometry O : X — X' such that / = ®o..

PROOF. a) Let X = [[;2, X be the set of all sequences in X. Inside X,
we define X to be the set of all Cauchy sequences. We introduce an equivalence
relation on X by 4 ~ ye if p(@n,yn) — 0. Put X = X/ ~. For any z € X, define
t(z) = (z,x,...), the constant sequence based on z. This of course converges to x,
so is Cauchy and hence lies in X. The composite map X % X = X (which we
continue to denote by ¢) is injective, since p(z,,yn) = p(z,y) does not approach
zero. We define a map p: X x X = R by

P(Teye) = nlgr;o (T, Yn)-

To see that this limit exists, we may reason (for instance) as follows: the sequence
Te XYe is Cauchy in X x X, hence its image under the uniformly continuous function
p is Cauchy in the complete metric space R, so it is convergent. It is easy to see
that / factors through to a map p : X — X — R. The verification that p is a
metric on X and that « : X — X is an isometric embedding is straightforward and
left to the reader. Moreover, if x4 = {x,} is a Cauchy sequence in X, then the
sequence of constant sequences {u(z,,)} is easily seen to converge to x, in X.
b) Let x4 € X be a Cauchy sequence in X. As above, since f is uniformly continuous
and Y is complete, f(x,) is convergent in Y to a unique point, say y, and we put
y = F(z,). Since X is dense in X this is the only possible choice, and by Lemma
1.31 it does indeed give a well-defined uniformly continuous function F': X — Y.
¢) Isometric embeddings are uniformly continuous, so we may apply the universal
mapping property of part b) to the map ¢/ : X — X’ to get amap ® : X — X'.
Similarly, we get a map ® : X’ — X. The compositions ® o ® and & o & are
uniformly continuous maps which restrict to the identity on the dense subspace
X, so they must each by the identity map, i.e., ® and ® are mutually inverse
bijections. By Lemma 1.31¢), ® is an isometric embedding, so it is an isometry. [

We refer to X as the completion of X.!!

COROLLARY 1.33. (Functoriality of completion)
a) Let f : X =Y be a umformly continuous map between metric spaces. Then

there ezists a unique map F: X =Y making the following diagram commute:
xLy
x4y

b) If f is an isometric embedding, so is F.

¢) If f is an isometry, so is F.

PROOF. a) The map f' : X - Y — Y, being a composition of uniformly
continuous maps, is uniformly continuous. Applying the universal property of com-
pletion to f’ gives a unique extension X Y.

Part b) follows immediate from Lemma 1.31b). As for part ¢), if f is an isometry,

11Really we should refer to the map ¢ : X — X as the completion, but one rarely does so.
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so is its inverse f~!. The extension of f~! to a mapping from Y to X is easily seen
to be the inverse function of F. ([

EXERCISE 1.46. For a metric space (X, p), define the distance set D(X) =
p(X x X), i.e., the set real numbers which arise distances between points in X.
a) Prove or disprove: if D is a discrete subset of R, then p is ultrametric.
b) Prove or disprove: if p is an ultrametric, then D is discrete.
¢) Let X be the completion of X. Show that D(X) = D(X) (closure in R).
d)(U) Determine which subsets of RZ0 arise as distance sets of some metric space.

EXERCISE 1.47. The notion of a metric space and a completion seems to pre-
suppose knowledge of R, the set of real numbers. In particular, it is a priori logically
unacceptable to define R to be the completion of Q with respect to the Archimedean
norm |-|eo. (Apparently for such reasons, Bourbaki’s influential text General Topol-
ogy avoids mention of the real numbers until page 329, long after a general dis-
cussion of uniform spaces and topological groups.) Show that this is in fact not
necessary and that the completion of a metric space can be used to construct the
real numbers. (Hint: first define a Q-valued metric and its completion.)

2.7. Completions of normed commutative groups and normed fields.

When G is a normed commutative group (or a field with an absolute value) we
wish to show that the completion G is, in a natural way, again a normed commuta-
tive group (or a field with an absolute value). This follows readily from the results
in the previous section, but we take the opportunity to point out a simplification
in the construction of G in this case.

As above, we put G = [[:2; and G the subset of Cauchy sequences. But this time
G is a commutative group and G is a subgroup of G (easy exercise). Further-
more, we may define g to be the set of sequences converging to 0, and then g is a
subgroup of G. Thus in this case we may define G simply to be the quotient group
G/g, so by its provenance it has the structure of a commutative group. Moreover,
if x4 is a Cauchy sequence in G, then by Exercise 1.34 the sequence |z4| is Cauchy
in R, hence convergent, and we may define
|Te| = lim |z,].
n—oo

We leave it to the reader to carry through the verifications that this factors to give
a norm on G whose associated metric is the same one that we constructed in the
proof of Theorem 1.32.

Now suppose that (k,|-|) is a normed field. Then the additive group (k,+) is
a normed commutative group, so the completion k exists at least as a normed
commutative group. Again though we want more, namely we want to define a
multiplication on & in such a way that it becomes a field and that the norm satis-
fies |zy| = |z||y|. Again the product map on k is uniformly continuous, so that it
extends to k, but to see that k is a field the algebraic construction is more useful.
Indeed, it is not hard to show that £° is a ring, the Cauchy sequences K form a
subring. But more is true:
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LEMMA 1.34. The set & of sequences converging to 0 is a mazimal ideal of the
ring KK of Cauchy sequences. Therefore the quotient K/t =k is a field.

PROOF. Since a Cauchy sequence is bounded, and a sequence which converges
to 0 multiplied by a bounded sequence again converges to 0, it follows that £ is
an ideal of K. To show that the quotient is a field, let x4 be a Cauchy sequence
which does not converge to 0. Then we need to show that x, differs by a sequence
converging to 0 from a unit in K. But since x, is Cauchy and not convergent to
0, then (e.g. since it converges to a nonzero element in the commutative group
l%) we have x,, # 0 for all sufficiently large n. Since changing any finite number
of coordinates of z, amounts to adding a sequence which is ultimately zero hence
convergent to 0, this is permissible as above, so after adding an element of £ we may
assume that for all n € Z*, z,, # 0, and then the inverse of z, in K is {i} O

EXERCISE 1.48. (This is challenging.) Find all maximal ideals in the ring K.

EXERCISE 1.49. Let (k,|-|) be a nontrivially normed field.
a) Show that #{z € k | 0 < |z| < 1} = #k.
b) Show that the cardinality of the set of all convergent sequences in k is (#k)%0.
Deduce that the same holds for the set of all Cauchy seqeunces of k.
c¢) Show that the cardinality of the completion of k is (#k)X0. (Hint: consider sep-
arately the cases in which #k = (#k)X0 and #k < (#k)%o.

Thus for a field k to be complete with respect to a nontrivial norm, it must sat-
isfy a rather delicate cardinality requirement: (#k)X0 = #k. This certainly implies
#E > 2% = AR, j.e., k has at least continuum cardinality. Conversely, there
are certainly complete fields of continuum cardinality, and indeed have (2%0)¥0 =
2RoxRo = 9% - However, there are sets S with 280 < #8 < (#5)%0.

Let (k,|-|) be a normed field, and let o : k — k be a field automorphism. We say
that o is an automorphism of the normed field (k,|-|) if o*|-|=1-]|.

EXERCISE 1.50. Let (K,|-|) be a normed field and o an automorphism of K.
a) Show: if o*| - | ~ |- |, then o is continuous for the norm topology on K.
b) Suppose o is continuous for the norm topology on K. Show: o*|-| ~|-].
¢) Suppose o is continuous for the norm topology on K. Show that o is an auto-
morphism of (K,|-|) if any one of the following holds:

(i) The norm | - | is Archimedean.
(ii) The norm |- | is non-Archimedean and the corresponding rank one valuation is
discrete.

(i4i) The automorphism o has finite order.

d) (M. Suwama) Let (K,|-|) be the field of Puiseuz series over a field k (see Ex-
ercise 1.18). Construct an automorphism o of K that is continuous for the norm
topology on K but o*|-| = |- |2.

EXERCISE 1.51. Let (k,|-|) be a complete normed field, and let o be an auto-
morphism of k. Put|-| = o*|-|. Show: k is complete with respect to |- |'.

EXERCISE 1.52. A field K is rigid if it has no automorphism other than the
identity.
a) Let o € AutR. Show that o is continuous for the topology induced by | - |oo-
(Suggestion: for x,y € R we have v <y <= y—x € R*? < o(y—1x) €
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R*? = o(x) < o(y). Thus |z| <1 <= |o(z)| < 1.

b) Show: the only continuous automorphism of R is the identity, and deduce R is
rigid.

¢) Show: the only continuous automorphism of Q, is the identity.

d) Thus, to show that Q, is rigid, it suffices to show that every automorphism of Q,
is continuous. Later we will deduce this from a result of Schmidt: Theorem 2.47.
Can you show this using only the material we’ve developed so far?

EXERCISE 1.53. Let k/Q be a number field of degree n. Let | be its Galois
closure, and let G == Aut(l/Q). There is a monic irreducible polynomial p € QJt]
such that k = QI[t]/(f), and then 1 is the splitting field of k. There is a natural
faithful action of G on the roots of p in I, which gives G as a subgroup of S,,.

a) Suppose that n > 3 and G = S,,. Show that k is rigid.
b) Can you give other sufficient criteria on G as a subgroup of S, that make k
rigid?

EXERCISE 1.54. Let k be a field complete with respect to a discrete, nontrivial
valuation. Let R be its valuation ring.
a) Show that k is homeomorphic to the infinite disjoint union [[;-, R.
b) Let k1, ko be two fields complete with respect to discrete, nontrivial valuations,
with valuation rings Ry, Rs. Suppose that Ry and Ro are compact. Show that kq
and ko are homeomorphic, locally compact topological spaces.

We now give an algebraic construction of the completion in the special case of a
discretely valued, non-Archimedean norm on k. Namely, the norm is equivalent to
a Z-valued valuation v, with valuation ring

R={ze€k|v(z)>0}
and maximal ideal
m={zeck]|v(z)>0t={zek]|v(z)>1}

LEMMA 1.35. With notation above, suppose that k is moreover complete. Then
the ring R is m-adically complete. Explicitly, this means that the natural map

R — lim R/m"
n
is an isomorphism of Tings.

Proor. This is straightforward once we unpack the definitions.

Injectivity: this amounts to the claim that [,.,+ m™ = 0. In fact this holds for
any nontrivial ideal in a Noetherian domain (Krull Intersection Theorem), but it is
obvious here, because m"” = (7") = {z € R | v(z) > n, and the only element of R
which has valuation at least n for all positive integers n is 0.

Surjectivity: Take any element x of the inverse limit, and lift each coordinate
arbitrarily to an element z,, € R. It is easy to see that {x, } is a Cauchy sequence,
hence convergent in R — since k is assumed to be complete and R is closed in k, R
is complete). Let = be the limit of the sequence z,,. Then = +— x . (I

EXERCISE 1.55. Let v be a discrete valuation on a field k. Let R = lim,, R/m™.
a) Show that R is again o discrete valuation ring — say with valuation ¥ — whose
maximal ideal ™ is generated by any uniformizer m of R.
b) Let K be the fraction field of R. Show that K is canonically isomorphic to k, the
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completion of k in the above topological sense.

¢) Let n € Z*. FExplain why the natural topology on the quotient R/m™ is the
discrete topology.

d) Show that the following topologies on R all coincide: (i) the topology induced
from the valuation ©; (ii) the topology R gets as a subset of I1,, R/m™ (the product
of discrete topological spaces); (iii) the topology it inherits as a subset oflAc under
the isomorphism of part b).

2.8. Non-Archimedean Functional Analysis: page 1.

K-Banach spaces: Let (K,|-|) be a complete (and not discrete) normed field.
In this context we can define the notion of a normed linear space in a way which
directly generalizes the more familiar cases K = R, K = C. Namely:

A normed K-linear space is is a K-vector space V and a map ||| : V — R=Y
such that:

(NLSl)Vz e V, 2 =0 < ||z|| = 0.

(NLS2) Va € K, z € V, ||az|| = |a|||z||-

(NLS3A) If (K, | - |) is Archimedean, then Vz,y € V, ||z + y|| < ||z|| + ||y]]-
(NLS3NA) If (K, |-|) is non-Archimedean, then Vx,y € V, ||z +y|| < max||z]|, ||y]].
Weakening (NLS1) to = , we get the notion of a seminormed space.

A normed linear space is a normed commutative group under addition. In par-
ticular it has a metric. A K-Banach space is a complete normed K-linear space.

The study of K-Banach spaces (and more general topological vector spaces) for
a non-Archimedean field K is called non-Archimedean functional analysis.
This exists as a mathematical field which has real applications, e.g., to modern
number theory (via spaces of p-adic modular forms). The theory is similar but
not identical to that of functional analysis over R or C. (Explain that the weak
Hahn-Banach theorem only holds for spherically complete fields...)

Two norms || - ||1, || - ||2 on a K-vector space V are equivalent if there exists
o € R>% such that for all v € V,

1
ol < < .
Sl < flvll2 < affofls

LEMMA 1.36. Let || |1 and || - ||]2 be two norms on the K -linear space V.. The
following are equivalent:
(i) The norms || - ||1 and || - ||2 are equivalent.

(it) The identity map 1y : (V.|| - |l1) = (V,|| - ll2) is uniformly continous with
uniformly continuous inverse.
(#ii) The topology induced by || - ||1 is the same as the topology induced by || - ||2.

PROOF. a) (i) = (ii): If ||z||]2 < C]|z||; for all z, then 1y is uniformly

continuous with § = &. Similarly the other way around.
(ii) = (iii): In particular 1y is a homeomorphism, so the topoloies are the same.
(iii) = (i): We show the contrapositive. Suppose the norms are not equivalent;

[lz]]2
IEIE:

then, after interchanging them if necessary, we have that is unbounded above
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as ¢ ranges over nonzero elements of V. Choose a € K such that |o| > 1. Then
for all n € ZT, there is z,, € V such that

1
llznlls < 12 llenll2-

Multiplying x,, by a suitable power of @ we may assume that ||z,||2 € (1, ]. Since
loz|la _ |||l

for all nonzero x € V and nonzero o € K we have ozl = T=ll Ve get
leall < ropgslealle <277
Thus z,, converges to zero respect to || - ||; but not with respect to || - ||2, so the
norms determine different topologies. ([l
EXAMPLE 1.37. Let n € Zt. We define a map |- |0 : K™ — R by
[(Z1,.. s &n)|oo = max |4

It is easy to check that this gives a norm on K™. Indeed this is a special case of the
mazimum norm on any finite product of metric spaces; it gives a metric and the
induced topology is the product topology.

THEOREM 1.38. Let (K,|-|) be a complete normed field, and let (V,||-||) be a
finite dimensional normed K -vector space.
a) Any two norms on 'V are equivalent.
b) It follows that any norm on V is complete and the induced topology coincides
with the topology obtained by pulling back the product topology on K™ via any iso-
morphism V. = K™.

PrROOF. a) [Cd1l] We go by induction on n = dimg V. The case n = 0 is
absolutely trivial. When n = 1 the norm || - || is uniquely determined by its value
on any nonzero element e; € V because of the scaling relation ||aei|| = |al||e1]],
and thus any two norms on V are nonzero scalar multiples of each other. Since
multiplication by a nonzero element of K is a homeomorphism of K, this shows
that any two norms on K are equivalent.

Now suppose that n = dimg V > 2 and that the result holds for all normed
K-vector spaces of dimension n — 1. Fix a K-basis ey,...,e, for V, and for
(a1,...,a,) € K™ we put

[larer + ... + anenlloo = mzax|ai|.

By Example 1.37, || - ||oo is a norm on V. It suffices to show there are 0 < A < B
such that

(2) Vv eV, Aljvllee < [Jv]| < Bl[v]]oo,

for this shows that the arbitrary norm || - || is equivalent to || - ||oo. One direction

is easy: put B := )", ||e;||. Then for all v = ae; + ...+ aye, € V, we have

n n
oll = Harer + . + aneall < 3 llasesl] = 3 fasllleal] < Bmax|as] = Bl[o]l.
i=1 i=1
To show the other direction, we argue much less directly: seeking a contradiction,
we suppose that there is no A > 0 so that (2) holds. This means: for all k € Z*
there is vy € V such that |[vg|| < &||vk||oo-
Forve Vandl <i<n,writev =3, a;(v)e;. By definition of ||-||s and the
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Pigeonhole Principle, there is some 1 < i < n such that {k € ZT | ||vk|| = |a;(vi)|}
is infinite. We may assume without loss of generality that ¢ = n. Scaling a vector
v by an element of K* does not change the inequality ||vx|| < 1||vk||s, so after
rescaling and passing to a subsequence {w, }]O‘;l we may assume that for all j € Z+
we have:

(1) [vs oo = 1,
(2) an(ve,;) =1,
(3) llow; Il < g5 llow, oo = 7

Let W = (e1,...,en—1)K, and put

Vi e Z+,wj = Ug; — €n-

Then w; € W and ||w; + e,|| = ||vg, || < & — 0. Thus for all j,j’ € Z* we have
J
[lwj —wjr|| = |[(w; + en) = (wj + en)l| < [[wj + en[| +[|wjr + en|| =0
as min(j, j') — oco. Thus {w;} is a Cauchy sequence in (W, || [|lw). Since dimy =

n — 1, by induction there are C,C”" > 0 such that
Vw € W, |[wlloe < Cllw]l, [[w]l < C'[Jw]]o.

Thus {w,} is Cauchy in (W, (]| - ||so)|w). This latter space is complete — a finite
product of complete metric spaces with the maximum metric — so there is w € W
such that ||w; — w||c — 0. Again, the equivalence gives that ||w; — w|| — 0. But
then as j — oo we have

lw + enl| = |[(w = w;) + (wj + en)|| < [Jw = w[| + [[w; + enl| = 0,

so e, = —w € W, a contradiction.

b) Since (K™, || ) is complete — a finite product of complete metric spaces endowed
with the maximum metric is always complete — so is (V,|-|). Since the product
topology on K™ is the one induced by the || - ||co-norm and (as used above) pulling
back || || via a K-vector space isomorphism gives a norm on V, the last assertion
follows from part a): all norms on V' induce the same topology. (]

EXERCISE 1.56. In particular Theorem 1.38 applies to the complete Archimedean
normed fields (R, || - |leo) and (C,|| - ||oo)- This case is indeed found in most basic
treatments of functional analysis.

a) Consult such a text and read the proof of Theorem 1.38 given there. It is (or
should be!) easier than the one given above.

b) Show that the above proof adapts to the case in which (K, |-|) is locally compact.
(This is in fact the case of most interest to us later on.)

THEOREM 1.39. Let (K, |-|) be a complete normed field and (V,||-||) a normed
K-linear space. Let W be a finite-dimensional K-subspace of V. Then W is closed.

PrOOF. Choose a K-basis wi,...,w, of W. By Theorem 1.38 and Lemma
1.36, the metric induced by the norm || - ||y is Lipschitz equivalent to the metric
induced by ||ajwy +. ..+ a,wy|| == max; |a;|. The latter metric is complete since K
is complete, and hence so is the former metric. A complete subspace of any metric
space is closed. O

We shall give alternate proof of Theorems 1.38 and 1.39 that is taken from Neukirch
[N, p. 133]. Let (V.|| - ||) be a finite-dimensional normed space over the complete



2. COMPLETIONS 35

field (K,|-|). As in the above proof, choosing a basis ey, ..., e, of V allows us to

define a norm ||la1e1 + ... + anenl|oo = max; |a;|. We must show that as v ranges
]|
MvlToo

saw, being bounded above is almost immediate. For the other direction, we again
work by induction on dimV = n. In particular we may assume that all n — 1-
dimensional subspaces of V' are complete with the restricted norm, hence closed.
Since translation by v € V' is a homeomorphism, it follows that all translates W +wv
of n — 1-dimensional subspaces (a.k.a. all affine hyperplanes in V) are closed. In
particular, for 1 < i < n, let

is bounded above and below. As we

over nonzero elements of V', the ratio

Wi={(e; | j# i)k,
ie., the K-span of all standard basis vectors ezcept €;. Then X = JI_, W, + ¢;

is closed and does not contain 0, so there is some p > 0 such that the open ball of
radius p centered at 0 is disjoint from X, or in other words

V1 <i<m, Yw, € Wy, |lw; + €| > p.

Now let v = ajeq]... + ane, be a nonzero vector of V, and let I be such that
max |a;| = |ar| > 0. Then
1 a a
|=v|| =||=v1+ ...+ e+ ...+ —enl| > p,
a; a; ar
SO

o]l = plan| = pl|v]|c-

One one thinks of “Archimedean functional analysis,” Theorems 1.38 and 1.39 are
probably not the first two which come to mind, perhaps because they are not very
interesting! On the other hand, for our purposes these results are crucially useful.
Indeed, they are precisely what is needed to prove the uniqueness in Theorem 1.43,
a topic to which we soon turn.

2.9. Big Ostrowski Revisited.

The goal of this section is to prove the Big Ostrowski Theorem. Our proof fol-
lows an approach taken by David Krumm who was in turn following [N], but with
some modifications. We will prove the following result.

THEOREM 1.40. Let (K, |-|) be a complete Archimedean field with Artin contant
2 (i.e., |2 =2). Then (K,|-|) is isomorphic either to R with its standard absolute
value or to C with its standard absolute value.

Let us first establish that Theorem 1.40 is equivalent to the Big Ostrowski theorem.
First assume Theorem 1.10, and let (K, |-|1) be an Archimedean normed field with
Artin constant 2. Then we have an embedding ¢ : K < C such that for all z € K|
|z]1 = |¢(x)]. There is an induced map on completions

(K] -1) = (G- ) = (C, |- ).

Thus ¢(K) is an isometrically embedded complete subfield of C. Since ¢(K) contains
Q, it contains the topological closure of Q in C, namely R: R C «(K) C C. Since
[C : R] = 2, we have little choice: either

(K11 ) = (B, ]-) = (R,]-])
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or R R
([ ) = (WE)), |- ) = (G- |-

Conversely, assume Theorem 1.40, and let (K, |-|) be an Archimedean normed field

with Artin constant 2. Then (K| - |) is a normed subfield of its completion K,

which is isomorphic to either (R,|-|) or to (C,| - |). Either way, (K,|-|) can be

isometrically embedded in (C,| - |).

Now we turn to the proof of Theorem 1.40. First, since (K,|-|) is a complete
Archimedean normed field, it has characteristic zero (Corollary 1.9) and thus con-
tains Q. By Ostrowski’s Lemma (Lemma 1.10) and the computation of the Artin
constant (Theorem 1.11), the restriction of |- | to Q@ must be the standard absolute
value |+ |oo. S0 (Q, ] |oo) = (K,]-|) is an isometric embedding of normed fields.
Taking completions, we get an isometric embedding (R, |- |~) < (K, |-|). The crux
of the matter is the following claim.

CcLAIM The field extension K /R is algebraic.

SUFFICIENCY OF THE CLAIM If K/R is algebraic, then either K = R — and we're
done — or [K : R] =2 and K is isomorphic as an R-algebra to C. In this case there
is still something to show,, namely that (K, |- |) is isomorphic to (C,| - |«) as a
normed field. Happily, the tools needed to show this were developed in the previous
section. Indeed, (K,|-|) is a finite-dimensional normed space over the complete
field R, so the topology induced by the norm is the product topology on R2. We
may use the R-isomorphism of K with C to transport the norm |- | to C. On C
we also have the standard Archimedean norm |- |«. By the above considerations,
these two norms induce the same topology on C so are equivalent. Moreover they
both have Artin constant 2, so they are equal, whence an isomorphism of normed
fields (K’| ’ |) - ((Cv | ' |oo)

PROOF OF THE CLAIM We will show that every element of K is the root of a
quadratic polynomial with R-coefficients.

Let o € K\ R. For z € C, put
P.(t) =t* — (2 + 2)t + 2Z.

Thus P, (t) is a quadratic polynomial with R-coefficients whose roots in C are z and
z (a double root, if z € R). Moreover, define a map f : C — R=2% by

f(z) = |P(a)].

To say that « is quadratic over R is to say that there is some z € C such that
f(2) = 0. We will prove this by a somewhat sneaky argument mixing algebra and
topology. First, it is easy to see to see that f is continuous and that f(z) tends
to 0o with |z|s. Indeed, for |z|« sufficiently large, the constant term of P,(«)
dominates. Thus f attains a minimum value m € R0,

Seeking a contradiction, we assume m > 0. Since f is continuous, the level set
Z = f=1(m) is closed; since f tends to infinity Z is also bounded, hence compact.
So there is z; € C such that f(z;) = m and |z1|s is maximal among all z € Z.
If we can produce w; € C such that |wi|e > |21]00, We will have attained our
contradiction.
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To do so, choose € € R with 0 < ¢ < m,, and let w; € C be a root of the
“perturbed polynomial” P, (t) + €. Since P, (t) is a quadratic polynomial with
at most one real root, its discriminant is nonpositive; further, the discriminant of
P, (t) is strictly smaller than the discriminant of P, (t), hence negative: that is,
wy € C\ R. Hence

P,(t)+e=(t—2z)(t—721)+e=(t —wy)(t —w7) = t* — (w1 +W1)t + w07

Comparing constant coefficients gives

|21]00 = V]w1|% — € < |wilinfty-

By definition of z1, we must have f(w;) > m. But we claim that also f(w;) < m.
We establish this as follows: let n be an odd positive integer, and define

9() = Py (8" + €.
Factor g(t) over C as

2n
g(t) = [T —ws).
i=1
Note that since n is odd, P, (t) + € divides g(t), so indeed w; is one of the roots of
g. Also g(t) € R[t], so

o) = [t~ 0.
and thus -
2n 2n
g = [[¢t = w)(t @) = [[(#* = (wi + @)t + wiwy).
i=1 i=1

It follows that

2n 2n
lg9(@)? = [T 10® = (w; + @) + ww] = [ flws) = flwr)m® .
i=1 i=1

On the other hand,
lg(e)] <[P ()| + € = f(z1)" + " =m" + €,
and thus

) < lg(a)l? _ (m" +€")? :m(1+ (%)")2

- m2n—1 - m2n—1
Since 0 < € < m, sending n to infinity gives f(w;) < m, contradiction! This
completes the proof of Theorem 1.40.

3. Extending norms
3.1. Introduction and Reorientation.
In this chapter we will study more explicitly the topology on a field induced by

a norm. Especially interesting from this perspective are the (nontrivially) normed
fields which are locally compact with respect to the norm topology.

But we have been studying normed fields for a little while now. Where are we
going? What problems are we trying to solve?
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Problem 1: Local/Global Compatibility. Arguably the most interesting re-
sults in Chapter 1 were the complete classification of all norms on a global field
K, i.e., afinite extension of either Q (a number field) or F,(¢) for some prime power
¢ (a function field).

We interrupt for two remarks:

Remark 1: Often when dealing with function fields, we will say “Let K/Fq(t)
be a finite separable field extension”. It is not true that every finite degree field
extension of F,(t) is separable: e.g. Fq(t%) /F4(t) is an inseparable field extension.
However, the following is true: if ¢ : Fy(¢) — K is a finite degree field homomor-
phism — don’t forget that this wordier description is the true state of affairs which
is being elided when we speak of “a field extension K/F” — then there is always
another finite degree field homomorphism ¢’ : F,(¢) < K which makes K/i/(Fy(t))
into a separable field extension: e.g. [Ei, Cor. 16.18].

Remark 2: In the above passage we could of course have replaced Fy(t) by F,(¢).
But the idea here is that for an arbitrary prime power ¢, the rational function field
F,(t) is still highly analogous to Q rather than to a more general number field. For
instance, if K is any number field, then at least one prime ramifies in the extension
of Dedekind domains Zg /Z. However, the extension F,[t]/F,[t] is everywhere un-
ramified. Moreover, F,[t] is always a PID.?

For a global field K, we saw that there is always a Dedekind ring R with K as
its fraction field with “sufficiently large spectrum” in the sense that all but finitely
many valuations on K are just the p-adic valuations associated to the nonzero prime
ideals of R. This suggests — correctly!— that much of the arithmetic of K and R
can be expressed in terms of the valuations on K.

A homomorphism of normed fields ¢ : (K,|-|) — (L,|-]) is a field homo-
morphism ¢ such that for all x € K, |z| = |¢(z)|. We say that the norm on L
extends the norm on K. When the normed is non-Archimedean, this has an en-
tirely equivalent expression in the language of valuations: a homomorphism of
valued fields ¢ : (K,v) — (L,w) is a field homomorphism ¢ : K < L such that for
all z € K, v(z) = w(i(z)). We say that w extends v or that w|x = v. (Later we
will abbreviate this further to w | v.)

Problem 2: The Extension Problem. Let (K,|-|) be a normed field, and
let L/K be a field extension. In how many ways does v extend to a norm on L?

THEOREM 1.41. Let (K,|-|) be a normed field and L/K an extension field. If
either of the following holds, then there is a norm on L extending | - |:
(i) L/K is algebraic.
(i) (K,|-1|) is non-Archimedean.

EXAMPLE 1.42. Let K =Q, |-| = |-]2 and L = R. Then there exists a norm on
R which extends the 2-adic norm on Q. This may seem like a bizarre and artifical

123omewhat embarrassingly, the question of whether there exist infinitely many number fields
of class number one remains open!
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example, but it isn’t: this is the technical heart of the proof of a beautiful theorem
of Paul Monsky [Mo70]: it is not possible to dissect a square into an odd number
of triangles such that all triangles have the same area. In fact, after 40 years of
further work on this and similar problems, to the best of my knowledge no proof of
Monsky’s theorem is known that does not use this valuation-theoretic fact.

EXERCISE 1.57. Let (K,|-|) be an Archimedean norm.
a) Suppose that L/ K is algebraic. Show that |- | extends to a norm on L.
b) Give an example where L/K is transcendental and the norm on K does extend
to a norm on L.
¢) Give an example where L/K is transcendental and the norm on K does not
extend to a norm on L.
Hint for all three parts: use the Big Ostrowski Theorem.

In view of Exercise 1.57, we could restrict our attention to non-Archimedean norms
and thus to valuations. Nevertheless it is interesting and useful to see that the
coming results hold equally well in the Archimedean and non-Archimedean cases.

Theorem 1.41 addresses the existence of an extended norm but not the number
of extensions. We have already seen examples to show that if L/K is transcenden-
tal, the number of extensions of a norm on K to L may well be infinite. The same
can happen for algebraic extensions of infinite degree: e.g., as we will see later, for

any prime p, there are uncountably many extensions of the p-adic norm to Q.

EXERCISE 1.58. Let K be a field and {K;}icr be a family of subfields of K
such that: (i) for all i,j € I there exists k € I such that K; UK; C K}, and (ii)
U; Ki = K. (Thus the family of subfields is a directed set under set inclusion,
whose direct limit is simply K.) Suppose that for each i we have a norm |- |; on
K;, compatibly in the following sense: whenever K; C K, |- |; extends |- |;. Show
that there is aunique norm |- | on K extending each norm |- | on K.

EXERCISE 1.59. Let (k,|-|) be a non-Archimedean normed field. Let R = k[t]
and K = k(t). For P(t) = apt™ + ... + a1t + a9 € R, define the Gauss norm
|P| = max; |a;|. Show that this is indeed a norm on k[t] and thus induces a norm
on the fraction field K = k(t) extending the given norm on k. Otherwise put, this
shows that every valuation on a field k extends to a valuation on k(t).

EXERCISE 1.60. Let (K,v) be a valued field, and let L/K be a purely tran-
scendental extension, i.e., the fraction field of a polynomial ring over K (in any
number of indeterminates, possibly infinite or uncountable). Use the previous Ex-
ercise to show that v extends to a valuation on L. (Suggestion: this is a case where
a transfinite induction argument is very clean.)

Exercise 1.60 and basic field theory reduces Theorem 1.41 to the case of an algebraic
extension L/K. As we will see, this can be further reduced to the case of finite
extensions. Moreover, when (K, v) is a valued field and L/K is a finite extension,
we wish not only to show that an extension w of v to L exists but to classify (in
particular, to count!) all such extensions. We saw in §1 that this recovers one of the
core problems of algebraic number theory. Somewhat more generally, if v is discrete,
then the valuation ring R is a DVR — in particular a Dedekind domain — and then
its integral closure S in L is again a Dedekind domain, and we are asking how the
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unique nonzero prime ideal p of R splits in S: i.e., pS = P;' --- Per. With suitable
separability hypotheses, we get the fundamental relation Y ., e;f; = [L : K].

THEOREM 1.43. Let (K,|-|) be a complete normed field and let L/K be alge-
braic.
a) There exists a unique norm |- | on L such that (K,|-|) — (L,|-|L) is a

homomorphism of normed fields.
b) If L/K s finite, then (L,|-|L) is again complete.

COROLLARY 1.44. If (K,|-|) is a normed field and L/K is an algebraic exten-
sion, then there is at least one norm on L extending the given norm on K.

PRrROOF. We may as well assume that L = K. The key step is to choose a

field embedding ® : K < K. This is always possible by basic field theory: any
homomorphism from a field K into an algebraically closed field F' can be extended
to any algebraic extension L/K. Since this really is the point, we recall the proof.
Consider the set of all embeddings ¢; : L; < F, where L; is a subextension of
L/K. This set is partially ordered by inclusion. Moreover the union of any chain
of elements in this poset is another element in the poset, so by Zorn’s Lemma we
are entitled to a maximal embedding ¢; : L; — F. If L; = L, we're done. If not,
there exists an element a € L\ L;, but then we could extend ¢; to L;[«] by sending
« to any root of its ¢;(L;)-minimal polynomial in F'. By Theorem 1.43, there is

a unique norm on K extending the given norm on K. Therefore we may define a
norm on L by z — |®(x)|. O

EXERCISE 1.61. Use Corollary 1.44 and some previous exercises to prove The-
orem 1.41.

THEOREM 1.45. Let (K,| - |) be a normed field and L/K a finite extension.
Then there is a bijective correspondence between norms on L extending the given
norm on K and prime ideals in the K-algebra L Qi K.

There is a beautiful succinctness to the expression of the answer in terms of tensor
products, but let us be sure that we understand what it means in more down-to-
earth terms. Suppose that there exists a primitive element « € L i.e., such that
L = K(«). Recall that this is always the case when L/K is separable or [L : K]
is prime. In fact, the existence of primitive elements is often of mostly psycholog-
ical usefulness: in the general case we can of course write L = K(a,...,a,) and
decompose L/K into a finite tower of extensions, each of which has a primitive
element.

Now let P(t) € K[t] be the minimal polynomial of o over K, so P(t) is irre-
ducible and L = K[t]/(P(t)). In this case, for any field extension F/K, we have
isomorphisms

Lex F = K[f]/(P(t)) ©x F = FIi)/(P(t)).
Thus, L ® F is an F-algebra of dimension d = deg P = [L : K]. It need not be
a field, but its structure is easy to analyze using the Chinese Remainder Theorem
in the Dedekind ring F'[t]. Namely, we factor P(t) into irreducibles: say P(t) =
PPt ... Per. Then CRT gives an isomorphism

Lok F=Ft]/(P(t) = @F[t]/(Pfi)-
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Let us put A; = F[t]/(P{*). This is a local Artinian F-algebra with unique prime
ideal P;/P{*. Thus the number of prime ideals in L ®x F is r, the number of
distinct irreducible factors of F'. Moreover, suppose that L/K is separable. Then
P(t) splits into distinct linear factors in the algebraic closure of K, which implies
that when factored over the extension field F' (algebraic or otherwise), it will have
no multiple factors. In particular, if L/K is separable (which it most often will be
for us, in fact, but there seems to be no harm in briefly entertaining the general
case), then all the e;’s are equal to 1 and A; = F[t]/(P;) is a finite, separable field
extension of F.

Example: We apply this in the case (K, |- |) is the rational numbers equipped
with the standard Archimedean norm. Then the number of extensions of | | to
L = K[t]/(P(t)) is equal to the number of (necessarily distinct) irreducible factors
of P(t) in R = Q. How does a polynomial factor over the real numbers? Every
irreducible factor has degree either 1 — corresponding to a real root — or 2 — corre-
sponding to a conjugate pair of complex roots. Thus L ®g R = R™ ¢ C™ and the
number of extensions is r{ + 79, as advertised — but not proved! — in the Remark
following Theorem 1.16.

It remains to prove Theorems 1.22, 1.43 and 1.45. Before proving Theorem 1,
we give several short sections of “review” on topics which are probably somewhat
familiar from previous courses but are important enough to revisit from a slightly
more sophisticated perspective. In §2.7 we give the proof of Theorem 1.22.

3.2. Proof of Theorem 1.43 Part I: Uniqueness.

THEOREM 1.46. Let (K, |-|) be a complete normed field, let L/ K be an extension
of finite degree d, and let | - |1, be a norm on L extending |-|. Then for all x € L,
(3) [2ln = [Nz x(@)]7.

PrROOF. Let G = Aut(L/K).
Step 1: We may assume L/K is normal. This reduction is left as an exercise.
Step 2: We suppose moreover that L/K is separable, hence Galois. For o € G,
the map o : L — L is a K-linear automorphism of L, which is a finite-dimensional
vector space over the complete field K, so by Theorem 1.38 it is continuous, and
thus is an automorphism of the normed field (L,|-|.): for all z € L, |o(x)|r = |z|L.
This is the key observation, for now

Nk (@) =] [T @) = ] l=| = .
oceG ceG

Step 3: Now suppose (only) that L/K is normal. Let d; be the separable degree
of L/K, i.e., the number of K-embeddings of L into an algebraic closure of K, and
let d; = di be the inseparable degree. Then for all x € L, we have

d;
Npjk(z) = (H 0(33)> :

oceG

The proof now proceeds as in Step 2 above. (]

EXERCISE 1.62. Work out the details of Step 1 of the proof of Theorem 3.
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COROLLARY 1.47. Let (K, |-|) be complete, and let L/ K be an algebraic exten-
sion.
a) There is at most one norm one L extending |- | on K.
b) Suppose that for every finite subextension M of L/K the mapping x € M +—

|Nn k()] 7 K] of (3) is indeed a norm on M. Then the mapping
(4) 2 € L = |Ngpa i (x)|FEFET
is a norm on L.

EXERCISE 1.63. Prove Corollary 1.47. (Hint: use Exercise 2.2.)

3.3. Theorems of Mazur, Gelfand and Tornheim.

In this section we give a second proof of Big Ostrowski — or rather, the equiva-
lent Theorem 1.40. Let (K, |-|) be a field which is complete with respect to a norm
with Artin constant 2. We want to show that (K, |- |) is isomorphic to (R, | - |o)
or (C,|]eso). As in the previous section, Little Ostrowski gives that (K, |- |) has

a normed subfield isomorphic to (R, || -|). The new idea we wish to pursue here
is that this implies that (K,|-|) is a real Banach algebra: that is, an R-vector
spcae A complete with respect to a norm || - || with |1] = 1 and which is (at least)

sub-multiplicative: for all z,y € A, ||zy|| < ||z]||y|]-

We will prove the following generalization of Theorem 1.40.

THEOREM 1.48. (Gelfand-Tornheim [To52]) Let (K,||-||) be a real Banach
algebra which is also a field. Then (K, ||-||) is isomorphic to (R,|]]|s0) o7 (C,]|]|c0)-

There is an evident corresponding notion of a complex Banach algebra, and in fact
the theory of complex Banach algebras is much better developed than the theory
of real Banach algebras, so our first step is to reduce to the complex case. This
is done as follows: if K contains a square root of —1, then it contains a subfield
isomorphic to C (even as a normed field, by the uniqueness of the norm on a finite
extension of a complete field): great. If K does not contain a square root of —1,
we would like to replace K by K (v/—1).

It is natural to try to prove the following result.

THEOREM 1.49. Let K be a field of characteristic different from 2 which is
complete with respect to a norm |-|. Let L/K be a quadratic extension. Then

w € L |Npg(o))?
is a norm on L extending | - |.

Observe that Theorem 1.49 is a very special case of Theorem 3. In particular, the
Archimedean case follows from Big Ostrowski and the non-Archimedean case will
be proved (rather sooner than) later by other methods. In fact there is a direct
proof of Theorem 1.49, but I find it somewhat lengthy and unpleasant. The reader
who wants to see it may consult [BAII, §9.5].

However, in order to prove Theorem 1.48 we can make do with less: it is
enough to endow K (y/—1) with an R-algebra norm which is submultiplicative: for
all z,y € K(v/—1), |ry| < |z||y|. But this is easy: for x,y € K, put

|z + v —-1y| = |z| + [y|.
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Certainly this endows K (1/—1) with the structure of a real Banach space. Moreover,
for z=x++/-1y, 2’ =2’ + vV-1¢y' in K(v/-1),

22| = |za’ —y"| + oy’ + 2"y| < |z2'| + [yy'| + |zy'] + |2"y|

< lall'l+ [ylly'T + |2y + [yl = (=] + [y (2| + Y1) = |2]]2].
Putting L = K(v/—1), we have endowed L with the structure of a complex Banach
algebra. To complete the proof of Theorem 1.48, it is enough to show that the only
field which is a complex Banach algebra is C itself. Again we will prove rather more
than this. First a few preliminaries.

LEMMA 1.50. (Neumann) Let (A,]||-|]) be a complex Banach algebra, and let
x € A be such that ||z]| < 1. Then 1 —x € A*. Explicitly,

1

oo

n

= X .
2
n=0

PRrROOF. Since [[z]| <1, Y07 [l2"]] < Y02, ||z||™ < oco. That is, Y oo z™ is
absolutely convergent and thus, by completeness, convergent. Denote the sum by
b. It is then easily seen that (1 —a)b=5b(1 —a) = 1. O

Let (A, ||-|]) be a complex Banach algebra, and let z € A. We define the spectrum
o(x) to be the set of all complex numbers z such that z — 2 € A\ A*. (Note that
when A = My(C), the spectrum of z is its set of eigenvalues. One may think
of the spectrum as being a generalization of this linear algebra concept.) The
comlementary set C \ o(z) is the resolvent set of x.

Lemma 1.50 shows A* contains a neighborhood of 1 and is thus open. It follows
that the resolvent set of z is open and thus the spectrum o(x) is closed. Moreover,
if 2 € Cis such that |z| > ||z, then ||z 7!z|| < 1and 1 — 271z € AX. Since z € A%,
z —x € A*. Thus the spectrum is bounded and the resolvent set is nonempty.

LEMMA 1.51. Let (A,]| - ||) be a complex Banach algebra, and let x € A. Let
U be the resolvent set of x. Let p : A — C be a bounded (equivalently, continuous)
linear functional. Then the map

f:U—=C, zr—>g0( 1 )

Z—X

is holomorphic.

PRrROOF. Let z € U. Then
(oL LV g Lo (1 1
hlgz)h 4 z+h—2x 14 zZ—T _hg%hw z+h—x z—=x
. 1 h . 1
= lim — = lim
i h? (z+h—x)(z—2x) o (z+h—2z)(z—2x)

-7 (}fi% (z+h—1x)(z—x)> '

Lemma 1.50 implies that = — i is continuous on U, so this last limit exists. [

THEOREM 1.52. (Gelfand-Mazur) Let (A,]| - ||) be a complex Banach division
algebra. Then A = C.
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PRrROOF. cLAM For all z € A, the spectrum o(z) is nonempty.

SUFFICIENCY OF CLAIM Let A be a complex Banach division algebra, and suppose
there exists v € A\C. For all z € C, z—x ¢ C, hence z —x # 0, hence z —x € A*:
thus o(z) = @.

PROOF OF CLAIM Seeking a contradiction, suppose o(z) = &, so the resolvent set
U is all of C. Let ¢ : A — C be a bounded linear functional buch that e(=h) #0.
(To see that such a thing exists, choose a C-basis for A in which =1 is the first
element, and define ¢ by (=) = 1 and for every other basis element e;, ¢(e;) = 0.
Alternatively, this is a special case of the Hahn-Banach Theorem.) Let f : C — C be
zix) By Lemma 1.51, f is holomorphic on C. Let C = ||¢|],

i.e., the least number such that for all a € A, |¢p(a)| < C||a||. For |z| > 2||z||,

=l (55) 1= ﬁw (1_196) |

= il (i( a >| |Z| Zw

n=0

i 1
_HzlblH Zh":M

Thus f is a bounded entire function, hence constant by Liouville’s Theorem. More-
over lim|,| o f(2) =0, so f =0. But f(0) = ¢(=) = 1: contradiction. O

the function z — ¢ (

Remark: More generally, the only real Banach division algebras are R, C and H
(the quaternions). For a proof of this, see e.g. [Bou, § VI.6.4].

3.4. Proof of Theorem 1.22: Existence Modulo Hensel-Kiirschak.

Let (K,|-]|) be a complete normed field and L/K an extension of degree d < co.
We have seen that if | - | extends to a norm on L, the extended norm must be

z €L |z = |Nyk()|?

In the Archimedean case, Big Ostrowski reduces us to checking that this is indeed
the correct recipe for the norm |- |, on C as a quadratic extension of | |, on R,
which is almost immediate. Thus we are left to deal with the non-Archimedean
case. It is no problem to see that |- |1, satisfies properties (V1) and (V2) for a norm.
The crux of the matter is to check that it satisfies the non-Archimedean triangle
inequality.

From our study of absolute values in §1, we know that we do not change whether
a mapping is a non-Archimedean norm by raising it to any positive power, so
we may as well look at the mapping = + [Ny k()| instead. Moreover, we also
know that the non-Archimedean triangle inequality is equivalent to: for all x € L,
|z|]r <1 = |z + 1|z <1 and thus also to:

LEMMA 1.53. (Hensel-Kirschdk) Let (K, |-|) be a complete, non-Archimedean
normed field. Let

P(t) =t" 4+ an_1t""' + ... + art + ag € K[t]
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be an irreducible polynomial with |ag] < 1. Then |a;] <1 for all0 <i<n—1.

We will prove Lemma 1.53 later on (Theorem 1.78). For now we use it to show (5).
Here goes: suppose [L : K| = d and [K|z] : K] = d. Then (see e.g. [C:FT, Prop.
6.2]) we have

Ny k() = NK[z]/K(l‘)%
Let P(t) be the minimal polynomial of  over K, so P is monic irreducible of degree
m and has constant coefficient ag = (—=1)" Ng[qa]/x (). By assumption

1> [Nk (2)] = [Ngpayx ()™ = |ao™/™,

s0 |ap] < 1. Thus Lemma 1.53 applies to give that |a;| < 1 for all 0 <i<n—1.
Observe that K[z +1] = K[z] and the minimal polynomial for 2 +1 is P(t—1).
Plugging in t = 0 gives

(=)™ Ngpyr(@+1) = P(=1) = (=1)" + ap-1(-1)™ "+ ... + (=1)a1 + ao.
Thus
INp e (a+1)] = [Niay i (2+1)| 7™ = [(= 1) +am—1(=1)™ " +.. +(=1as+ao|¥™ < 1.
3.5. Proof of Theorem 1.43 Part III: Krull Valuations.

In this optional section we give a proof of the existence statement in Theorem
1.43 using the concept of a Krull valuation and an important (but not terribly dif-
ficult) result from commutative algebra.

Recall that a valuation ring is a domain R such that for every nonzero z in the
fraction field K, at least one of z, 7! lies in R. A valuation ring is necessarily
local, say with maximal ideal m. Moreover:

LEMMA 1.54. A waluation ring is integrally closed.

PROOF. Let R be a valuation ring with maximal ideal m and fraction field K.
Let ag,...,an—1 € R and let © € K such that 2” + a,_12" '+ ...+ a1z +ag = 0.
By definition of a valuation ring, if v ¢ R, then 7' € m,s0 1 = —(a,_127 ' +... +
apz~™)) € m, contradiction. O

Remark: A domain R is called a Bézout domain if every finitely generated ideal
is principal. In a valuation domain, every finitely generated ideal is generated by
any element of minimal valuation, so valuation domains are Bézout. For a non-
Noetherian domain, Bézout domains are very nice: e.g. they are integrally closed.
See e.g. [C:CA, §16.4] for more details.

Valuation rings have naturally arisen in our study of normed fields: if (K| - |)
is a normed field, then R = {z € K |- |z| < 1} is a valuation ring. Equivalently, if
v=—log|-|]: K* — R is an associated valuation, then R = {z € K | v(z) > 0}.
However, not every valuation ring comes from a valuation v : K* — R. We can
however get a bijective correspondence by generalizing our concept of valuation to
amap v: K* — T, where I' is an ordered commutative group.

This may sound abstruse, but it is easily motivated, as follows: let R be a do-
main with fraction field K. Consider the relation < on K* of R-divisibility: that
isz <y <= ¥ c R The relation of R-divisibility is immediately seen to be
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reflexive and transitive. Even when R = Z, it is not anti-symmetric: an integer and
its additive inverse divide each other. However, any relation < on a set X which is
reflexive and transitive induces a partial ordering < on the quotient X/ ~, where
we decree x ~ y iff x < y and y < z. In the case of R = Z, this amounts essentially
to restricting to positive integers. For R-divisibility in general, it means that we are
identifying associate elements, so the quotient is precisely the group I' = K* /R*
of principal fractional R-ideals of K.
PROPOSITION 1.55. For an integral domain R with fraction field K and I' =

K*/R*, the following are equivalent:
(i) The induced partial ordering < on I is a total ordering.
(i) R is a valuation ring.

PROOF. (i) = (ii): For any € K*, take y = 1: then either £ = 27! or
= z lies in R, so that R is a valuation ring.
i) = (i): If R is a valuation ring, let z,y € K*. Then either T eR-le,

y<z-orfecR-ie,z<y. O

—~
—

This motivates the following definition.

Let (T, <) be an ordered commutative group. A TI'-valued valuation on a field
K is amap v : K* — T such that for all z,y € K, v(zy) = v(r) + v(y) and
v(z +y) > minv(z),v(y). As usual, we may formally extend v to 0 by v(0) = +o0.
A Krull valuation on K is a I'-valued valuation for some ordered commutative
group I'.

PROPOSITION 1.56. Let (T', <) be an ordered commutative group and v : K — T
a Krull valuation. Then R, = {x € K | v(z) > 0} is a valuation ring.

Thus to a valuation ring R we can associated the Krull valuation v : K* — K*/R*
and conversely to a Krull valuation we can associate a valuation ring. These are
essentially inverse constructions. To be more precise, let (K,v : K — I'1) and
(L,w: L — T'5) be two fields endowed with Krull valuations.

LeMMA 1.57. Let (I'1, <) and (T's, <) be ordered commutative groups, and let
g: 'y = Ty be a homomorphism of commutative groups.

a) The following conditions on vy are equivalent:

(i) x1 < e = g(x1) < g(x2).

(i) x1 < xo <= g(z1) < g(x2).

b) If the equivalent conditions of part a) hold, then g is injective.

A homomorphism satisfying the equivalent conditions of part a) is said to be a

homomorphism of ordered commutative groups.

PROOF. a) Suppose g satisfies (i). Certainly x; = 22 = g(z1) = g(x2), so
we have 1 < 93 = g(z1) < g(z2). Now suppose that g(x1) < g(z2) and that
we do not have x; < x5. Since the ordering is total, we then have x; > x5, and
then our assumption gives g(x1) > g(x2), contradiction. Now suppose g satisfies
(ii), and let 1 < za. If g(z1) = g(x2), then g(z1) < g(x2) and g(z2) < g(z1), so
(ii) implies that 21 = x9, contradiction. Similarly, we cannot have g(z1) > g(x2),
so we must have g(z1) < g(z2).

b) Assume (i) and let = € T'y be such that g(z) = 0. If 0 < z, then 0 = g(0) < g(z) =
0, contradiction. Similarly, if z < 0, then 0 = g(z) < g(0) = 0, contradiction. So
x = 0 and thus g is injective. [
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A homomorphism of Krull-valued fields is a pair (¢,g), where ¢ : K < L is a
homomorphism of fields and ¢g : I'; — I's is an injective homomorphism of or-
dered commutative groups such that for all z € K, w(«(x)) = g(v(z)). Then
the correspondences described above take isomorphic valuation rings to isomorphic
Krull-valued fields and isomorphic Krull-valued fields to isomorphic valuation rings.

The value group of a Krull valuation is the image v(K*). A Krull valuation is
said to be trivial if its value group is the trivial group (which has a unique ordering).

In this more general context, a nontrivial Krull valuation v : K — TI' is said
to be rank one if there exists a homomorphism of ordered commutative groups
g: T >R

EXERCISE 1.64. Show that any ordered commutative group I' can serve as the
value group of a Krull-valued field.
Suggestion: let k be any field, and let R be the group ring k[T, i.e., the set of formal
sums & =y p Ty[y] where x, € k for ally and for a fived x, all but finitely many
x’s are zero. Definev : R\{0} — T by letting v(x) be the least v such that x, # 0.
Show that R is an integral domain, that v extends uniquely to its fraction field K
and defines a valuation on K with value group T.

EXERCISE 1.65. Let I' be a nontrivial ordered commutative group. Show that
the following are equivalent:
(i) There is a homomorphism of ordered commutative groups g : I' — R
(T has rank one).
(1) For all positive elements x,y € T, there exists n € Z* such that nx >y
(T is Archimedean,).

Combining the previous two exercises one gets many examples of Krull valuations
not of rank one, e.g. with value group I' = Z x Z ordered lexicographically.

LEMMA 1.58. Let ' be an ordered commutative group and H C T be a finite
index divisible subgroup. Then H =T.

PROOF. Suppose not, i.e., [[': H =n < co. Let x € I'. Then nz = h € H.
By definition of divisibility, there exists y € H such that ny = h. Therefore
0=h—h=n(z—y),ie, z—y € 'n]. But an ordered commutative group must
be torsionfree, so x =y € H. (]

LEMMA 1.59. Let L be a field, v : L* — T' a Krull valuation on L, and let K
be a subfield of L with [L : K] =n < co. Then T is order isomorphic to a subgroup
Of ' = ’U(KX).

Proor. ([BAIIL, p. 582]) For any nonzero x € L, we have a relation of the
form Zle a2, where o; € K and the n; are integers such that [L : K] = n >
niy >ng > ...>ng > 0. If there existed any index j such that for all ¢ # j we had
v(a;x™) > v(aja™ ), then co = U(Zle a;2™) = v(a;2%) and thus a;2™ =0, a
contradiction. Thus there exist ¢ > j such that v(a;z™) = v(o;2"), so

v(z)" " =v(aja; ) € Tk.

13There is a notion of rank of an ordered commutative group: see e.g. [C:CA, §17.2]. We
will not need this here.
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Thus, for x € L*, (nl)v(z) € Tk. Since T is torsionfree, the endomorphism [n!] :
I —» T (i.e., multiplication by n!) is injective, and thus [n!] : T < [p!/[l C T'x. O

COROLLARY 1.60. Let (K, v) be a rank one valued field, L/K be a finite degree
extension, and w a Krull valuation on L such that there exists a homomorphsim of

Krull-valued fields (¢, g) : (K,v) — (L,w). Then w has rank one.

ProOOF. This is immediate from Lemma 1.59 and the definition of a rank one
valuation as one whose value group is order isomorphic to a subgroup of (R,+). O

Why would one want to use Krull valuations? One might equally well ask what is
the use of general valuation rings, and the latter has a very satisfying answer:

THEOREM 1.61. Let R be an integral domain which is not a field, and let L be
a field such that R C L. Let S be the integral closure of R in L. Then S is equal
to the intersection of all nontrivial valuation rings of L containing R.

PROOF. See e.g. [C:CA, Thm. 17.17]. O

Now let (K,|-|) be a complete non-Archimedean normed field and L/K a finite
degree field extension. We know that there is at most one norm on L which extends
|-| on K. We will now give a proof of the existence of this extended norm. Namely,
let v be any rank one valuation corresponding to | - |, and let R be the valuation
ring of K. Let S be the integral closure of R in K. It suffices to show that S is
itself a valuation ring and the corresponding valuation has rank one.

Let § = {R,,} be the set of all nontrivial valuation rings of L which contain R. By
Theorem 1.61, S = meeS R,,. For any valuation ring R,, € S, let w: L — T be
the corresponding Krull valuation. By Corollary 1.60, w is a rank one valuation,
hence corresponds to an non-Archimedean norm on L which (certainly after rescal-
ing in its equivalence class) restricts to | - | on K. By the uniqueness of extended
norms, it follows that #S = 1, so that S = R,, is a rank one valuation ring.

3.6. Proof of Theorem 5.

We come now to the most technically complicated of the basic extension theorems,
Theorem 1.45. The reader will surely have noticed that we have taken some time
building up suitable tools and basic facts. Now our hard work comes to fruition:
given what we already know, the proof of Theorem 1.45 is rather straightforward
and elegant.

LEMMA 1.62. Let (L,|-|) be a normed field, and let K be a subfield of K such
that [L : K] is finite. Let K and L be the corresponding completions. Then

[L:K]<|L:K].

PROOF. Let n = [L : K] and let eq,...,e, be a K-basis of L. Let W be the
K-subspace of L spanned by e1,...,e,. Then W is a finite-dimensional normed
K-linear space, so it is complete and thus closed in L. Moreover W contains
the K-span of ey, ...,e,, which is L, so W id dense in L. Thus W = L, so
dimy; L <n=[L:K]. O
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LEMMA 1.63. Let (K,|-|) be a normed field, and let L/K be a finite degree

field extension. Let |- |L be a norm on L that extends |- | on K. Let Ck be the
algebraic closure of K, with its canonical norm | - |. Then there is a K-algebra
homomorphism o : L < Ck such that | - | = o*| - |: i.e., for all x € L we have

2] = [o(2)].

PROOF. Let L be the completion of L with respect to | - ;. Let Cp be the
algebraic closure of L. The norm on L extends to a unique norm on C7, that we
continue to denote by | - ||r. By Lemma 1.62 the extension L/K is finite and
thus Cp, is also an algebraic closure of K, so there is a K- algebra isomorphism
Y : C, — Cgk. Consider the two norms | - |z and ¢*|-| on Cf; both restrict to

| -] on K , so by uniqueness of norms in algebraic extensions of complete fields we
must have |- |, = 9*|-|. Let o be the restriction of ¥ to L. Then o : L — Ck is a
K-algebra homomorphism and |- |, = ¢*| - |. O

Let g be the number of norms on L extending | - | on K. The preceding lemma
implies that
1<g<n=][L:K]

and the problem is to compute g exactly in terms of L/K and |- |.

For 1 < i < g, let |- |; be the ith norm on L extending |- | on K. Let L; be
the completion of (L, |- |;).

I claim there is a canonical ring homomorphism
A g A
Lok K- ] L.
i=1

Let’s use the universal properties of the direct and tensor products to reduce to a
situation where we can easily guess what the definition shuld be. First, by writing
out ® in coordinates we have ® = (®;)?_, for ® : L ®x K — L;, and thus it
suffices to define each ®. Moreover, by the universal property ofthe sentor product,
to define ®; we need a K-bilinear map ¢; : L X K — ﬁi. What is the “obvious”
map here? OBserve that 1;(L) and K are both subfields of L;, so given z € L and
(NS K we may use ¢;1 to map L into L; and then multiply them in L;. Explicitly,

pi(z,y) = () - y.
Thus we define ® on “simple tensors” as
(z @y) = (Li(@)y)i,
and uniquely extend by linearity to a map on L Qg K.

Here is another perspective on the map ¢ : L Qk K — [T, L;. Both its source

and target are finite-dimensional K -algebras, and ® is a K-linear map. Consider
the diagonal map

A:L< ﬁﬁi, x = (1;(x)).

i=1
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Note that A is K-linear and & is the map corresponding to A under the canonical
adjunction isomorphism

Homy (L, [ [ Li) = Homg (L @k K, ][ Ly).

Moreover, like any two finite-dimensional K-vector spaces, L Q@ K and Hle L;
come with canonical topologies, such that any K-linear map between them (like @,
for instance!) is continuous.

We are now ready to prove the following important result.

THEOREM 1.64. Let ®: L ®f K — Hle ﬁi be the above homomorphism.
a) The map ® is surjective.
b) The kernel of ® is the Jacobson radical of the Artinian ring L @ K, i.e., the
intersection of all maximal ideals. More precisely, there are g mazimal ideals in
L®KK,' suitably labelled asmy, ..., my, the map ® can be identified with the Chinese
Remainder Theorem homomorphism

g
i=1

¢) If L/K is separable, ® is an isomorphism.

PROOF. We put A =L ®x K and W = ®(A).

a) We wish to show that W = [[?_, L;. Since ® is K-linear, W is a K-subspace
of the finite-dimensinal K-vector space []7_; L;. By Theorem 2.15, W is closed.
On the other hand, by Artin-Whaples the image of L under A : L — []7_, L; is
dense. The relation “is dense in” on subspaces of a topological space is transitive,
so ®(L) = ®(L ® 1) is dense in [[7_, L; and ® is surjective.

b) Since A is a finite-dimensional K -algebra, it is an Artinian ring and thus has
finitely many maximal (= prime) ideals, say mj,...,my. Let J be the Jacobson
(=nil) radical NY;m;. We have a finite set of pairwise comaximal ideals in a
commutative ring, so the Chinese Remainder Theorem gives an isomorphism

N
A/ S ] A/my.
j=1
For each i, put L(m;) = A/m;, and notice that L(m;) is a finite field extension of
K. Since J is nilpotent and 117, L; is reduced, ® factors through U:
N g
A= ALT S T] Limy) 5 T L.
j=1 i=1
By part a), what we have is one finite product of finite degree field extensions of
K surjecting onto another. A little thought shows that we must have N > g and
that we can relabel the j’s such that for all 1 < j > g, m; = Ker ®; and thus

is projection onto the first factor. Now the result of part b) is equivalent to g = N,
i.e., that the second summand Hj>g L(m;) does not in fact appear.
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Each L(m;) is a finite extension of the complete field K, so has a unique norm
| -|; extending the norm on K, and which restricts to a norm on L. Thus if N > g
thre exists j; < g and j, > g such that | -|;, = |- |;, as norms on L. Consider the
projection of ¥ onto just these two factors:

Wi go : LOKk K= L, |- [, X L[ - |-

We claim that W, ;, is not surjective, which will give a contradiction. But this map
is hardly mysterious: it is determined by the images of L and of K. In particular,
the restriction of W; ;, to L is just the diagonal map. Since the two norms are
equivalent on L, their topologies are the same, and thus the image of L is closed in
(L,|-15,) x (L, |- |j,)- Moreover, tensoring this diagonal map with K has the effect
of completing these normed spaces. We have the same topology on both factors,
so the closure of the diagonal is the diagonal of the closure, and thus the image of
A unde ¥, j, has K-dimension dim L(mj,) = dim L(mj,) and hence not equal to
dim L(my, x L(m;,) = 2dim L(m;, ), contradiction.
¢) If L/K is separable, then A = L ®g K is a separable K-algebra, i.e., a finite
product of finite separable field extensions. To see this, write L = K][t]/(P(t))
with P(t) an irreducible separable polynomial (this is possible by the Primitive
Element Corollary). Separability of a polynomial is unaffected by extension of the
ground field. Thus over K, we have a factorization P = p; - - - P, of P into distinct
irreducible polynomials. Thus the ideals {(P;)}Y_, are pairwise comaximal, and
CRT gives an isomorphism

A= KI/(P) = Ki/(Pr-- Py = [[ K/ (P) = ] L. 0

4. The Degree in/equality

Let (K,v) be a valued field, with valuation ring R and maximal ideal m. As with
any maximal ideal, the quotient ring R/m is a field, called the residue field of K
and denoted k. (Note that we have switched from & to K for our normed/valued
field so as to allow the introduction of the residue field.) We have a canonical
surjective map R — k called the reduction map.

EXAMPLE 1.65. Suppose K is any field and v is the trivial (i.e., identically
zero) valuation. Then R = K, m = 0, so k = K and the reduction map is an
isomorphism. Conversely, if the reduction map is injective, the valuation is trivial.

EXAMPLE 1.66. Let ord, be the p-adic norm on Q. Then the valuation ring
is the local ring R of all rational numbers of the form § with b not divisible by
p. This is of course the localization of Z at the mazimal ideal (p). It follows that
R/m=17/(p) = F,.

EXAMPLE 1.67. Let k be a field and R = K[[t]] and K = k((t)). Then the
mazimal ideal consists of all formal power series with 0 constant term, and it is
easily seen that R/m = k in such a way that the composite map k — R — R/m = k
is the identity. Thus in this case the residue field is also realized as a subfield of K.

EXAMPLE 1.68. Let k be a field, R = k[t], K = k(t). Let ord; be the valuation
corresponding to the prime element (t). Then again the residue field is isomorphic

to R/(t) = k.
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More generally:

PROPOSITION 1.69. Let R be a Dedekind domain with fraction field K. Let p
be a nonzero prime ideal of R, and let v = ord, be the p-adic valuation. Then the
residue field is naturally isomorphic to R/p.

EXERCISE 1.66. Prove Proposition 1.69.

Now let (L, w)/(K,v) be an extension of valued fields. Recall that this means that
we have a field homomorphism ¢ : K < L such that wot = v. In such a situation, ¢
induces an embedding of valuation rings R < S and of maximal ideals mg < mg.
We may therefore pass to the quotient and get a homomorphism

i:k=R/mp— S/mg =1,

called the residual extension. The degree [I : k] is called the residual degree
and is also denoted f(L/K).

Again let (K,v) — (L,w) be a homomorphism of valued fields. Then we have
v(K) C w(L). We define the ramification index e(L/K) to be [w(L) : v(K)]. In

terms of the associated norms, we have e(L/K) = ||IL(XX|‘.

EXERCISE 1.67. Suppose L/ K is algebraic. Show w(L)/v(K) is a torsion group.

ExaMPLE 1.70. Consider L = Qp(p%) with the unique valuation w extending
vp on Q,. Of course v,(Q,) = Z with uniformizing element p, so

1=w(p) = w((p%)") = nw(p%),

so that w(pw) = L. It follows that e(L/Qp) > n. In fact we have e(L/Q,) =n, a
consequence of the following result.

THEOREM 1.71 (Degree Inequality I). Let (K,|-|) < (L,|-]) be an extension
of mon-Archimedean normed fields, with [L : K] = n. Then

e(L/K)f(L/K) < n.

PROOF. As usual, we let (R, mp) be the valuation ring of (K, |-|) and (S, mg)
the valuation ring of (L, |- |). Let ui,...,us be elements of S whose reductions
modulo mg are linearly independent over ¥ = R/mpg. (In particular, we have
u; € S for all 4.) Thus given elements ai,...,ay, € R such that >, a;,u; € mg,
we have a; € mg for all i. Let by,...,b.,, be elements of L* whose images in
|L*|/|K*| are distinct. It suffices to show that the ejf; elements u;b; of L are
linearly independent over K. Scaling by elements of K* does not disturb this
conclusion, so we may assume WLOG that b; € mg for all j.

Step 1: Suppose that a; € K. Then |}, a;u;| € |K].

Proof: Indeed, if ", a;u; # 0, then some a; # 0; by reordering we may assume

that 0 = |a1| > |a; for all ¢. Then

ai
1> aui] = laa]] Y .
i .

Moreover |3, ¢tu;| < 1. If we had [, ¢tus| < 1, then 37, 2tu; € mg, and since
\Z—” < 1, we have Z—i € R for all i. The relation }_, Z—;ul € mg contradicts the

definition of the w;. Hence |}, ¢tu;| =1, so | 32, a;u1| = |a1] € | K.
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Step 2: Now suppose that there exist a;; € K such that 3, ;a;ub; = 0. If
there exists j such that ), a;ju; # 0, then Z” ai;jusb; = 0 implies the existence
of distinct j, say j = 1 and j = 2, such that | ), a;iu;bi| = | Y, asuiba| # 0. Then
Yoianu; #0and >, aiu; # 0,50 | Y, anugl,| Y, aiou;| € |[K*|. Then |by||K*| =
|ba|| K|, contrary to the choice of the b;’s. Thus the relation ) a;ju;b; = 0 implies
>, aiju; = 0 for all j. Scaling by a suitable nonzero element of F', we get relations of
the form ), aj;u; = 0 with aj; € R, and unless all a;;’s are 0, we may assume that
one of them does not lie in mg, contradicting the definition of the w;’s. Therefore
the ey f1 elements u;b; are linearly independent over K, ged. O

Must we have equality in Theorem 1.717 Of course not! Consider the familiar case
in which R is a Dedekind domain, K is its fraction field, L/K is a finite separable
field extension of degree n, S is the integral closure of R in L, and v = ord, is the
valuation associated to a nonzero prime ideal p of R. Then if pS = P{'--- Py,
we have Zle e;fi = n. On the other hand, for any 1 < ¢ < g, if we take w;
to be the Py-adic valuation (renormalized so as to extend ord,), then we have
e(L/K)f(L/K) = e;f;. So we cannot have equality when there is more than one

prime of S lying over p.

By now it should be clear what to do: pass to the completion. For one thing, the
invariants e(L/K) and f(L/K) are “local” in the sense that they are unchanged
upon passage to the completion:

PROPOSITION 1.72. Let (K,v) — (L,w) be a finite degree extension of valued
fields, with [L : K] = n. By functoriality of completion, we get a homomorphism
(K,0) < (L,w). Then:

a) [L:K]<n.
b) v(K) =8(K) and w(L) = w(L) (completion does not change the value group).
¢) The homomorphism of residue extensions k — k induced by K — K is an

isomorphism.
d) We have f(L/K) = f(L/K) and e(L/K) = e(L/K).

EXERCISE 1.68. Prove Proposition 1.72.

THEOREM 1.73 (Degree In/Equality II). Let (K,v) be a nontrivial valued field
with valuation ring R, and L/K an extension of degree n. Let w,...,wy be the
valuations on L extending v on K. For 1 <i < g, pute;(L/K) = e((L,w;)/(K,v)).
Then:

a) We have

(6) > e(Li/K)f(Li/K) < [L: K].

i=1
b) If v is discrete and the integral closure of R in L is finitely generated as an
R-module, then we have equality in 6.

¢) In particular, if v is discrete and L/K is finite and separable, then equality
holds in (6).

PROOF. a) Let L; be the completion of L with respect to w;, and let n; =
[L; : K]. By Theorem 1.71 and Propostion 1.72 we have, for all 1 < ¢ < g, that
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eifi < n;. On the other hand, by Theorem 2.19 we have ) . n;, = dimy Hle L; <
dim; L ®x K = [L: K]. Thus

g9

i=1 i=1 i=1
b) Suppose S is a finitely generated R-module. Since R and S are both domains,
S is a torsionfree R-module. Then, since R is a DVR and hence a PID, it follows
from the structure theory of finitely generated modules over a PID that S = R™
for some m € N. Since K" 2 L = S®p K =2 K™, we must have m =n = [L: K|.
Moreover S is a Dedekind domain [C:CA, §17]. Therefore we may take p, the
unique nonzero prime ideal of R, and factor the pushforward into prime powers:

g
pS = H Pei.
=1

Applying the Chinese Remainder Theorem, we get (R/p)-module isomorphisms

g g

(R/p)" = R"/pR" = S/ps = S/([[ Py = ][ s/Pf".
i=1 i=1
Since p is a maximal ideal of R, R/p is a vector space, and we may equate R/p-
dimensions of both sides. Clearly dim(R/p)™ = n. On the other hand, since
each P; is a principal ideal (if it weren’t, no problem: since localization commutes
with passage to the quotient, we could make it so by passing the localization),
multiplication by the kth power of a uniformizer of P; gives an S/P;-isomorphism
from S/P; to PF/PF!. Therefore

dimR/p S/'Pfl = €; dimR/p S/'PZ = el-fi dims/pi S/’Pl = eifi,

and we conclude n = >"9_, ¢, fi.

¢) We recall (again!) that if R is an integrally closed Noetherian domain with
fraction field K and L/K is a finite degree separable field extension, then the
integral closure S of R in L is finitely generated as an R-module [C:CA, Thm.
18.1]. O

We will not need them, but here are two further sufficient conditions for equality
in Theorem 1.73:

THEOREM 1.74. Maintain the same setup as in Theorem 3.4. Suppose that
either K is complete and discretely valued or the residue field of K has characteristic
0. Then equality holds in (6).

PROOF. See [En]. O

If (K,|-|) is a non-Archimedean normed field, a finite degree extension L/K is
called defectless if equality holds in (6). The field K itself is called defectless if
every finite extension is defectless.

It turns out that a field is defectless iff its Henselization is defectless. If K is
Henselian of residual characteristic p > 0, then it is a result of Ostrowski that for
any finite degree extension L/K there is ¥ > 0 such that

e(L/K)f(L/K)p" = [L: K],
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The quantity v is called the defect. It turns out to be related to some key issues
in positive characteristic algebraic geometry.f

5. Hensel’s Lemmas

Throughout this section (K| - |) is a non-Archimedean normed field with corre-
sponding rank one valuation v, valuation ring R, maximal ideal m and residue field
k. We equip K[t] with the Gauss norm:

lant™ + ...+ a1t + ag| == mzax|ai|.

A polynomial f € K[t] is primitive if | f| = 1: notice this means that each coeffi-
cient a; lies in R and at least one coefficient does not lie in m.

5.1. Hensel Lifting.

THEOREM 1.75 (Hensel Lifting). Suppose K is complete. Let f € R[t] be a
primitive polynomial, and let f € k[t] be its reduction modulo m. Suppose that
f = gh € k[t] with ged(g,h) = 1. Then there are g,h € R[t] such that f = gh,
degg = degg, g =g (mod m), h = h (mod m).

PROOF. O

REMARK 1.76. In Theorem 1.75, the leading coefficient of f is a unit iffdeg f =
deg f iff degh = deg h. In particular this holds if f is monic, and Theorem 1.75 is
often stated in this special case.

COROLLARY 1.77 (My First Hensel’s Lemma).
Suppose K is complete, let f € R[t] and let f € k[t] be its reduction modulo m. If
@ € k is a simple root of f (i.e., f(a) =0 and f/(oz) #0), then there is o € R such
that f(a) =0 and o =@ (mod m).

PRrROOF. The polynomial f must be primitive, for otherwise f is the zero poly-
nomial and there are no simple roots. Having a simple root @ is equivalent to a
factorization

f=@t-ah
with ged(t — @,h) = 1. Appying Theorem 1.75 there are g,h € R[t] such that
f=gh,g=t—a (modm), h =h (mod m) and degg = deg(t — @) = 1. Thus
g=at—"bfor a,b € R with a =1 (mod m), so in particular a € R*. Put a := g.
Then o = 2 =b=a (mod m). O

5.2. Hensel-Kiirschak.

THEOREM 1.78 (Hensel-Kiirschak). Suppose K is complete. Let f = a,t™ +
...+ ait +ag € K[t] be irreducible such that apa, # 0. Then

‘f| = maX|a0|7 |an|

PrOOF. It is harmless to scale f by an element of K*, and after doing so we
may assume |f| = 1, hence in particular that f € R[t]. Let 0 < r < n be the least
index such that |a,| = 1. Thus

f=t(ar +ars1t+ ...+ a,t" ") (mod m).

If |ag|, |an| were both less than 1 then 0 < r < n, and Hensel’s Lemma applies to
show that f is reducible, a contradiction. O
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5.3. Hensel-Newton.

THEOREM 1.79 (Hensel-Newton). Suppose K is complete. Let f € R[t] be a
polynomial, and let « € R be such that

[f(@)] <[ ().
a) There is a unique B € R such that f(5) =0 and |5 — af < |f'(a)].
b) We have

@]
5l = | L and 17301 = ).

5.4. Multivariate Hensel-Newton.

THEOREM 1.80 (Multivariate Hensel-Newton).
THEOREM 1.81 (Hensel Smooth Lifting).

5.5. An Application: Selmer’s Equation. For a place v of Q, we denote
the corresponding completion by Q,: thus @Q, is as usual and Q. = R.

THEOREM 1.82. Let f(X,Y,Z) = 3X3+4Y3 —5Z3. Then for every place v of
Q there is a nonzero a € Q3 such that f(a) = 0.

We will need a result from arithmetic geometry. For now we will state it in a
concrete form, then we will come back and deduce it from more general results.

PROPOSITION 1.83. Let f(X,Y, Z) be a homogeneous cubic polynomial defined
over the finite field F,. If f is smooth — i.e., if there is no o € ES such that
%(a) = %(a) = %(a) =0 -~ then there is a nonzero o € Fs such that f(a) = 0.

First we dispose of the infinite place of Q: like any polynomial equation of odd
degree, there are nonzero R-points: plugging in arbitrary nonzero values for X and
Y we get a cubic equation in Z that we can solve over R.

Now suppose that p # 2,3,5 is a prime number. Then f is smooth over [F,: if
9L = 8L — 8L — 0 then 9X2 = 12Y2 = —152° = 0 in Fy, s0 (X,Y,Z) = 0. By
Proposition 1.83, there is @ € F3 \ {(0,0,0)} such that f(@) =0 (mod p), and thus

by Theorem 1.81 there is a € Z3 such that f(o) = 0 and a =@ (mod p), so a # 0.

Suppose p = 5. In this case the cubic is not smooth over F5: all partial derivatives
of f vanish at (0,0,1), so this point cannot be lifted using Hensel’s Lemma. If
we can find @ = (X, Yy, Zg) with Xy # 0 (mod 5), then we can apply My First
Hensel’s Lemma to f(X,Yp, Zp), with a = Xj, since f/'(a) = 9X3 # 0 (mod 5).
To find such a point: well, brute force will work. Here is one idea though: the map
x +— x° is a bijection on Fs, so we can take Zy = 0, Yy = 1 and uniquely solve for
Xo, getting (Xo, Yo, Zo) = (3, ].,0)

Suppose p = 2. In this case the cubic is not smooth over Fy: all partial derivatives
of f vanish at (0,1,0), s othis point cannot be lifted using Hensel’s Lemma. As
above we look for an @ = (X, Yy, Zp) with f(@) = 0 in Fy and X # 0, for then
%(6) £ 0. Again the map z — 23 is a bijection on 5, so we can take Yy = 0,
Zoy = 1 and solve for X, getting (X, Yo, Zo) = (1,0, 1).



5. HENSEL’S LEMMAS 57

Finally we suppose p = 3. This case is different: at every point (Xo, Yy, Zo) € F3, all
partial derivatives of f vanish. In other words, for any @ we have ||(V f)(@)|| < 3.
Thus in order to apply Hensel-Newton we need to go mod 33. It suffices to find
(Xo,Yo,Zo) € Z% with Zj fé 0 (mod 3) and f(X(),YQ,Zo) =0 (IHOd 33), for then
Newton-Hensel applies to f(Xo, Yy, Z) with o = Zp:
1 1
|f(X0,}/0,0é)| = |f(X07}/0a ZO)' < ﬁ < § = | - 15Z§|2 = |f/(X(),Y0,Oé)|2.

For this: reduced residues modulo 27 that are cubes are 1,8,10,17,19,26. We may
as well try taking X = 0 and Yy = 1. Then we have 523 =4 (mod 27) or Z3 = 17
(mod 27). So we may take (Xo, Yo, Zo) = (0, 1,5).

Let us now return to Proposition 1.83. I know several proofs, but all use some
ideas from arithmetic geometry that are beyond the scope of these notes to prop-
erly develop. In particular, we use that a smooth homogeneous cubic polynomial
over a field defines a nice (smooth, projective, geometrically integral) curve of genus
one. Then one can use the following celebrated result.

THEOREM 1.84 (Weil). Let Cyp, be a nice curve of genus g defined over a finite
field of order q. Let C(F,) be the number of Fy-rational points on C. Then we have

[#C(Fy) — (¢ + 1) <294

EXERCISE 1.69. Maintain the notation of Theorem 1.84.
a) Show that if g = 0 then #C(F,) = q+1. If you know and care about such things,
deduce that C is F,-rationally isomorphic to P.
b) Show that if g =1 then #C(Fy) > (/g —1)* > 1. If you know and care about
such things, deduce that C' is an elliptic curve.
¢) Suppose that g is fived. Show that for all sufficiently large q, we have #C(Fy) > 1.

In fact one has the following result.

THEOREM 1.85. Let K be a number field, and let X, be a nice variety of
dimension d > 1. For a non-Archimedean place v of K, let K,, be the corresponding
completion. Then, for all but (possibly) finitely many places v, we have X (K,) # @.

ProoF. By the Bertini Theorem, admits a nice curve C)x as a K-rational
subvariety. (It is intuitively obvious and easy to prove that a variety of dimension
d contains varieties of all smaller dimensions. The problem is to nail down the
nonsingularity condition, and the Bertini Theorem assures this.) Let C be any
model over the ring of integers Zg: in other words, we give C' by homogeneous
equations with coefficients in Zx. The non-Archimedean places v correspond to
maximal ideals p, of Zg, and the corresponding residue field is Zg /p, = Fy, . It is
a fact (openness of the smooth locus) that since C/ is smooth, any given model C
over Zy will be smooth over R,, — equivalently, the variety defined by the system of
equations over the residue field F,, is smooth — for all but (possibly) finitely many
v. Moreover, Z g has only finitely many residue fields of a given characteristic hence
only finitely many residue fields of bounded size. It follows from Exercise 1.69¢)
that for all but finitely many v there is a smooth point over k,,, so by Theorem 1.81
there is a K,-rational point. [
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5.6. Henselian Normed Fields. A non-Archimedean normed field (K| -|)
is Henselian if the norm extends uniquely to any algebraic exetension L/K. As
we have seen above, complete implies Henselian. Remarkably, it turns out that
the class of fields satisfying each of the versions of Hensel’s Lemma stated above is
precisely the Henselian fields.

THEOREM 1.86.
For a non-Archimedean normed field (K, |- |), the following are equivalent:
(i) K is Henselian.
(ii) (Hensel-Kirschak) An irreducible polynomial f = a* + ...+ a1t + ag € K]t]
with anag # 0 has
|f| = m?x|ai| = max |ag|, |an|.

(#ii) (Hensel Lifting) Let f € RJt] be a primitive polynomial. If f factors modulo m
as gh with ged(g, h) = 1, then there are g, h € R[t] such that f = gh, g mod m =g,
h mod m = h and deg g = degg.

(iv) (My First Hensel’s Lemma) Let f € R[t], and let f € k[t] be its reduction
modulo m. If there is @ € k such that f(@) =0 and 7(&) # 0, then there is « € R
such that f(a) =0 and o (mod m) = @.

(vi) (Hensel-Newton)

(vii) (Multivariate Hensel-Newton)

(viii) (Hensel Smooth Lifting)

5.7. Henselian Local Rings.



CHAPTER 2

Local Fields

1. Remedial number theory I: Dedekind-Kummer
The material of this section comes from [Se:CL, Ch. III].

PrOPOSITION 2.1. Let R be a DVR with mazimal ideal m and residue field k.
Let f € R[t] be monic of positive degree, and put

S = RIt]/(f).
Then S is a semi-local ring, and its mazimal ideals are obtained as follows: let f be
the image of f in k[t], and factor it: f = pi*---pSr with p1,...,p. € k[t] distinct
monic irreducible polynomials. For each 1 < ¢ < r, choose g; € R[t] that lifts p;
(i.e., so that the reduction of g; modulo m is p;). For 1 <i <r, put

Pi = <m7 gZ>
Then MaxSpec S = {P1,...,Pr}.
PrROOF. For 1 <17 < r, we have
S/Pi = R[t]/(m, f,g:) = k[t]/(p:)

is a (finite degree) field extension of k, so P; is a maximal ideal of S. The ideals
Pi,..., Py are precisely the maximal ideals of S that contain mS. We claim that
these are all the maximal ideals of S. To see this, let P be any maximal ideal of S. If
P did not contain mS, then we would have P+mS = S; since S is finitely generated
as a module over the local ring (R, m), Nakayama’s Lemma implies P = S, a
contradiction. O

LEMMA 2.2. Let R be a commutative ring, let f € R[t], and let a € R. There
is a unique g € RJ[t] such that

f(&) = fa) + f'(a)(t — a) + (t — a)’g(?).

PrROOF. By the universal property of polynomial rings, there is a unique R-
algebra homomorphism ¥ : R[t] — R[t] that maps ¢t to t — a. Clearly the unique
homomorphism that maps ¢ to ¢ + a is its inverse, so ¥ is an isomorphism. In
particular, it is an R-module isomorphism, so it carries the R-basis {t" | n € N} to

the R-basis {(t — a)” | n € N}. Thus there unique {b,}52 in R, all but finitely of
which are zero, such that

f= ibn(t —a)" =by+bi(t—a)+ (t—a)? i bu(t —a)" 2

n=0
Evaluating at a we find by = f(a). Differentiating and then evaluating at a we find
that by = f’(a). Taking g := > 7, b,(t — a)" 2, we get

Ft) = fa) + f'(@)(t — a) + (t — a)?g(2).

59
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The polynomial g has to be unique, for if another polynomial A worked in its place
we would have (¢ — a)?(g(t) — h(t)) = 0, but the monic polynomial (¢ — a)? is not
a zero divisor in R[t]. O

Let R be a Dedekind domain with fraction field K, let L/K be a finite degree
field extension, and let S be the integral closure of R in L. We say that S/R is
monogenic if there is « € S such that S = R[a]. (In particular this implies that
S is finitely generated as an R-module, which is always true if L/K is separable
but need not hold in general.) In a “global” context, monogenicity is a sensitive
issue: it is far from guaranteed that e.g. the ring of integers of a number field
is monogenic over Z. (In this classical context, instead of monogenicty one often
speaks in terms of the existence of a power basis.) However, in the local context
monogenicity is much easier: the following result shows in particular that if R is a
complete discrete valuation ring with perfect residue field then S/R is monogenic
for every finite degree separable field extension L/K. In particular, the ring of
integers of every p-adic field is monogenic over Z,.

THEOREM 2.3. Let R be a DVR with fraction field K. Let L/K be a separable
finite degree field extension, and let S be the integral closure of R in L. We assume:
(i) S is a DVR; and
(i) the residual extension l/k is separable.

Then S is monogenic over R.

PROOF. Let p be the maximal ideal of R and P be the maximal ideal of S,

and let m be a uniformizer of S. Let e = e(L/K), so pS = (n¢). Let k := R/p
and [ :== S/P, so f = [l : k]. By Theorem 1.73 we have ef = [L : K]. Since I/k
is assumed separable, by the Primitive Element Corollary there is € [ such that
I = k[Z]. Let  be a lift of T to S.
Step 1: We claim that {277 }o<i< s o0<j<e span S as an R-module.! By Nakayama’s
Lemma it is enough to show that their images in S/pS span it as an R-module.
Since pS = 7°S, it is enough to show that for all 0 < m < e, if the elements span
S/7™S then they span S/7™*1S. For m = 0, we have S/7S = I, so certainly
the elements 1,z,...,2/~! span. Inductively we assume that for 1 < m < e the
elements z'm? with 0 < j < m span S/7™S, and let € S. Then by assumption
there are r; ; € R and y € S such that

T — E rigx'm =71y,
,J

There are ag,...,ar_1 € R such that y — >, a;x' € wS. Thus

f-1
1,1 i,_m m+1
T — ri T — a;x'nt™ em S.
ij i=0

Step 2: We claim that we may choose = such that there is g € R[t] monic of degree
f such that g(x) is a uniformizer of S.

Proof: Start first with g € R[t] monic that reduces to the minimal polynomial of
over k. Let w be the normalized valuation on L, so w(g(z)) > 1. If w(g(x)) = 1,

ISince L/K is separable, S is free of rank n as an R-module. By [C:CA, Thm. 3.44], the
claim implies that {z‘m7} —0 <3 < f, 0 < j < e in fact form an R-basis of S.
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we have found our g. Otherwise w(g(x)) > 2. Let m be a uniformizer for L. By
Lemma 2.2 there is s € S such that

g(z+m) = g(z) + 7¢ (v) + ©°s.
Since [/k is separable, we have §'(Z) # 0, so w(wg’(z)) = 1 and thus w(g(z+n)) = 1.
Thus = + 7 is an acceptable choice of x.

Step 3: Choose z as in Step 2 and put m = g(x). By Step 1, the elements
{x'g(x) }o<i<f, o<j<e span S over R. Thus S = R[z]. O

2. Unramified extensions

2.1. Distinguished classes of fields. Following Lang [L-Alg, p. 227], a
class of field extensions C = {L/K} is said to be distinguished if it satisfies the
following two conditions:

(DE1) (Tower condition): if K/F and L/K are both in C, then L/F is in C.
(DE2) (Base change condition): suppose E, F, K are subfields of a common field,
and F C K, F C E and K/F € C. Then EK/E € C.

EXERCISE 2.1. Show that (DE1) and (DE2) imply the following:
(DE3) Suppose K, Ly, Ly are subfields of a common field, with K contained in both
Ly and Ly and that L1 /K, Ly/K € C. Then L1Ly/K € C.

EXAMPLE 2.4. a) The following classes of field extensions are distinguished:
finite extensions, separable extensions; purely inseparable extensions; finitely gen-
erated extensions; purely transcendental extensions.

b) The following classes of field extensions are not distinguished: normal extensions;
Galois extensions: they satisfy (DE2) but not (DE1).

2.2. Unramified extensions.

Suppose K is a complete discretely valued field and L/K is a finite degree extension
with separable residue extension I/k. By the Primitive Element Corollary, we may
write [ = k[t]/(f) for a monic irreducible polynomial f. Now lift f to a monic
polynomial f € R[t]. The polynomial f is irreducible in R[t], so by Gauss’s Lemma
it is also irreducible in K[t]. Therefore we may form an extension L' = K[t]/(f).
It follows from Hensel’s Lemma that L’ is a subextension of L/K. What we would
like to show is that the residual extension I'/k is simply [/k: it follows that L'
is unramified and is the maximal unramified subextension of L/K. The following
consequence of Proposition 2.1 gives this and a bit more.

PROPOSITION 2.5. With the setup of Proposition 2.1, assume that f is irre-
ducible and put L = K[t]/(f), so L is a field extension. Then S := R[t]/(f) is the
integral closure of R in L. It has mazimal ideal mS and residual extension k[t]/(f).
In particular, L/ K is unramified.

ProOF. By Proposition 2.1, the ring S is local with maximal ideal mS and
residue field k[t]/(f). Let 7 be a generator for m. Since m is principal, so is mS, so
S is a one-dimensional Noetherian local domain with principal maximal ideal, hence
a DVR. In particular (in fact, this is equivalent among one-dimensional Noetherian
local domains) S is integrally closed, so it is the integral closure S of R in L. The

rest follows from Proposition 2.1. [
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Conversely, to every finite degree separable extension [ = k[t]/(f) of k, we may lift
to a monic f € R[t] and then the previous proposition shows that L = K[t]/(f) is
an unramified extension of K with residual extension [/k. Thus we get a bijective
correspondence between unramified finite degree extensions of K and separable
finite degree extensions of k. We can therefore also replace both instances of “finite
degree’ by “algebraic.”

COROLLARY 2.6. The unramified algebraic extensions of a CDVF form a dis-
tinguished class.

ProoF. It is immediate that if M/L and L/K are unramified, so is M/K.
Conversely, suppose K is a CDVF field, L/K is unramified and E/K is any algebraic
extension. Then we must show that LE/E is unramified. By the classification of
unramified extensions, an algebraic extension is unramified iff it is generated by the
lifts to the valuation ring of roots of separable polynomials over k. This property
is preserved by base change, so the proof is complete. O

3. Remedial Number Theory II: Sch6nemann-Eisenstein

COROLLARY 2.7 (Corollary to Gauss’s Lemma). Let R be a UFD with fraction
field K, and let f € R[t] be a polynomial.
a) The following are equivalent:
(i) f is irreducible in R][t].
(i) f is primitive and irreducible in K[t].
b) The following are equivalent:
(i) f is reducible in KJt].
(i1) There exist g, h € R[t] such that deg(g),deg(h) < deg(f) and f = gh.

PROOF. See e.g. [C:CA, Cor. 15.25]. O

THEOREM 2.8. (Schonemann-FEisenstein Criterion) Let R be a domain with
fraction field K, and let f(t) = aqt® + ... + ait + ap € R[t]. Suppose that there
exists a prime ideal p of R such that aq & p, a; € p for all 0 <i < d and ag & p2.
a) If f is primitive, then f is irreducible over R[t].

b) If R is a GCD-domain, then f is irreducible over K|[t].

PROOF. a) Suppose to the contrary that f is primitive and reducible over R[t]:
i.e., there exists a factorization f = gh with g(t) = by,t™ + ... + byt + bo, h(t) =
Cnt™ . . . AHeittcg, deg(g), deg(h) < deg(f) and by,c,, # 0. Since ag = bocy € p\p2,
it follows that exactly one of by, cg lies in p: say it is ¢ and not by. Moreover, since
aqg = bmcn €9, ¢ € p. Let k be the least index such that ¢ € p, s0o 0 < k < n.
Then bocy, = ar — (bick—1+...+brco) € p. Since p is prime, it follows that at least
one of by, ¢k lies in p, a contradiction.
b) If R is a GCD-domain, and suppose for a contradiction that f is reducible
over K[t], then by Corollary 2.7b), we may write f = gh with g,h € RJ[t] and
deg(g),deg(h) < deg(f). Then the proof of part a) goes through to give a contra-
diction. (]

Remark: For our purposes we wish to apply this to the valuation ring R attached
to a (as always rank one, unless otherwise specified) valuation v on the fraction
field K, with p the unique maximal ideal of R. Notice that in this case we may
pass to the completion K and its valuation ring R without disturbing any of the



4. TOTALLY RAMIFIED EXTENSIONS 63

hypotheses, so we get an automatic strengthening of Eisenstein’s Criterion: f is
irreducible not merely over K[t] but also over K|[t].

Remark: In particular, if (R, v) is a DVR with uniformizing element 7, then Eisen-
stein’s criterion applied to P, (t) = t"™ — 7 gives rise to a totally ramified extension
of degree n for all n > 1, as we have seen before.

EXERCISE 2.2. Let (K,v) be a nontrivial rank one valued field, with valuation
ring R and mazimal ideal m. Show that the following are equivalent:
(i) m? C m.
(i6) (32, m' = {0}
(#ii) R is Noetherian.
(iv) T is discrete.

In particular, for a (rank one) valuation ring, Eisenstein’s criterion can only be
successfully applied if the valuation is discrete.

EXERCISE 2.3. Give an example of a non-Noetherian valuation ring R to which
FEisenstein’s Criterion can be nontrivially applied.

4. Totally ramified extensions

PropPOSITION 2.9. Let R be a DVR with mazimal ideal m and residue field k.
f=t"+ap1+...+at+ag € R[t], a; €Em, ag € m?. Then Sy = R[t]/(f) is a
DVR with mazimal ideal generated by the image of t and with residue field k. Thus,
if L is the fraction field of Sy, then L/K is totally ramified.

ProoF. Upon reducing modulo m, we have f = t™. Proposition 2.1 gives that
Sy is a local ring with maximal ideal (m,¢). Moreover, the hypotheses give us that
ap is a uniformizer of R. Let us write ¢ for the image of ¢ in the quotient ring
Sy = R[t]/(f). Then we have

—ag = %n —+ an_lfn_l + ...+ (11%,

so ag € (t). Therefore (m,¢) = (ag,t) = (¢). That is, Sy is a local ring with a
principal maximal ideal. Since ag is not nilpotent, neither is ¢, so Sy is a DVR. The
rest follows immediately. [l

We deduce:

COROLLARY 2.10. An Eisenstein polynomial f(t) is irreducible in K|t], and if
L= K[t]/(f), then Sy :== R[t]/(f) is the integral closure of R in L.

EXERCISE 2.4. Prove Corollary 2.10.
Conversely:

THEOREM 2.11. Let R be a DVR with fraction field K, let L/K a degree n
field extension, and let S be the integral closure of R in L. Suppose that S is a
DVR and e(L/K) =n = [L: K]. Let w be a uniformizer of S and let f € K|[t] be
the minimal polynomial of w. Then f € RJt] is Eisenstein and the homomorphism
R[t] — S mapping t — w induces an isomorphism Sy = S.



64 2. LOCAL FIELDS

PROOF. Since R is integally closed, by [C:CA, Thm. 14.18], we have f € R]t].
Let us write

f=ant"+an_1t"t+.. . +ait+ao, aj,a, =1€ R.

(The reason for writing out a,, when it is equal to 1 will become clear shortly.)
Evaluating at 7, we get

AT 4 17" .. +ag=0.

Let w be the normalized discrete valuation assocated to S, i.e., such that w(w) = 1.
Then because of total ramification, we have w(a) =0 (mod n) for all « € R\ {0}.
Put
7= Orgnilélnw(am ).
By the Domination Principle, there must be 0 < i < j < n such that
r=w(a;) +i=w(ar") =w(a;r’) =w(a;)+j.

Then

j—i=w(a;) —w(e;) =0 (mod n).
This forces i =0, j = n and
n=w(r") =w(a,7") = w(ag).

Let v be the discrete valuation on K, and let p be the maximal ideal of R. Since
e(L/K) = n and w is normalized, we have w|g = nv, so v(ag) = 1 and ag € p \ p2.
Moreover, for all 1 <7 < n — 1 we have

w(a;) +i=w(a;w") >r=n,

so w(a;) > n — i and thus v(a;) > 0, i.e., a; € p. Thus f is indeed Eisenstein. O

5. Higher unit groups

Let K be a field, and let v : K* — Z be a normalized discrete valuation on K.

Let R be the valuation ring, m the maximal ideal, 7 a uniformizing element, and
k = R/m the residue field.

In this section we will define a natural descending filtration on the group of units
of R. Here it comes: put
UO = RX,
vneZt, U, :=1+m",
so as advertised, we have
R*=UyDU;DU3D...2U,D...
Let r, : R — R/m™ be the usual reduction map. Then by definition we have
U, =Kerr,.

Since R is local, the induced map on unit groups r,< : R* — (R/m™)* is surjective,
so r{* induces an isomorphism

Uo /U1 5 kX
EXERCISE 2.5. Show (1,50 Un = {1}.
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PROPOSITION 2.12. For all n € Zt, we have a canonical isomorphism
U jutt = (k, +).

PROOF. Indeed, consider the map ® : m" — U"/U"+! given by x +— 1+ 2 +
U™*L. Since U™ = 1 4+ m", this map is visibly a surjection. On the other hand,
there is some multiplicative to additive funny business going on here, so that it is
not immediately clear that ® is a homomorphism! Let’s check it:
(1+x)(1+y)71+1’+y+9§y71 Ty

l+z+y l+z+y l+z+y
Since v(z +y) > minv(x),v(y) > n, v(l+z+y) =0,s0 v(zy/(1+z+y)) > 2n >
n+1,s0 14+ 22— € U"*!. Thus ® is a homomorphism. The kernel of ® is m™+!,

1+z+y
so we get U™/U"T! 2 m” /mnHl = (k +). O

O(2)P(y)P(z +y) "' =

THEOREM 2.13. Let K/Q, be a finite extension with ramification index e. Then
for all sufficiently large positive integers n, there is an isomorphism of topological
groups ® : (U, ) = (m" +).

The proof of Theorem 2.13 will be developed in the following exercise.

EXERCISE 2.6. Consider the following formal power series:

L =Y 0 gy,
B =3 T €G]
n=0

Note that L(t) and E(t) are precisely the usual Taylor series expansions of log(t)
att =1 and e* at = 0 encountered in real/complex analysis.

a) Consider L(x) and E(x) as functions on, say, C,. Show that the radius of
convergence of L(z) is 1 and the radius of convergence of E(x) is R, := pp%ll.

b) Show that |x — 1| < R, = E(L(z)) =z and L(E(z) —1) =z — 1.

¢) Show that for all x,y with |x|, |y| <1 we have L(zy) = L(x) + L(y) and that for
all z,y with |z, ly| < R, we have E(x +y) = E(x)E(y).

d) Now let K be a p-adic field. Show that there exists a constant C = C([K : Qp], p)
such that for all n > max(1,C), the map x — L(x) induces an isomorphism of
topological groups (U,,-) — (m™,+). Show in particular that when K = Q, with
p > 2, the isomorphism holds for all n > 1 and that for Qo it holds for all n > 2.

In positive characteristic, L(x) and E(x) are not even defined as formal power series,
as some of the terms have denominators divisble by p. And indeed the structure of
the unit group is much different in this case:

EXERCISE 2.7. Let K =F,((t)). Show that there is no nontrivial group homo-
morphism from (Fy[[t],+) to U = Fy[[t]]*. (Hint: consider p-torsion.)

6. Locally compact fields

6.1. The classification of nondiscrete locally compact topological fields.
Some of the most important theorems in mathematics give complete classifications
of certain fundamental structures. Examples: the classification of (topological!)
surfaces, the classificaiton of simple Lie algebras, the classification of finite simple
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groups. In this section we discuss a classification theorem which belongs somewhere
in the above pantheon.

LEMMA 2.14 (Cohen [Co48]). Let (K,|-||) be a complete nontrivially normed
field. For a normed K -linear space (V.|| - ||) the following are equivalent:
(i) V is locally compact.
(i) If C >0 and A € (1,00) N|K*|, there does not exist an ininite sequence {,}
in V such that

(7)  VYneZ*, C<|lzn]| <CA%L Ym#n e Zt, C < ||z, —z,|| < CA2

(iii) K is locally compact and dimg V is finite. Moreover, if K is non-Archimedean,
then it is discretely valued with finite residue field.

PROOF. (i) = (ii): We first claim that since V is locally compact, it is ball
compact. Indeed, local compactness gives € > 0 such that the closed ball B<.(0) is
compact. Since for all « € K* the map x — ax is a homeomorphism of V', also
the closed balls B<||c(0) are compact. Since the norm is nontrivial, |a| can be
arbitrarily large, so we get that all closed bounded subsets of V' are compact. It
follows that there is no sequence in V satisfying (7), since any such sequence cannot
have a convergent subsequence.

(ii) = (iii): Let x € V' \ {0} and put r := ||z||. Then there is no sequence {a,}
in K such that

Vn, Cfr < la,| < C/rA%Ym #n, C/r < |am — an| < C/rA%

In the non-Archimedean case, the valuation on K must therefore be discrete: oth-
erwise the value group is dense in R, so there is a sequence {a,} such that |a,|
takes distinct values in [C'/r, C/rA?], and then

|am - an| = max|am|a |an| < [C/?“, C/TA2]

Moreover, in the non-Archimedean case the residue field must be finite, for other-
wise there is a sequence {b,} in K with |b,| =1 for all n and |b,, — b,| = 1 for all
m,n € Z*; there is a € K such that C/r < |a| < C/rA? and then taking a,, = ab,
gives a contradiction as above.

In the Archimedean case, K must be either R or C by Ostrowski, hence is
locally compact. In the non-Archimedean case, a complete discretely valued field
with finite residue field is locally compact because the valuation ring R is the in-
verse limit of finite discrete spaces R/m"™, hence is compact.

It remains to show that V is finite-dimensional. Assuming it isn’t, we will
build a sequence {z,} in V satistying (7). Suppose we have constructed z1,...,z,
satisfying (7), and let W be the K-subspace of V spanned by z1,...,z,. Then W
is closed. Let y € V' \ W, and put

d:= if [ly —z|.
We must have d > 0: otherwise there is a sequence of points in W converging to y,
contradicting the closure of W. There is 2’ € W such that
d < |ly —a'[] < dA.
Replacing y with y — 2/, we get
d<|lyll < dA; Ve e W, |ly — | = d.



6. LOCALLY COMPACT FIELDS 67

Choose a € K such that C/d < |a|] < C/dA. Then we may take z,; = ay.
(ili) = (i): We know that V is homeomorphic to K", and a finite product of
locally compact spaces is locally compact. O

THEOREM 2.15. Let (K,|-|) be a nontrivially normed non-Archimedean field,
with valuation ring R and residue field k. The following are equivalent:
(i) K s locally compact.
(i) K is ball compact.
(#ii) R is compact.
(iv) K is complete, discretely valued, and k is finite.
(v) K is a finite extension of Q, or of F,((t)), for a suitable prime number p.

PROOF. Since in a normed field any two closed balls are homeomorphic, such a
field is locally compact iff any closed ball is compact iff every closed ball is compact.
This gives (i) < (ii) < (iii).

(i) = (iv): If K is locally compact, then as above it is ball compact and thus
complete. It follows from Lemma 2.14 that K is discretely valued. Moreover, R is
compact and m is an open subgroup, so k = R/m is on the one hand discrete and
on the other hand compact, being the continuous image of the compact space R.
So k is finite.

(iv) = (iii): Let R be the completion of the discrete valuation ring R with respect
to the maximal ideal m. By definition this is, as a topological ring, EEl R/m™. Here,

n

as above, each quotient R/m™ has the discrete topology, and Ris given the natural
topology it inherits as a closed subspace of the direct product X =[] 2, R/m". As
we have seen before, the finiteness of k = R/m implies the finiteness of R/m* for all
k. Therefore X is a product of finite discrete spaces, so is compact (by Tychonoff’s
theorem, or alternately by Exercise 2.X.), and R is a closed subspace of X so is also
compact. We have a natural map ® : R — R in which we send each z € R to the
compatible sequence of cosets (z + m™). The fundamental result, from which our
claim follows immediately, is that ® is an isomorphism of topological rings. Happily,
this is easy to check: ker(®) = [(\m™ = 0, so ® is injective. To see surjectivity,
let (x, + m™) be any element of the inverse limit, i.e., we require that z,+; = x,
(mod )m™. Let us choose a system of coset representatives S =ry,...,r, for R/m
in R. Then (by definition) there exists a unique a; € S such that 1 + m = a; +m.
Moreover, there exists a unique as € S such that o + m? = a1 + agm + m2.
Continuing in this way, we get a unique sequence of elements a1,...,a, € S such
that for all n, we have that x, +m” = 2?2—01 a; 7"~ 1. But since a, 7" — 0, the series
> oo a;m ! converges to a unique element, say z, of R, which has the property that
for all n > 0,  + m" = z,, + m™. Thus ®(x) = (z, + m") and ® is surjective, thus
an isomorphism of rings. In each of these topological rings, a neighborhood basis of
0 is given by powers of the maximal ideal m™, so ® is certainly a homeomorphism
as well. Thus ® : R 5 R (we say that R is an m-adically complete local ring).

(v) = (i) is immediate: a finite degree extension of a locally compact field is a
locally compact field.

(i) = (v): Let (K, |-|) be a discretely valued locally compact field. First suppose
that K has characteristic 0. Thus Q < K and the norm on K restricts to a non-
Archimedean norm on Q. But we have classified all such and know that they are
(up to equivalence, which is harmless here) all of the form |- |, for a unique prime
number p. Therefore the closure of Q inside K is the completion of Q with respect
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to |- |p, i-e., is Qp, so we have embeddings of normed fields
Q—=Q, = K.

Now we apply Lemma 2.14: since K is a locally compact, normed Q,-vector space,
it is finite dimensional over QQ,,, which is what we wanted to show.

Now suppose that K has characteristic p > 0, so that we have F, C K. Recall
that an algebraic extension of a finite field carries only trivial norms, so in particular
F, is already complete in K. So we need to introduce a little more: since (i) <=
(iv), K is discretely valued. Let t € K be a uniformizing element, i.e., v(t) = 1.
Then, by the above remarks, ¢ is not algebraic over F,, for otherwise we would have
v(t) = 0. Thus the least extension of K containing ¢ is IF,,(¢), the rational function
field over F,. Now we are homefree as before: the restriction of v to Fy(¢) is a
discrete valuation such that v(¢) = 1. There is a unique such valuation, namely the
valuation ord; coming from the irreducible element ¢ in the polynomial ring F[t],
so that the closure in K of F,,(¢) is nothing else than the Laurent series field F,,((¢)).
Arguing as above, we get that K is finite-dimensional over F,((¢)), done. (]

Since Ostrowski’s Theorem tells us that the only locally compact Archimedean
fields are R and C, we get the following result.

COROLLARY 2.16. FEvery locally compact, nondiscrete, normed field is isomor-
phic to R, C or to a finite extension of Q, or of Fp((2)).

In the latter case, it turns out that one can say much more:

COROLLARY 2.17. A locally compact normed field of positive characteristic is
isomorphic to Fy((t)) for some prime power q.

PROOF. Let K be a locally compact normed field of positive characteristic, so
by Corollary 2.16 K is a finite degree extension of F,,((¢)). As the proof of Theorem
2.15 shows, K is discretely valued, and we can choose t to be a uniformizing element
of K. Let K’ be the maximal unramified subextension of K/F,((t)), so that K’ =
F,((t)), where ¢ = #k, the residue field of K. But then the extension K/F,((t))
is totally ramified with ramification index 1, since the uniformizer ¢ of K is also
an element (necessarily then a uniformizing element) of F,((¢)). Since the residue
field, Fy, is perfect, it follows that K = Fy((t)). O

Nevertheless K = [Fg((t)) has totally ramified extensions of every degree: e.g.
K(tw). The point is that every totally ramified extension of F,((t)) is, as an ab-
stract field, isomorphic to F,((¢)). This leads to the following definitions.

Let (K, v) be a locally compact non-Archimedean field, with residue field k = F, =
F,s. Then its absolute residual degree is f, and its absolute ramification
index is v(p).

Despite the fact that these definitions are uniform across the two cases of p-adic
fields and Laurent series fields, their implications are quite different:

Let K be a locally compact field of characteristic 0 and residue characteristic p.
Then K is canonically an extension of Q,: indeed, this follows from the proof
above, because ), is constructed inside K as the closure of Q. Moreover the degree
[K :Qp]is ef. On the other hand, let K be a locally compact field of characteristic
p. Then its absolute ramification index is e = v(p) = v(0) = co. This may seem like
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a strange definition, but it’s a suggestive one, since for any n, K admits a subfield
F' such that e(K/F) = n. In particular, there is no canonical copy of F,,((¢)) inside
K, and certainly no minimal copy.

We remark in passing that one can consider topological fields where the topol-
ogy is not necessarily induced by a norm. It turns out that requiring the topology
to come from a norm does not restrict the class of locally compact fields:

THEOREM 2.18. Let L be a locally compact, nondiscrete topological field.
a) Then L is a finite extension of one of the following fields:
(i) K =R.
(i1)) K = Q,.
(iii) K = F,((1)).
b) In case (i) L=R or L =C.
¢) In case (it) the ramification index e(L/Q,) and residual degree f(L/Q,) are
uniquely determined by the abstract field L, and for any given e, f € Z™, the number
of finite extensions L/Q, of ramification index e and residual degree f is finite and
nonempty.
d) In case (iii) the residual degree f is determined by the abstract field L, but the
ramification index is not. Moreover, every totally ramified extension of Fy((t)) is
isomorphic to Fy((t)).

Theorem 2.18 is perhaps most gracefully proved using the Haar measure on a locally
compact topological group. We refer to [W]] for details.

6.2. An application of compactness. How do you describe Z, to your col-
leagues in other areas of mathematics? Depending upon their background, a discus-
sion of valuations, inverse limits, completions etc. may not be called for. Rather,
one often says that Z, is a domain containing Z such that a system of polynomial
equations over Z has a solution over Z, iff it has congruential solutions modulo p®
for all positive integers a. Or possibly some special case of this: e.g. that an integer
x is a square in Zs iff it is a square in Z/2°Z for all a € Z*. Is this obvious?

One direction is: if Risaring and fi(t1,...,tn)s - fmn(t1, ... tn) € Rlt1,. .., 5]
are polynomials, and = (x1,...,2,) € R™ is such that fi(x) = ... = f(z) =0,
then if ¢ : R — R’ is any ring homomorphism, then ¢(x) = (¢(x1),...,p(x,)) €
(R")™ is a solution to the equations ¢(f1),...,(fm) € R'[t1,...,t,]. Applying this
with ¢ : Z, — Z,/(p*) = Z/p®Z shows that having solutions in Z, necessitates
solutions in Z/p®Z for all a.

The other direction really is not obvious, nor is it a version of Hensel’s Lemma.
However it is true!

THEOREM 2.19. Let (K, |-|) be a locally compact nondiscrete non-Archimedean
normed field, with valuation ring R and mazimal ideal m. Let f1(t),..., fm(t) €
R[t] = R[t1,...,t,] be polynomials. The following are equivalent:

(i) There is x € R™ such that fi(z) =... = fp(z) =0.
(ii) For all a € Z there is & € R™ such that fi(z) =...=0 (mod m*).
PROOF. Let || - || be our favorite norm on K™: ||(y1,...,Ym)|| == max; |y;]|.

Consider the following function

F:R" =R, z=(z1,...,2,) € R" = |[(f1(),..., fm(2))|
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Now here is the key observation: the function F' is continuous, and the hypotheses
on K imply that R is compact, and thus F' assumes a minimum value m > 0.
Case 1: Suppose m = 0. Then there is z € R™ such that F(z) = 0, i.e., fi(z) =
... = fm(z) = 0. Thus (i) holds.

Case 2: Suppose m > 0. Then there is no € R" such that f1(z) =... = fn(z) =
0, i.e., (i) fails. Let m be a generator for m. Then |r| < 1, so there is A € ZT such
that |74| < m. Thus for all x € R™ we have

F(x) = mjax|fj(x)| > \7TA|,

so there is 1 < j < m such that f;(z) ¢ m*. Thus (ii) fails. O

7. Squares in local fields

PROPOSITION 2.20. Let (K,v) be a discretely valued field. Then a choice
uniformizing element m € K gives rise to an isomorphism of groups (K*,-)

(B, ) x (2, +).

RS

PROOF. We have the short exact sequence
1R = K*5%7Z 0.
Because Z is a free — hence projective! — Z-module, the sequence splits. To choose
a splitting it is necessary and sufficient to lift the generator 1 € Z to an element in
K. This is precisely the choice of a uniformizing element. (]

Thus for instance the group-theoretic study of K* is reduced to that of R*. In
these kind of considerations, it is traditional to change notation and terminology:
put U := R* and call U the unit group of K. (This is, strictly speaking, an
abuse of terminology, since the unit group of K should just be K*. However, it is
traditional and not very confusing. Anyway, by the previous result, the two groups
are very closely related!)

PROPOSITION 2.21. Let p be an odd prime number, and let u € Z be a quadratic
nonresidue modulo p. Then [Q; : (@;2] =4, and a set of coset representatives is

L,p, u, pu.
EXERCISE 2.8. Prove Proposition 2.21.

PROPOSITION 2.22. We have [Q} : Q5% = 8. A set of coset representatives is
41,42, 45, +10.

EXERCISE 2.9. Prove Proposition 2.22.

PROPOSITION 2.23. Let g be an odd prime power and let K = Fy((t)). Then
[K* : K*2] = 4. A set of coset representatives is 1,u,t,ut, where u € F7 \IFqXZ,

EXERCISE 2.10. Prove Proposition 2.235.

Note that for for any field K, K*/K*? is an elementary abelian 2-group, called
the group of square classes of K. In particular, it is a Z/2Z-vector space. Thus,
instead of listing all of its elements, it would be equivalent but more efficient to
give a basis. In the case of Q, with p odd, a basis is given by p,u. In the case of
@2, a basis is given by —1,2, 5.
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EXERCISE 2.11. a) Let K be a Henselian discrete valuation field with residue
field k of characteristic different from 2. Show that dimp, K* /K*? = dimp, k> /k*%+
1.

b) Suppose further that K = k((t)). Let {b;}icr be an Fa-basis for k> /k*2. Show
that an Fo-basis for k((t))* /k((t))*? is {b;} U {t}.

EXERCISE 2.12. What can you say about the set of square classes in Fa((t))?

THEOREM 2.24. (Local Square Theorem) Let K be a Henselian discretely valued
field of characteristic different from 2, with valuation ring R and uniformizer w. For
any o € R, 1 4+ 4ma € R*2.

PROOF. [G, Thm. 3.39] Let f(t) = mt?> +t — a. Then
v(fla)) =v(ma®) =14+2v(a) >1>0—v2ra+1) = v(f'(a)),

so by Hensel’s Lemma there exists 8 € R such that f(8) = 0. Therefore the
discriminant 1 + 47 of f is a square in K, so 1 +4ma € K*2N R = R*2. (]

8. Quadratic forms over local fields

We begin with a very brief review of the notion of a quadratic form over a
field and some associated invariants. For more information, the reader may consult
[C:QF] or the classic texts of Cassels [Ca:QF]| or Lam [Lam)].

Let K be a field of characteristic different from 2 but otherwise arbitrary.? A
quadratic form ¢ over K is a polynomial ¢(z1,...,z,) = Z1gi§jgn a;;xic;, le.,
homogeneous of degree 2. (We say that n is the dimension of ¢.) We define the
Gram matrix M, whose (i,7) entry is a;; and whose (i, ) entry, for i # j, is %
(note that we are using 2 € K* here!). Then if we let « denote the column vector

(z1,...,2n), we have the identity

q(z1,.. . 2,) = 2" Mya.

We wish to regard two quadratic forms over K as “equivalent” if one can be obtained
from the other by an invertible linear change of variables. More explicitly, for any
P € GL,(K), we define (P e ¢)(x) = q(Px). Here is one slightly tricky point for
beginners: for any vector x € K", we have

(P-q)(z) = 2" Mp.,x = (Px)" MyPx = 2" P" M, Pz,

and it follows that the matrix representative of P e ¢ is PTM,P. In other words,
the induced relation on symmetric matrices is not similarity but the above relation,
classically called congruence of matrices.

Recall that any symmetric matrix M over the real numbers can be not only diago-
nalized but orthogonally diagonalized, i.e., there exists a matrix P with PPT =1,
such that P~'M P is diagonal. By orthogonality of P, we have P~'MP = PTMP,
so the result implies that any quadratic form over the real numbers can be diago-
nalized, i.e., after a linear change of variables is given in the diagonal form

2 2
(a1, ... an) = @127 + ... + anz;,.

2The case of characteristic 2 comes up in at least one exercise, but only as an example of
what can go wrong!
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One of the classical theorems of the subject is a generalization of this: over any
field K of characteristic different from 2 is diagonalizable.

EXERCISE 2.13. A wvery special and important quadratic form is qu(z1,22) =
T1T2, the so-called hyperbolic plane.
a) Let K be any field of characteristic different from 2. Give an explicit change of
variables that diagonalizes qy.
b) Show by brute force that qu cannot be diagonalized over Fs.
¢) Show that qu cannot be diagonalized over any field of characteristic 2.

A quadratic form is said to be nondegenerate if any of its defining symmetric
matrices are invertible, and otherwise degenerate. It can be shown that any nonde-
generate quadratic form in n variables is GL,, (K)-equivalent to a quadratic form in
fewer variables. Applying this observation repeatedly, we may view any degenerate
quadratic form simply as a strangely presented nondegenerate quadratic form in
fewer (possibly 0) variables, so it is harmless to restrict attention to nondegenerate
forms.

A quadratic form ¢ is anisotropic if for all a = (a1,...,a,) € K", g(a) = 0
implies @ = (0,...,0). In other words, the quadratic hypersurface ¢(z) = 0 has
no K-rational points. A nondegenerate quadratic form which is not anisotropic is
called isotropic.

Let n € ZT. A field K is said to have u-invariant n — written u(K) = n — if
every quadratic form over K in more than n variables is isotropic and there exists
at least one n-dimensional anisotropic quadratic form over K. If no such positive
integer exists, we say that u(K) = oo.

Over any field K, the quadratic form ¢(x) = 2? is anisotropic. Over the com-
plex numbers, any quadratic form in at least 2-variables is isotropic, so u(C) = 1.
Indeed this holds for any algebraically closed field. Moreover, we say a field is
quadratically closed if it admits no nontrivial quadratic extension — equivalently,
K* = K*2. Then:

EXERCISE 2.14. Let L/K be a degree n field extension. Let by,...,b, be a K-
basis for L. Define a polynomial N(x) by Ny, r(x1b1 + ...+ x,by) (i.e., the norm
from L down to K ).

a) Show that for all 0 # x € K™, N(z) # 0.
b) Suppose n = 2. Show that the equivalence class of the quadratic form N(x) is
well-defined independent of the chosen basis of L/K.

EXERCISE 2.15. Let K be any field of characteristic different from 2. Show:
u(K) =1 iff K is quadratically closed.

EXAMPLE 2.25. For any n € ZT, the quadratic form q(z) = 23 + ... + 22 is
anisotropic over R, since it is always strictly positive when evaluated at any nonzero
vector. Thus u(R) = co. The same holds for any formally real field. (However the
converse is not true, e.g. a rational function field in infinitely many indeterminates
over C has u-invariant co.)

PROPOSITION 2.26. The u-invariant of any finite field is 2.
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PROOF. Since every finite field admits a quadratic extension, it follows from
Exercise 2.14 that the u-invariant is at least 2. The fact that any quadratic form
in at least 3-variables over a finite field has a nontrivial zero is a special case of the
Chevalley-Warning theorem. [

LEMMA 2.27. Let K be a Henselian, discretely valued field with valuation ring
R, uniformizer 7, and residue field k of characteristic different from 2. Letn € Z™

and ay,...,a, € R*, and let 0 < r < n. Consider the quadratic forms
@1 (x1,..,xp) = alx% +...+arx§
2 2
@(Tri1,- -5 Tp) = Qrp1Tryy + oo+ ATy,

q(x) = (h(xla ce 7-7;r) + 7Tq2($r+17 - ,,Tn).
Then q is isotropic over K iff at least one of q1, qo is isotropic over K.

PROOF. Clearly g5 is isotropic iff w¢go is isotropic. Just as clearly, if a subform
of a quadratic form is isotropic, then so is the quadratic form. Thus certainly
the isotropy of either g; or ¢o implies the isotropy of ¢, so it suffices to show the
converse: assume ¢ is isotropic. Then by the usual rescaling arguments there exists
a primitive vector x such that ¢(x) = 0: that is, each coordinate of x lies in R and
at least one coordinate of x is not divisible by .

Case 1: Suppose there is 1 < i < r with x; # 0. Then reducing mod p gives ¢; =0
(mod p) and g% = 2a,;z; # 0 (mod p), so by Hensel’s Lemma ¢; is isotropic.

Case 2: Then we have that p | z; for 1 <i < r, so ¢1(21,...,2,) = 0 (mod p)?.
Therefore reducing modulo p? and dividing by p, we see that q;(z,41,...,2,) =0
(mod p). Applying Hensel’s Lemma as in Case 1, we see gz is isotropic over Q,. O

THEOREM 2.28. Let K be a Henselian discretely valued field with residue field
k. We suppose that the characteristic of k is different from 2. Then

u(K) = 2u(k).
In particular, for an odd prime p, u(Q,) = 4.

PrOOF. Let ¢ = ¢(x1,...,z,) be a nonsingular quadratic form over K with
n > 2u(k). Then ¢ is equivalent (under a linear change of variables) to a form
q = q1 + mq2 as in the statement of Lemma 2.27. By our hypothesis on n, at
least one of ¢1, g2 has more than u(k) variables, so the reduction modulo (7) is
isotropic by assumption and then the form itself is isotropic by Hensel’s Lemma.
Thus u(K) < 2u(k).

Conversely, if u(k) = r, let g(z1,...,2,) be an anisotropic form over k. We
may lift each coefficient of § to an element of R* and thus get a quadratic form
q(x1,...,2,). Now ¢ itself is anisotropic over K: indeed, if not, there would exist
a primitive vector = such that ¢(z) = 0 and then reduction modulo (7) would
show that q is isotropic. It then follows from Lemma 2.27 that the quadratic form
q(x1,. .. xn) + q(Tpit, .- ., T2y) is isotropic over K. O

EXAMPLE 2.29. Suppose that p = 3 (mod 4). Then (%) = —1, so x? +y? is

anisotropic mod p. The above proof shows that 3 + x3 + px% + px? is anisotropic
over Qp.

EXERCISE 2.16. Show that for every a € N, there exists a field K with u(K) =
2¢.



74 2. LOCAL FIELDS

EXERCISE 2.17. a) Show that q(z,y, z) = 2% + y? + 22 is anistropic over Q.
b) For a prime p, find a,b,c € Z such that ¢ = ax® + by? + cz? is anisotropic over

Qp.
EXERCISE 2.18. Show that u(Qz) = 4. (See [Lam)] for one approach.)

9. Roots of unity in local fields

For any field F, we denote by u(F) the torsion subgroup of F* — or, more
colloquially, the roots of unity in F'.

We are interested in the roots of unity of a valued field (K,v). Note that we
certainly have p(K) C R*: all roots of unity have valuation 0. As usual, we can
say something in this level of generality, but to get definitive results we will restrict
to p-adic fields and/or Laurent series fields.

We define p/(K) as follows: if the residue field & has characteristic 0, then p/(K) =
w(K). However, if the residue field k has characteristic p > 0, then p/(K) is, by
definition, the group of all roots of unity of K of order coprime to p.

This somewhat curious definition is justified by the following result.

PROPOSITION 2.30. Let (K,v) be a Henselian valued field. Then the mod m
reduction map induces an isomorphism of groups v’ : u'(K) = u(k).

PROOF. As observed above, every root of unity of K lies in the valuation
ring. Moreover, certainly the image of an element of finite order under a group
homomorphism has finite order, so there is no doubt that there is a homomorphism
r: w(K) — u(k). Note though that because — when char(k) = p > 0 — k has no
p-power roots of unity, the reduction map restricted to u[p>](K) is trivial, so we
may as well restrict our attention to the complementary subgroup p'(K).

Let x € u(k) = u'(k) have order n. Put P(t) = t" — 1; then P'(x) = na"~! # 0.
By Hensel’s Lemma, there exists & € K reducing to x and such that ™ = 1. Since
Z"™ = 1, the order of & divides n; since ¢(Z) = x, n divides the order of &, thus &
has exact order n. The surjectivity of r’ follows. But moreover, suppose that the
kernel of p’ is nontrivial. Then, being a nontrivial torsion group with no elements
of order p, the kernel contains an element of prime order £ # p, i.e., there exists a
primitive /th root of unity Z such that r(%) = 1 and therefore () = 1 for all k.
But by virtue of being a primitive /th root of unity, we have #~'+...+&+1=0
and reducing this equation modulo the maximal ideal gives ¢ = 0, a contradiction.
Therefore 7’ is an isomorphism. O

In particular, this shows that the group of roots of unity in @@, of order prime to p is
isomorphic to (Z/pZ)*, hence cyclic of order p — 1. Next we wonder whether there
are any p-power roots of unity in Q,. If there are any such, there are primitive pth
roots of unity, so that the pth cyclotomic polynomial ®,(¢) would have a root over
Q,. It is well-known from basic algebraic number theory that ®,(t) is irreducible
over QQ, a textbook application of Eisenstein’s criterion. As we now explain, the
same application of Eisenstein’s criterion in fact gives the irreducibility over Q, as
well. Recall: Coming back down to earth, we apply the Eisenstein Criterion to Q,
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and f(t) = ®,(t + 1). We have
—w_ p—1 P\ p—2 p
JO) =g =T ()T b_g)tHP

Applying the Eisenstein criterion to Z, and p = (p), we conclude that f(¢) is
irreducible in Qp[t] hence also ®,(t) = f(t — 1) is irreducible in Q,. Therefore Q,
does not contain a primitive pth root of unity. In conclusion:

THEOREM 2.31. For any prime p, p(Q,) = (Z/pZ)*.

THEOREM 2.32. Let K be a locally compact non-Archimedean field. Then the
group p(K) of roots of unity in K is finite.

Proor. Let R be the valuation ring, m the maximal ideal, and k = F; be the
residue field of k, of characteristic p. By Proposition 2.30, reduction modulo m
induces an isomorphism

W (K) = w(Fq) = (Z/(q - 1)Z,+).
Thus it suffices to show that the group pipe (K) of p-power roots of unity is finite.
Step 1: Suppose K = Q,. For a € Z*, let

" —1 a1

- T P

g = ().

Thus ®,. is the unique monic polynomial with roots the primitive p®th roots of
unity. polynomial whose roots are the primitive p“th roots of unity. As we did
when a = 1 above, we put

(I)p“ (t) =

g = @pa(t -+ ].)
Then g(0) = ®,a (1) = ®,(17" ") = p. Moreover,

((t F1r 1) g= ((t 1P - 1) :
and reducing modulo p gives
" g =" € F,lt]
or
g=t""7""" T,
Thus all the terms of g except for the leading coefficient are divisible by p, so g is
Eisenstein with respect to the prime ideal (p) in the UFD Z,,. It follows that g and
hence also ®. is irreducible over @,. Thus if (pe is a primitive p“th root of unity
in @p we get that
[Qp(Cpe) + Qp] = 0(p?) = p" — p*
Step 2: Let K be a p-adic field. By Step 1, if K contains a primitive p®th root of
unity then
(K Qpl = [Qp(Gpe) = Qp] = 0 (p7).
Since ¢(p®) > p®~ 1, certainly lim, o ©(p®) = co and thus K contains only finitely
many p-power roots of unity. Step 3: Suppose K = F,((¢)). In this case we have,
as for every field of characteristic p > 0, no nontrivial p-power roots of unity. [

COROLLARY 2.33. Let K/Q,, be a p-adic field, with [K : Qp) = e(K/Q,) f(K/Qp).
a) The group of roots of unity of order relatively prime to p is cyclic of order pf —1.
b) If (p— 1) 1 e(K/Qp), then pipe (K) = 1.
¢) In general # iy (K) < porde(e)+1,
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EXERCISE 2.19. Prove Corollary 2.33.

10. Nth power classes

Let N € Z*. In this section we will compute [K* : K*¥] for any locally com-
pact field of characteristic not dividing N. The Archimedean case is immediately
disposed of.

EXERCISE 2.20. Let N € Zt.
a) Show: [C* : C*N] = 1.
1 N odd

b) Show: [R* : R*N] = 0 N .
even

To state the following result we will use some notation borrowed from the arithmetic
of elliptic curves. Let f: A — Z be a homomorphism of commutative groups. We
will denote the kernel of f by A[f]. (In particular, if we consider the multiplication
by n homomorphism from A to itself, then A[n] is the n-torsion subgroup of A.)

LEMMA 2.34. Let f: A — Z be a homomorphism of commutative groups. Let
B be a subgroup of A. Then

[A: Bl =[f(A): f(B)] - [Alf] : BI/]]-

PROOF. Let g be the composite homomorphism A — f(A) — f(A)/f(B).
Then g is surjective and has kernel B + A[f], so

A/(B+ A[f]) = f(A)/ f(B).
Moreover A D B + A[f] D B and hence
(B + A[f])/B = A[f]/(Alf] N B) = A[f]/B[f]-
Therefore
[Alf] = BIAL(A) - f(B)] = [A: B+ A[f]][B + A[f] : B] = [A: B]. 0
LEMMA 2.35. Let (K,v) be a discretely valued field, with valuation ring R and

uniformizing element w. Let x € R. Then for any N,r € Z* such that char(K) { N
and v(N7"t1) > 72" we have

(8) (1+2zr")N =1+ Nazzr” (mod Nz"1h).

PROOF. Let p be the residue characteristic, and write N = N’'p® with ged(N’, p)
1,80 N' € R*. Put e = v(p). Thus v(N) = ae, so our assumption is that

ae+1r+1= U(N?TT'H) < 72 =2,

i.e., that
ae+1<r.

Now the desired conclusion is a congruence modulo (N7"*1), i.e., modulo 7®¢*+7+1,
Thus, by our assumption, it is enough to show that the two sides of (8) are congruent
modulo 72", And this is easy:

N

N N\ .

A+zr")VN =1+ (1)x7rr—|— E (J,)J;Jﬂ'”.
i=2

Since j > 2, each term in the sum is divisible by 72", qed. [
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THEOREM 2.36. Let K be a field that is Henselian with respect to a normalized
discrete valuation v and with finite residue field k = F,. Let R be the valuation
ring, m the maximal ideal, U := R* the unit group. Let N be a positive integer
not divisible by char(K). Let un(K) denote the group of Nth roots of unity in K.
Then:

a) We have
(U :UN] = ¢"WM 4y (K).
b) We have
(K KN = Ng" Ny (K).

PRrROOF. a) Put s := v(N), and let 7 be a uniformizer of K. Let r be a positive
integer that is sufficiently large so that » > s+ 1 and so that the higher unit group
U, contains no nontrivial Nth roots of unity (cf. Exercise 2.5). The crux of the
matter is the following claim:

(9) Ua{V = Ur+s-

Step 1: We assume (9) and complete the proof.
Applying Lemma 2.34 with A = U, B = U, f(x) = 2. Thus

[U : UrJrs]

[U:0]=[UY: UN#un(K) = [UY : Upys)#tun (K) = W#HN(K)
s0
00 = S tn (1) = (U Ut ().

By Proposition 2.12 we have
[Ur : Ur+s] = #mr/mr-i-s =q° = qU(N)v
so
U:UN) = ¢" M #un(K).
Step 2: By Lemma 2.35 for all x € R we have
(10) (1+2r")N =1+ Nazzr”  (mod Na"1).
Putting s = v(N), this gives
UN CUpys.
Step 3: Fix « € R, and put
P(t) ==t — (1 + 27"t € R[1].

We have

v(P(1)) = v(zr"™™*) >r +s
and

v(P'(1)) =v(N-1V"1) = .
Since r > s we have

v(P(1)) > v(P'(1))2.
So we may apply Hensel-Newton (Theorem 1.79) with a = 1 to get:
3B € R such that P(8) =0 and v(8 — 1) = v(P(1)) —v(P'(1)) = 1.

Thus BY =1+ 27"+* and B € U,.. This shows that U, , C UN.
b) Since the choice of uniformizer yields a decomposition K* = U x Z, this follows
immediately from part a). a
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In particular, if K is locally compact, the group [K* : K*M] is finite for all N
not divisible by char K. In [A, p. 209, Thm. 5], Artin proves this result under
the assumption that K contains the Nth roots of unity. In [L-ANT, p. 47, Prop.
6], Lang gives this result when K is a p-adic field. He says he is following [A].
On the one hand, his proof does not use that K has characteristic 0 but only that
char K t+ N. On the other hand, it seems to me that his proof is incomplete: he
only argues for UN C U,,,. Artin himself gives the other direction via a further
argument using (10) and relying on the completness of K. Since earlier we proved
special cases of this result using Hensel’s Lemma, it is natural to try to use Hensel’s
Lemma, and an interesting aspect of the proof if that it uses the evaluation of |a—f|
that is not a traditional part of the statement of Hensel-Newton but is present in
Conrad’s treatment. Using this argument instead of Artin’s allows us to weaken
“complete” to “Henselian.”

EXERCISE 2.21. One might wonder where the finiteness of the residue field is
used: e.g. perhaps in the context of Theorem 2.36, if we drop the assumption that
k=T, we could have

(K0 KN = N(#k)" M4y (K)?

a) Show that for all N € Z*+ we have [C((t))* : C((t))*N] = N. Deduce that the
answer to the above question is “no.”
b) Ezxactly where was the finiteness of k used in the proof?

COROLLARY 2.37.
Let (K,v,m,k =F,) be a locally compact field of characteristic different from 2.
a) If char(k) > 2, there are exactly three quadratic extensions of K.
b) If char(k) = 2, there are exactly 2U5°®1+2 — 1 quadratic extensions of K.

EXERCISE 2.22. Prove Corollary 5.11.
Things are truly different when K =1TF,;((t)) and p | m.
EXERCISE 2.23. Let K =T,;((t)). Show that if p | m, then [KK* : K*™] = oco.

11. Krasner’s Lemma and applications
11.1. Krasner’s Lemma.

THEOREM 2.38. (Krasner’s Lemma) Let (K, ||) be a Henselian non-Archimedean
normed field with algebraic closure K. Let a, 8 € K. Write out the distinct K-
conjugates of a as a« = a, ..., ay,. Suppose that for all © > 1 we have

la— 8] < |a— a4
a) Then K(a, B)/K(B) is purely inseparable.
b) If a is separable over K, K (o) C K(3).
ProOF. Part b) immediately follows from part a). As for part a), it suffices
to show the following: for every K(f)-algebra embedding 7 of K(a, ) into an

algebraic closure K, 7(a) = a.. As we have seen before, the uniqueness of extended
norms implies that we have, for all 4 > 1,

I7(@) = B = [7(a) = 7(B)] = | = B] < |ev — exs

and hence
IT(a) — af <max|T(a) - B],|8 — af <|a—a;l.
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Since this holds for all 7 > 1 and 7(«) is a conjugate of «, we get 7(a) = a. O

REMARK 2.39. In fact a non-Archimedean normed field is “Krasnerian” —i.e.,
satisfies the conclusions of Theorem 2.38 — iff it is Henselian [Ri, p. 141].

11.2. Krasner’s Corollary.

EXERCISE 2.24. Let (K,|-|) be an algebraically closed normed field.
a) Let n € Z". Let D(n) be the set of all degree n polynomials with coefficients
in K which have n distinct roots, viewed as a subset of K" in the evident way.
Show that D(n) is open in (the product topology on) K™ +1.
b) Suppose that K is any algebraically closed field. Show that D(n) is open in K™t!
in the Zariski topology.
¢) Show that the roots are continuous functions of the coefficients in the following
sense: for all € > 0, there exists § > 0 such that: for any two polynomials f(t) =
Yo ant™ and g(t) = -, but™ with |a; —b;| < 0 for alli, there exist orderings of the
100ts A1, ..., 0ty Of [ and By, ..., Bn of g such that |a; — B;| < € for all .
d) Suppose that you restrict to degree n polynomials in D(n). State and prove a
version of part b) which does not involve permuting the roots. (Suggestion: consider
disjoint open disks about each of the roots and argue that under sufficiently small
changes of the coefficients, the roots stay inside the disjoint disks.)

COROLLARY 2.40 (Krasner’s Corollary). Let K be a Henselian non-Archimedean
normed field. Let f(t) = apt™ + ...+ a1t + ag be an irreducible separable degree n
polynomial, and let o be one of its roots in a fized algebraic closure K. Then there
exists 6 > 0 such that: for all by,...,b, € K with |a; — b;| < § for all 0 < i < n,
the polynomial g(t) := b,t™ + ...+ byt + by is irreducible, separable, and has a oot
B such that K(a) = K(5).

PRrROOF. We apply Exercise 2.24 on continuity of roots of a polynomial with
coefficients in a normed field in terms of the coefficients: for any ¢ > 0, by tak-
ing § sufficiently small we can ensure that the polynomial g is also separable and
that its roots fBi,..., By, in some ordering, each lie within € of the corresponding
roots ag,...,a, of f. Taking e = min;~1 |y — o;] and applying part b) of Kras-
ner’s Lemma to §1, we get that K(«1) C K(81). However, since (; satisfies g, a
polynomial of degree n, we have

n>[K(f1): K] > [K(a1): K] =n.
Thus [K(81) : K] = [K(a1) : K] =n, so g(¢) is irreducible and K (ay) = K(f1). O
THEOREM 2.41 (Generalized Krasner’s Corollary). Let K be a Henselian non-
Archimedean normed field. Let f = ant™ + ...+ a1t + ag € K]Jt] be a separable

polynomial. Then there is § > 0 such that: for all g = but™ + ...+ byt + by € K][t]
such that |a; — b;| < & for all 0 < i < n, we have an isomorphism of K -algebras

K[t]/(f) = K[t]/(g)-

ProOOF. Let f = [[;_, fi with each f; € K[t] irreducible separable, and such
that (f;) # (f;) for i # j. Write f;(t) = H:-l;l(t — ;) for a;; € K. By Exercise
2.24, if ¢ is small enough, then g is separable and can be factored as [],_; g; with
each g; € K[t] and g;(t) = H?;l(t — Bij)- Again by taking ¢ small enough we
can ensure that for all 4, j, the root ;; is closer to a;; than to any other root of
f and, symmetrically, that the root a;; is closer to §;; than to any other root of
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g. Applying Krasner’s Lemma to f, «;; and f5;; we get that K(a;;) C K(Bij).
Similarly, applying it to g, 5;; and «;; we get that K(8;;) C K(a;;). Thus for all
i,j we have K(o;j) = K(f;;). Moreover, since K is Henselian, every element of
g = Aut(K/K) acts continuously on K, so — after shrinking ¢, if necessary — if
0 € gk carries o1 to oyj, then it must carry B;; to B;;. It follows that for all 4,
the full set of conjugates of 8;1 is Bi1, ..., Bid;, where d; = deg f; = degg;. Thus
gi € K[t] and for all ¢ we have KJt]/(fi) = KJt]/(g:). The Chinese Remainder
Theorem gives

K[t/ (f) = K@t/ (fr--- fr) = HK[t]/(fi) = HK[ﬂ/(gi) = K[t]/(g1---90) = K[t]/(9)-

O

REMARK 2.42. The above proof was suggested to me by M. Suwama.
11.3. Local extensions come from global extensions.

COROLLARY 2.43. Let (K,| |) be a non-Archimedean normed field with com-
pletion K, and let L/K be a finite separable field extension of degree d. Then there
exists a degree d separable field extension L/K such that L = LK.

PROOF. By the Primitive Element Corollary, £ = K[t]/f(t), where f(t) € K[t]
is monic, separable of degree d. Since K is dense in K, there exists a degree
d polynomial ¢(t) € K[t] whose coefficients are all d-close to the corresponding
coefficients of f(t), for any preassigned 6 > 0. By Corollary 2.40, for sufficiently
small 0, g(t) is irreducible separable of degree d and there exist roots ay of f, f1

of g such that K(ay) = K(B1). It follows that £ = LK. O

THEOREM 2.44. (Finite Local-Global Compatibility for Extensions) Let K be a
field, and let | - |1,...,|-|q be inequivalent norms on K. For each 1 < i < g, let
K; be the completion of K with respect to | - |;. Fix a positive integer d, and for
each 1 <i < g, let A; be a degree d separable K;-algebra (i.e., a finite product of
finite degree separable field extensions of K, with dimg A; = d). Then there is a

separable extension L/ K of degree d and, for alll <i<g, ki-algebra isomorphisms
EXERCISE 2.25. Prove Theorem 2.44.

Here is an application of Theorem 2.44 to number fields. For a field F', we denote by
F#P the maximal extension of F' (within a fixed algebraic closure) that is algebraic
and Galois with commutative Galois group.

EXERCISE 2.26. Let K 2 Q be a number field, and let d > 2.

a) Show that there is a degree d extension L/K such that L/Q is not Galois.
(Suggestion: you may use that there are infinitely many prime numbers p that
split completely in K. This is a consequence of the Chebotarev Density Theorem,
although there are much more elementary proofs. Let p1 and po be two primes of K
that lie over the same rational prime p. Use Theorem 2.44 to construct L/K such
that the splitting behavior over py differs from the splitting behavior over ps.)

b) Show: Kb 2 Q2P.
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11.4. C,.

LEMMA 2.45. Let (K, |-|) be a separably closed, complete (nontrivially!) normed
field. Then K is algebraically closed.

PROOF. In characteristic 0 the notions of separable closure and algebraic clo-
sure coincide, so assume that K has positive characteristic p. It is enough to show
that K is perfect: let a € K, and let o € K be the unique element such that o = a.
We must show that a € K. Fix ¢ € K* with v(c¢) > 0. For n € Z* we consider

P,(t) =t — "t —a € K[t].

Evidently we have

lim P, =t —a,
n—oo

which has « as its unique root. By continuity of the roots of a polynomial as
functions of the coefficients, if for each n € Z1 we choose a root o, of P, in K,
then we have «,, — «. Since each P, is separable and K is separably closed, we
have that a,, € K for all n. Since the sequence {a, }5°; is convergent in K, it is
Cauchy in k, but K is complete, so a = lim,, o, v, lies in K. O

COROLLARY 2.46. Suppose (K,|-|) is a separably closed normed field. Then
its completion (K, |-|) is algebraically closed.

ProoOF. By Corollary 2.43, the field K is complete and separably closed, so by
Lemma 2.45 it is algebraically closed. ]

In particular, defining C,, to be the completion of the algebraic closure of Q,, the
field C, is complete and algebraically closed.

Corollary 2.43 can be viewed as saying that any one inert local extension of a
NA normed field may be realized as the completion of a global extension. This re-
sult can be generalized in several ways: we can take work with several (but finitely
many!) local extensions at once, each local extension need not be a field but only
a separable algebra, and finally Archimedean places can be admitted. We get the
following result, which has been of use to me in my own work (cf. [Cl09a, Thm.
6] and [CGP17, Thm. 3.2]).

11.5. Multi-complete and multi-Henselian fields.

Define a field K to be multi-complete if it is complete with respect to (at least)
two inequivalent nontrivial norms. This seems like a strong property, and we seek
to classify multi-complete fields.

Example: the complex field C is multi-complete. On the one hand C is com-
plete with respect to the standard Archimedean norm. On the other hand, for any
prime p, let C, be the completion of the algebraic closure of QQ, with the p-adic
norm. By Corollary 2.46, C, is complete and algebraically closed. It is easy to see
that #C, = #C. By pure field theory — e.g. [C:FT, Cor. 78] — it follows that we
have an isomorphism of abstract fields C = C,,.

EXERCISE 2.27. What is the cardinality of the set of pairwise inequivalent
norms on C with respect to which C is complete?
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EXERCISE 2.28. Suppose that K is a field which is complete with respect to an
Archimedean norm || - ||1 and also an inequivalent norm || - ||2. Show that K = C.

Thus in our study of multi-complete fields we may, and shall, restrict to non-
Archimedean norms, or equivalently, to valuations.

Here is the main theorem for multi-complete fields.
THEOREM 2.47. (Schmidt [Sc33]) A multi-complete field is algebraically closed.
From this we can deduce a classification result for multi-complete fields.

COROLLARY 2.48. (Schmidt) For a field K, the following are equivalent:
(i) K is multi-complete.
(i) K is algebraically closed and complete with respect to a nontrivial valuation.
(iii) K is algebraically closed and (#K) = (#K)X°.

PrOOF. By Theorem 2.47, (i) = (ii). Recall from Exercise 2.30.5 that a
field which is complete with respect to a nontrivial norm satisfies #K = (#K)%0,
so (ii) = (iii). Conversely, if K is algebraically closed and satisfies the cardinality
condition, then K, is complete, algebraically closed (cf. Proposition 3.22 below) and
of uncountably cardinality equal to that of K, so K, & K. Thus (iii) = (ii). Finally,
assume that K is algebraically closed and complete with respect to a nontrivial
valuation v. Let t € K have negative valuation and which is transcendental over the
prime subfield of K. (If every transcendental element ¢ had non-negative valuation,
then for any element of a of K, v(a) = v(t+a —t) > minwv(t +a,—t) > 0, so every
element of K has non-negative valuation, and thus v is trivial.) By standard field
theory — cf. e.g. the proof of [C:FT, Thm. 80|, the automorphim group of the
algebraically closed field K acts transitively on the set of all transcendence bases for
K over its prime subfield. In particular, there exists an automorphism ¢ such that
o(t) = 1, and such an automorphism is evidently discontinuous for the valuation
topology. Thus o*v :  — v(o(z)) is an inequivalent complete valuation, i.e., K is
multi-complete. O

It remains to prove Theorem 2.47. We will introduce a variant which we claim
is more natural and more penetrating (in particular, it will imply Theorem 2.47).
Namely, we define a field K to be multi-Henselian if it is Henselian with respect
to two inequivalent nontrivial valuations. Here is the main theorem of this section.

THEOREM 2.49. (Kaplansky-Schilling [KS]) A multi-Henselian field is separa-
bly closed.

PROOF. Let K be a field that is Henselian with respect to inequivalent, non-
trivial valuations v; and vy. Let L/K be a finite degree separable field extension.
By the Primitive Element Corollary we have L & K[t]/(Pyi(t)) for a monic, irre-
ducible seaprable P; € K|[t], say of degree d. Our task is to show that d = 1.

By weak approximation the diagonal image of K in K,, x K, is dense.

On the one hand, by Krasner’s Lemma, there exists ¢ > 0 such that any monic
polynomial @ € K,, [t] each of whose coefficients is e-close to the corresponding
coefficients of P is also irreducible of degree d.

On the other hand, let Py(t) = t(t+1)?~1. Then P,(t) is monic of degree d, and
its reduction modulo vy is (of course) (¢t + 1)¢~1 € k,,[t]. We may therefore apply
Hensel’s Lemma to P, to see that it has a root in K. Well, that’s silly — of course it
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has a root: P»(0) = 0. But moreover, if Q(t) € K[t] is any polynomial sufficiently
close to P; such that the coefficients of P, — @ all have positive valuation, then the
reduction of @ modulo the maximal ideal is also equal to t(t + 1)?~!. Therefore
Hensel’s Lemma applies equally well to show that ) has a rational root.

The endgame is thus: by weak approximation, we may choose a monic degree
d polynomial @ which is, at the same time, sufficiently v;-adically close to P; to be
irreducible and sufficiently vs-adically close to P» so as to have a rational root. Of
course an irreducible polynomial with a rational root must have degree 1. ([

EXERCISE 2.29. (Kaplansky-Schilling [KS]) Deduce the following strengthening
of Schmidt’s theorem: Let v1 and vy be inequivalent nontrivial valuations on a field
K. Suppose that K is complete with respect to vi and Henselian with respect to vs.
Then K is algebraically closed of at least continuum cardinality.

Similarly, we may classify all multi-Henselian fields, and this is simpler in that no
conditions on the cardinality intervene.

PROPOSITION 2.50. Let K be a separably closed field, and let v be a valuation
on K. Then K is Henselian with respect to v.

PROOF. By definition of Henselian, we must show that if L/K is a finite degree
field extension, then there is a unique valuation on L extending v. If L = L, D
L,_1D...D2 Ly = K is a tower of finite degree purely inseparable extensions, then
if every valuation v; on L; extends uniquely to a valuation on L; 1, then certainly
the valuation v = vy on K extends uniquely to L. Therefore we may assume that
L/K is purely inseparable and primitive, i.e., generated by a single root of a purely
inseparable polynomial, i.e., L = K|[t]/(P), where P has only one distinct root in
an algebraic closure K of K.

Now recall Theorem 2.5: if (K, v) is a valued field and L/ K is a finite degree field
extension, there is a bijective correspondence betweeen valuations on L extending
v and prime ideals in the Artinian K,-algebra L ®x K,. With our choice of L =
K|[t]/(P(t)), with P purely inseparable, we have L ®x K, = K,[t]/(P(t)). But
since P is purely inseparable, it has only one root in an algebraic closure, hence
also in any field extension. Therefore over K, (t) we have a factorization P = Q°¢,
where @ is again irreducible, so L @k K, = K,[t]/(Q¢), which is a local algebra
with unique maximal ideal (Q). Therefore the extension of v to L is unique. O

PRrROPOSITION 2.51. Let K be a separably closed field that is not the algebraic
closure of a finite field. Then K is multi-Henselian: indeed it is Henselian with
respect to infinitely many pairwise inequivalent distinct valuations.

PROOF. By Proposition 2.45, K is Henselian with respect to all of its valua-
tions. The remainder is just a rehash of some already proved valuation theory: if K
is an algebraic extension of a finite field, then it admits only the trivial valuation.
Otherwise, K admits at least one nontrivial valuation. Indeed, if K has character-
istic 0 then it contains Q and hence has p-adic valuations for all p, each of which
extends, by Theorem 2.1, to a valuation of K; this gives infinitely many inequiv-
alent valuations. Otherwise K has characteristic p > 0 and thus contains F,(t), a
field which has infinitely many inequivalent valuations by Theorem 1.14. ([l

Remark: This is [KS, Theorem 2], except that the need to exclude the algebraic
closure of a finite field is overlooked there.
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EXERCISE 2.30. Show that a multi-Henselian field is Henselian for uncountably
many pairwise inequivalent valuations!

EXERCISE 2.31. Give an example of a multi-Henselian field that is not multi-
complete.

Finally, we give an application of these results.

THEOREM 2.52. (Continuity of Automorphisms) Let (K,v) be a field which is
Henselian for a nontrivial valuation v. Suppose that either
(i) K is not separably closed, or
(i) K is complete with respect to v and is not algebraically closed.
Then every automorphism of K is continuous with respect to the valuation topology.

PROOF. Let o be an automorphism of K. By Exercise 2.31, ¢ is continuous
with respect to the valuation topology iff ¢ is an automorphism of the valued field
(K,v),i.e., for all z € K, we have 0*v = v, where o*v is the valuation z — v(o(z)).
It is easy to see that since v is Henselian, so is ¢*v and that v is complete iff o*v is
complete (cf. Exercise 2.32). Therefore if o were not continuous with respect to the
valuation topology, then v and o*v would be inequivalent nontrivial valuations on
K, i.e., K is multi-Henselian. Thus by Kaplansky-Schilling, K is separably closed.
Similarly, if K is complete with respect to v, then it is multi-complete and thus, by
Schmidt’s theorem, algebraically closed, ged. ([l

This immediately implies the following result.

COROLLARY 2.53. Let K/Q, be a degree d field extension. Then # Aut(K) < d.
In particular, Q, is rigid, i.e., has no nontrivial field automorphisms.

11.6. The number of degree m extensions of a locally compact field.

THEOREM 2.54. Let K be a locally compact field, and let m € Z% be such that
char(K) does not divide m. Then the set of degree m extensions of K inside a fized
algebraic closure of K is finite.

PROOF. We know that there is a unique unramified extension of each degree,
so by an easy dévissage argument we are reduced to proving the result for totally
ramified extensions. For this we use Theorem 2.11: every totally ramified exten-
sion L/K of degree m is separable and of the form KJt]/(P(t)) for an Eisenstein
polynomial P(t) € RJt]: that is,

P(t):tm—l—am,ltm_l—i—...:alt—&—aoER[t], a; EmMV0<i<n-—1, a0¢m2.

The mapping P — (ag,...,am—1) gives a bijection from the set of all degree m
polynomials with R coefficients to the compact space R™. Define the Eisenstein
locus &,, C R™ to be the set of all Eisenstein polynomials. Then &,, is closed (in
fact also open) in R™ and is thus compact. Moreover, every point of &,, corresponds
to an irreducible, separable polynomial of degree n. By Corollary 2.40, to each point
P € &, there is an open disk Dp such that for any two roots a and 8 of any two
polynomials in Dp, the field extensions K (a) and K () are conjugate. (With more
care, we could choose roots so that they are the same, but since finiteness of the
number of field extensions up to conjugacy certainly implies finiteness of the number
of field extensions, it seems simplest not to worry about this.) Now, by compactness,
Emn can be covered by finitely many such disks Dp,,...,Dp,, such that on each
disk we get a field extension (up to conjugacy) K(a1),..., K(ay). It follows that
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every Hisenstein polynomial of degree m generates a field extension conjugate to
K(«;) for some 1 < i < N, so that there are only finitely many degree m totally
ramified extensions of K up to conjugacy, hence only finitely many overall. O

Exercise 2.23 above shows that if ¢ = p?, then K = F,((¢)) has infinitely many ex-
tensions of degree p. Probably you solved this exercise by constructing extensions
of the form K (x% ), i.e., purely inseparable extensions. More surprisingly there are
also infinitely many separable degree p extensions of F,((t)).

Indeed, let K be any field of characteristic p. Define the Artin-Schreier isogeny @), :
K — K, x — 2P — z. The point is that this is a homomorphism (K,+) — (K, +)
whose kernel is F,,. By Artin-Schreier theory [C:FT, §9], every separable degree
p extension in characteristic p comes from adjoining the root of an Artin-Schreier
polynomial ¢t —t — a = 0. The irreducibility of the polynomial is equivalent to its
having a root, i.e., to a being in the image of the Artin-Schreier isogeny. Moreover,
there are infinitely many separable p-extensions iff the quotient K/, (K) is infinite.
But this is true for K = k((t)) and any field k of positive characteristic. Indeed,
for n € Z* and prime to p, the elements t% give rise to distinct cosets of p,(K).
Explicitly, if n # n’, there does not exist f € k((t)) such that tin - t% = fP - f:

exercise!

What about the number of totally ramified degree m extensions of a local field?

EXERCISE 2.32. Let K be a non-Archimedean local field, and let m € Z™ be
prime to the residue characteristic of K. Show: there are precisely m totally rami-
fied extensions of K of degree m.

THEOREM 2.55 (Serre). Let K be non-Archimedean and locally compact, with
residual cardinality q. For m € Z%, let X,, be the set of all totally ramified ez-
tensions of degree n of K contained in a fized separable closure. For L € %,
put

e(L)y=d(L) —m+1,
where d(L) is the valuation of the discriminant of L/K. Then

PROOF. See [SeT8]. O
Note that this sum is infinite when n = p = char(K) > 0!

For more recent work on this topic, see [Ke07] and [Bh07].

12. Autoduality of locally compact fields

Let G be a locally compact commutative group. We define its character group
GV = Hom/(G, SY), i.e., the group of all continuous homomorphisms from G to
the unit circle S (viewed as a subgroup of (C*,-)). However, we wish GV to itself
have the structure of a topological group. Given topological spaces X and Y, there
is a ubiquituous reasonable topology to put on the space C(X,Y) of all continuous
maps from X to Y. It is defined as follows: for K a compact subset of X and U
an open subset of Y, let [K,U) :={f € C(X,Y) | f(K) C U}.
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EXERCISE 2.33. For x € Q, let n be the least non-negative integer such that
p'x € Z,. Let 1 be such that r = p"x (mod p"). Put ¥(z) = >™7/P",
a) Show: W : (Qy,,+) = (S',-) is a continuous homomorphism, i.e., ¥ € Q).
b) Show that ker(¥) = Z,,. In particular, U is nontrivial.

EXERCISE 2.34. Writex € Fp((t)) asz = 300 a,t". Define ¥(x) = e(?m)a-1/p,
a) Show that ¥ € F,((t))".
b) Compute the kernel of ¥ and thereby show that it is nontrivial.

EXERCISE 2.35. Let L/K be a finite separable extension of non-Archimedean
local fields. Suppose that Vi is a nontrivial character of K. Show that © € L —
Vi (Try k() defines a nontrivial character of L, say V.

PROPOSITION 2.56. (Classification of characters) Let K be a nondiscrete locally
compact field, and let ¥ be any nontrivial element of KV, i.e., U is an additive to
multiplicative homomorphism W : (K, +) — (S1,-) such that ¥(z) # 1 for at least
onex € K.

a) For any a € K, the map xo : K — S! by x — ¥(az) gives a character of K.

b) The character x, is trivial iff a = 0.

¢) The mapping a — X, defines a continuous injection ® : K — K.

d) For allb € K, x,(b) =1 foralla € K < b=0. It follows that ®(K) is
dense.

e) ®(K) is a complete, hence closed, subgroup of K.

f) 1t follows that ® : K — K" is an isomorphism of topological groups.

EXERCISE 2.36. Prove Proposition 2.56.

13. Structure theory of CDVFs

We now specialize to the following situation: let (K,|-|) be a complete, non-
Archimedean field whose valuation ring R is a DVR and whose residue field & is
perfect. Under these hypotheses we can give a much more penetrating analysis
of the structure of the absolute Galois group gx = Gal(K®P/K) and also of the
multiplicative group K*.

Recall that a finite extension L/K is unramified if e(L/K) = 1; equivalently,
f(L/K) =[L : K]. (Note that we are using our assumption of the perfection of k
here, for otherwise we would need to add the condition that the residual extension
[/k is unramified.) An algebraic extension L/K is unramified if all of its finite
subextensions are unramified.

A finite extension L/K is totally ramified if e(L/K) = [L : K|; equivalently,
I = k. An algebraic extension L/K is totally ramified if each finite subextension if
totally ramified; equivalently, [ = k.

Let p be the characteristic exponent of the residue field k. (In other words, when
k has positive characteristic, we take p to be the characteristic; when k has char-
acteristic 0, we take p = 1.)

Here is a new definition: a finite extension L/K is tamely ramified if e(L/K) is
prime to p. An algebraic extension is tamely ramified if every finite subextension is
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tamely ramified. Note that in particular every unramified extension is tamely ram-
ified, so perhaps more accurate terminology would be “at worst tamely ramified”,
but the terminology we have given is standard. Note also that if char(k) = 0 then
every algebraic extension of K is tamely ramified.

An extension L/K is totally tamely ramified, or TTR, if it is both totally
ramified and tamely ramified.

Both unramified and tamely ramified extensions are distinguished classes of field
extensions in the sense of Lang, as we now explain. A class of field extensions
C ={L/K} is said to be distinguished if it satisfies the following two conditions:

(DE1) (Tower condition): if K/F and L/K are both in C, then L/F is in C.
(DE2) (Base change condition): suppose E, F, K are subfields of a common field,
and F C K, FC F and K/F €C. Then EK/E € C.

EXERCISE 2.37. Show that (DE1) and (DE2) imply the following:
(DE3) Suppose K, Ly, Ly are subfields of a common field, with K contained in both
Ly and Ly and that L1 /K, Ly/K € C. Then L1Ly/K € C.

Examples: finite extensions; separable extensions; purely inseparable extensions;
finitely generated extensions; purely transcendental extensions.

Important non-examples: normal extensions, Galois extensions: they satisfy (DE2)
but not (DEI).

Now we state some of the main results we will prove later in this chapter.

THEOREM 2.57. Let K be a CDVF with perfect residue field k. Inside the class
of all algebraic extensions of K, we have
a) The class of unramified extensions is a distinguished class.
b) The class of tamely ramified extensions is a distinguished class.

Note that the tower property of unramified and tamely ramified extensions follows
directly from the definition, since ramification indices multiply in towers. The base
change property is less obvious, and for this we will need more explicit information
about the structure of unramified and tamely ramified extensions, coming up soon!

Example: Totally ramified and totally tamely ramified extensions need not form
a distinguished class. For instance, let K = Q((x)), let n > 3, and consider the
Eisenstein polynomial f(t) =t™ — x. The extension L = K[t]/(f) is totally tamely
ramified. It is (of course) separable, but it is not normal: rather, the normal closure
is M = K(z,(,), which contains the nontrivial unramified extension K (,)/K.

Because the unramified extensions form a distinguished class, there is a unique
maximal unramified extension — namely, the compositum of all finite degree to-
tally unramified extensions, K"". The residue field of K" is k. The extension
K®P /"™ is (necessarily) Galois and totally ramified. The extension K" /K is
also Galois. Moreover, we have a short exact sequence of Galois groups

1 — gKuur — gK ﬁ) Gal(E/k) — 1.
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The map p is defined as follows: since every element o € gx is continuous, it pre-
serves the valuation ring R and also the maximal ideal m and therefore induces
an automorphism p(o) of R/m. This short exact sequence follows from passage to
the limit of the special case of the inertia group / decomposition group / residual
extension short exact sequence that we get from a finite Galois extension S/R of
Dedekind domains and primes P|p.

Similarly, because the tamely ramified extensions form a distinguished class, there
is a unique maximal tamely ramified extension, K**™¢ of K, which is Galois over
K. This gives rise to a short exact sequence of Galois groups

1 — Gal(K™™¢/K"™) — Gal(K"™¢/K) — Gal(K"™ /K) = gk — 1.
In fact, the group Gal(K'*™me¢/K""r) is the easiest to understand.
THEOREM 2.58. We have Gal(K'*™¢/K"™) =[], Z.

This will also follow from the structure theory of tamely ramified extensions.

An extension is called wildly ramified if it is not tamely ramified. The remaining
piece of the Galois group Gal(K®P/K'm¢) describes the “purely wildly ramified”
extensions. In general, this is the most complicated and scariest part of the absolute
Galois group of a CDVF, but there is one important fact which comes for free:

13.1. Tamely ramified extensions. Let K be a Henselian discretely valued
field with valuation ring R, normalized valuation v and residue field k of charac-
teristic p > 0. We extend the valuation v to K. A finite degree extension L/K is
tamely ramified if p{ e(L/K). We say that L/K is totally tamely ramified if
it is tamely ramified and e(L/K) = [L : K].

PROPOSITION 2.59. Let e be a positive integer not divisible by p. Let a € R\{0},
and let o € K be a root of t* — a. Then:
a) The extension K(«)/K is tamely ramified.
b) If ged(e,v(a)) = 1, then the exension K(«)/K is totally ramified.

PROOF. a) Write a = 7w¥u with 7 a uniformizer of K and u € R*. Let (, € K
be a primitive eth root of unity, and let u%, 7¢ be eth roots of w and 7 in K. Then
11
K(a) C K(Ceyue,me).

Since p 1 e, the extension F' := K(Ce,ui) is unramified over K, so 7 is still a
uniformizer of F. So the polynomial ¢t — 7 is Eisenstein at the maximal ideal of the
valuation ring of F and thus the exension F(r¢)/F is totally ramified of degree d
and thus totally tamely ramified. It follows that

e(K (0)/K) | e(K(Cerur,m7)/K) = e,
so K(a)/K is tamely ramified.

b) Since a® = a, we have v(«w) = v(ea). Thus if ged(e,v(a)) = 1 then the subgroup
of v(K™) = (Q, +) generated by v(a) is 17Z. Since [K(a) : K] < e, we must have
that K («)/K has degree e and is totally ramified. O

THEOREM 2.60. Let L/K be totally tamely ramified, with [L : K] = e(L/K) =
e. Then there is a uniformizer m of K and a uniformizer Il of L such that I1¢ = 7.
In particular, L = K[t]/(t¢ — 7).



13. STRUCTURE THEORY OF CDVFS 89

PROOF. Let S be the valuation ring of L and let P be the maximal ideal of
S. Fix a uniformizing element w of K. Let § a uniformizing elment of L, i.e.,
v(B) = 1. We may write
8¢ = wu
with u € §*. Because L/K is totally ramified, the residual extension is trivial, and
thus there is up € R* such that u = up (mod P). Put

T = wWuy.
Then z = % € P is such that

U — Uug
=7+ 7x,

B¢ = wu = wugy + (wug)
Ug

and thus we have
(B¢ —m) >v(m) =1
Put f:=1t°— 7 € K[t], and let a,..., @, be its roots. Then

e

D o8- ) =v(f(B)) = v(B* =) >v(r) = L.

i=1
On the other hand, for all 1 <4 < e we have v(q;) = % Hence, after relabelling
the roots if necessary we get

v(B—a1) > é.
On the other hand we have
V2 <j<n, v(ier — ;) > minv(o),v(ey) = é
and .
= (el = ol ) = 3 vler —a) 2 S
and thus -

V2 <j<n, v(w —aj) =v().
Krasner’s Lemma now applies to give K[t]/(t¢ — 7) = K(a1) C K(8). Since both
K(ay) and K(f3) have degree e over K, we have K(ay) = K (). O

COROLLARY 2.61. The tamely ramified extensions of a CDVF form a distin-
guished class.

PRrROOF. Since both unramified extensions and totally tamely ramified exten-
sions have the tower property, so do tamely ramified extensions. It remains to see
that the base change of a tamely ramified extension is tamely ramified. Again, by
splitting a tamely ramified extension into an unramified extension followed by a to-
tally tamely ramified extension, it suffices to show that the base change of a totally
tamely ramified extension is tamely ramified. In view of Theorem 1, we must show
that if E/K is any algebraic extension and = is any uniformizer of K, then for any
e prime to the residue characteristic p (which we may assume to be positive, other-
wise there is nothing to show), the extension E(r¢)/E is tamely ramified. Here we
need to be a bit careful: by T¢ we mean any root of the separable polynomial ¢t¢ —
in K. In fact it is easier (and sufficient!) to see that the extension E(r<,(.)/E is
tamely ramified, for this is a Galois extension, namely the splitting field of t¢ — .
As we have seen, adjoining the eth roots of unity gives an unramified extension,
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and then once we have the eth roots of unity in the ground field, Kummer theory
applies to show that [E(r<,(.) : E((.)] is the order of 7 in EX /E*¢, hence divisible
by e and therefore prime to p. O

THEOREM 2.62. Suppose that K is a Henselian DVF with algebraically closed
residue field k of characteristic exponent p. Then there exists, for each positive in-
teger e prime to p, a unique degree e tamely ramified extension L./K, obtained
by taking the eth root of any uniformizing element of K. Moreover, we have

K®*me = J_ L. and Gal(K"™¢/K) = Hhép Zy.

PROOF. Our assumption k = k implies that K contains all roots of unity of
order prime to p and also that all extensions are totally ramified, so any tamely
ramified extension is totally tamely ramified. Thus Theorem 2.60 applies to show
that every degree e tamely ramified extension L/K is of the form K[r¢] for some
uniformizer 7 of K. Conversely, for any uniformizer 7= we certainly do get a degree
e (hence tamely ramified) extension in this way. So what we wish to show is that
for any two uniformizers 7 and 7’ we have K[r¢] = K[r'*]. By Kummer theory,
this occurs iff # = 7’ (mod K *¢). However, since k is algebraically closed, every
element of k> is an eth power. The usual Hensel’s Lemma argument now shows
that every unit in the valuation ring of K is an eth power, in particular =/7’ is an
eth power. Now let L, = K[wé] be the unique degree e extension of K. Again by
basic Kummer theory, we have Gal(L./K) = Z/eZ. If e | ¢’ then we have natural
surjections Gal(L. /K) — Gal(L./K), and one easily checks that the following
diagram commutes,

Gal(Le /K) 5 Z)e'Z
Gal(L./K) > 7)eZ,
where the second vertical map is the usual quotient. It follows that Gal(K'**™¢/K) &

l(iLnZ/eZ:Hbéng. O

COROLLARY 2.63. Supose that K is a Henselian DVF with perfect residue field
k of characteristic exponent p. Then for each positive integer e that is prime to p,
there is a unique degree e tamely ramified extension L. /K", obtained by taking the
eth root of any uniformizing element of K" . Moreover we have K**™¢ = |, L.
and Gal(K**™e/K"™) =[], Zy.

EXERCISE 2.38. Prove Corollary 2.63. (This is just a check on your under-
standing of unramified extensions.)

13.2. Wildly ramified extensions.
THEOREM 2.64. The wild ramification group Gal(K3P / K*me) s q pro-p-group.

Indeed, every finite quotient is purely wildly ramified, therefore has p-power order.

13.3. A Filtration on the absolute Galois group.

To summarize, let K be a Henselian, discretely valued field. Then we have split up
the Galois extension K*°P/K into three pieces by introducing K" /K, the max-
imal unramified extension and K'™m¢/KYr the maximal totally tamely ramified
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extension. Corresponding to the tower K®°P/K'me /K /K we get a filtration
by normal subgroups

1 C Gal(K®P/K"™™¢) C Gal(K*P/K"™) —C Gal(K*?/K).

There are useful things to say about each of the successive quotients of this filtration.

The bottom piece of the filtration is Gal(K"™/K). As we showed in §X.X, re-
duction modulo the maximal ideal gives a canonical isomorphism from this group
to the absolute Galois group g = Gal(k®P/k) of the residue field k. In par-
ticular, if k is finite, then via the Frobenius automorphism we have canonically
Gal(K" /K) = Z, a very well understood group.

The middle piece of the filtration is Gal(K*™¢/K"")  which is the maximal tamely
ramified extension of K"". As we discussed, we have a noncanonical isomorphism
Gal(Ktame [ gunr) o He;ep Zy.

The top piece Gal(K®°P/K'me) is trivial if char(k) = 0 and is an infinite pro-
p-group if p > 0: indeed for any uniformizer 7 of K and all n € ZT, the polynomial
t*" — 1 is Eisenstein and hence the corresponding extension has ramification index
p", so the polynomial remains irreducible over Ktame,

We list some immediate consequences of this analysis of the filtration.

THEOREM 2.65. The absolute Galois group gi is pro-solvable iff the absolute

Galois group gi of the residue field is pro-solvable. In particular, this occurs when
the residue field k is finite.

THEOREM 2.66. Let K = C((t)). Then the algebraic closure of K is the Puiseuz
series field U, cz+ K(t) and g = 7.

PROOF. Indeed, since the residue field is algebraically closed, K" = K. More-
over, since the residue characteristic s zero, there are no wildly ramified extensions:
K®P = K = K'm¢_ Therefore Gal(K/K) = Gal(K*™™¢/K") =[], Z; = Z. O

Now let us go a little deeper and determine the action of g on [], £p Zy. First we
recall the general procedure for obtaining such an action: let A be a commutative
normal subgroup of a group G, with quotient Q:

15A-5GL5H 1.

Then we can define a homomorphism p : H — Aut(A) as follows: take h € H, lift
to any & in G, and define p(h)(a) = hah~'. First note that the given element maps
under the quotient map ¢ to hq(a)h™' = h-1-h~! = 1, so indeed p(h)(a) € A.
Second note that it is well-defined indepedent of the choice of lift A: indeed, any
other lift would differ by an element of A, and since A is abelian, conjugation by
an element of A is trivial.

Now we identify the g action on [], 2p Lo First we recall that for any n prime to
p, the reduction map identifies the nth roots of unity in K"™ with the nth roots
of unity in k%P, of which there will be precisely n (since n is prime to p). In other
words, the groups p,(K"™") and u, (k°P) are isomorphic as Galois modules. For
any £ # p, let Zy(1) = limy, 00 pren (K™™). As a group, this is isomorphic to Zg, but
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it has a generally nontrivial Gal(K"'/K) = gi-module structure. We may also
form the Galois module [], 4p L¢ Which is the inverse limit over all finite prime to
p roots of unity.

We pause for some important terminology. For any field K of characteristic differ-
ent from p, the Galois action on the inverse limit of /-power roots of unity gives a
homomorphism
9K — Aut(Zz) = Z?
This homomorphism is called the (¢-adic) cyclotomic character and often de-
noted x¢. It is the first nontrivial example of a Galois representation. When K has
characteristic 0, it is traditional to compile all the ¢-adic characters together to get
one representation
X o9 — Aut(] ] Ze) = Aut(Z) = 2%,
¢
again called the cyclotomic character. A more down to earth description of this
character is as follows: for any n € Z*, its image in (Z/nZ)>* may be calculated by
choosing a primitive nth root of unity ¢,, and writing

7(Ca) = X
THEOREM 2.67. In the extension
1 — Gal(K'™™/K"™) — Gal(K**™°/K) — g — 1,
the action of gy on Gal(K'¥™¢/K"") = [],, Z, is precisely as the prime to p
cyclotomic character. We indicate this by writing Gal(K**™¢/K>P) =[], Z(1).
Moreover, this extension splits (noncanonically) as a semidirect product:

K me =TT Ze(1) »y g
L#p
EXERCISE 2.39. Prove Theorem 2.67.
(Hint for the splitting:> choose a uniformizer = and a compatible system of eth roots
of m.)
Here is an application of these ideas.
THEOREM 2.68. Let K = C((t1))((t2)). Then gx = 7 x Z.

PROOF. Since the residue characteristic is 0, we have K5P = KM€ hence a
short exact sequence

1—>HZ¢(1)—>gK—>Z—>1.
¢

By Corollary X.X, the sequence splits and gx = 7% 7.. But moreover the semidirect
product is given by a homomorphism p : A Aut(Z) which is nothing else than
the cyclotomic character on the Galois group of the residue field C((¢1)). But the
residue field contains C and hence all roots of unity, and therefore the cyclotomic
character is trivial, p is trivial, and the product is direct. (Il

Remark: An easy induction argument gives that the absolute Galois group of an
iterated Laurent series field in n variables over C (or any algebraically closed field
of characteristic 0) is isomorphic to Z™.

3Thanks to Brian Conrad.
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COROLLARY 2.69. When K = Q,, the Galois group Gal(K'*™°/K is isomor-
phic to the profinite completion of the discrete group
T={om| o |erg™ =717).
EXERCISE 2.40. Prove Corollary 2.69.

COROLLARY 2.70. Suppose that gx = 7. Then the extension
1= grur = g = g — 1

splits (noncanonically) as a semidirect product. Equivalently, there exists a (nonunique!)
extension L/ K such that (i) L/ K is totally ramified and (ii) K5°P /L is unramified.

PRrOOF. This is the profinite analogue of the fact that a short exact sequence
1-A—-G—-Z—1

splits, because to get a splitting we need a section ¢ : Z — G, and since Z is a free
group, there are no relations to satisfy: a section ¢ is determined simply by choosing
any lift of 1 € Z to G. In the profinite case, we lift any topological generator of 7
to get a map ¢ : Z — Gal(K®P/K) and then ¢ extends uniquely to a continuous
homomorphism on Z.. We leave to the reader the task of checking this carefully and
also verifying that the splitting of the sequence is equivalent to the existence of a
totally ramified extension L/K such that K5P/L is unramified. O

Remark: More generally, a profinite group H for which any short exact sequence
l1-N—-G—H-—1
of profinite groups splits as a semidirect product is called projective. A profinite
group is projective iff its Sylow p-subgroups are free pro-p-groups. Most profinite
groups are not projective. So far as I know, in general the short exact sequence
1—>gKlmr—)gK—>gk—>1

need not split. It would be nice to know a specific example!

EXERCISE 2.41. This exercise requires background in arithmetic geometry.

Suppose that K is a Henselian discrete valuation field with residue field k,
and assume that the short exact sequence

1 = grur > g =g — 1

splits: there is a totally ramified extension L/K such that K3°P /L is unramified.
a) (Serre-Tate [ST68]) Let Ak be an abelian variety with potentially good reduc-
tion. Show: there is a totally ramified extension L/K such that A;;, has good
reduction.

b) (Clark-Xarles [CXO08]) Deduce that there exists an injection A(K)[tors’] —
A(k)[tors’], where for a commutative group G, Gltors'] means the subgroup of ele-
ments of order prime to the residue characteristic.






CHAPTER 3

Adeles

1. Introducing the Adeles
1.1. What should the adeles do?

We have now come to what is probably the most important topic in our course:
the systematic study of global fields using their locally compact completions.

Let K be a global field — we call that this means that K is either a finite ex-
tension of Q (a number field) or a finite separable extension of F,(t) (a function
field).

In the case of a locally compact field K, the additive group (K, +) and the mul-
tiplicative group (K *,-) play key roles in the theory. Each is a locally compact
commutative group, hence amenable to the methods of Fourier analysis. Moreover,
the additive group is self-Pontrjagin dual, and the multiplicative group K* is a
target group for class field theory on K: that is, there is a bijective correspondence
between the finite abelian extensions L/K and the finite index open subgroups H,
of K* such that K*/Hy, = Gal(L/K).

We seek global analogues of all of these facts. That is, for K a global field, we
will define a commutative topological ring Ak, the adele ring, which is locally
compact and self-Pontrjagin dual. (This allows us to do harmonic analysis on
global fields, as was first done in John Tate’s 1950 Princeton thesis. We will not
actually do this in our course, but it is an all-important topic in modern number
theory, and I wish to be aware of it and be prepared to learn it!) Moreover, the
group of units, suitably topologized, is called the idele group Ix. It is again a
locally compact commutative group.

There are further important topological properties that we do not see in the
local case: namely, we will have canonical embeddings K «— Ag and K* < lk.
In the additive case, K is discrete (hence closed) as a subgroup of the adele ring,
and the quotient Ay is compact. In the multiplicative case, K* is again a discrete
subgroup of Ix; the quotient group is denoted C(K). C(K) need not be compact,
but it is again a target group for class field theory on K.

1.2. The adele ring.

For each place v of K, the completion K, is a locally compact field, so it seems
natural not to proceed merely by analogy but actually to use the fields K, in the
construction of our putative Ag. The first idea is simply to take the product of all
the completions: [], K,. However, this will not work:

95
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EXERCISE 3.1. Let {X;}ier be an indexed family of nonempty topological spaces.
Show that the following are equivalent:
(i) X = I1;e; X is locally compact.
(i1) Each X; is locally compact, and {i € I | X; is not compact} is finite.

So the next try is cut down by taking only compact groups except in finitely many
places. In our case this makes sense: all but finitely many places v (all of them
in the function field case!) are non-Archimedean, so that we have the valuation
ring R, of K,, a compact subgroup (subring, even) of K,. Thus the product
[Toaren Ko X [1,n4 Ro is a locally compact commutative group having something
to do with the global field K. But not enough: we would like to have an embedding
K — Ak and this is clearly not the case with the above product. For instance, tak-
ing K = Q we see that an element x € K lies in the direct product iff ord,(z) > 0
for all primes p, i.e., iff x € Z. So this is a reasonable “global completion” of Z:
indeed it is precisely Z xR, i.e., the direct product of the usual profinite completion
of Z with R.

Suppose we wanted to make an analogous construction that included the nonzero

rational number £. Then y is divisible only by a finite set of primes, say .S. Thus

% naturally lives in R x J],. g Q¢ x Hegzs Zy, which is still a locally compact group

since it has only finitely many noncompact factors. Of course the finite set S that
xr

we need to take depends on E indeed, to get all possible denominators we will
need to use all the groups

AQ(S) =R x HQZ X HZ@.
s ¢S
But can we get one locally compact commutative group out of this family of locally
compact groups indexed by the finite subsets S of non-Archimedean places of Q7
Indeed yes! Observe that these locally compact groups naturally form a directed
system: if S C ', then Ag(S) — Ag(S’) embeds as an open subgroup. Therefore
we may define

Thus, as a set, Ag is the subset of R x ][, Q¢ consisting of sequences (r, 2¢) such that
x¢ € Zy for all but finitely many primes ¢. (Note that this is strongly reminiscent
of a direct sum, except that instead of requiring all but finitely many components
to be zero, we require that they lie in a fixed compact subgroup.)

How do we topologize Ag? Well, how do we topologize a direct limit of topo-
logical spaces? There is a standard recipe for this. More generally, suppose we
have a directed system of topological spaces {X;};c; — i.e., I is a directed set and
for each pair of indices with ¢ < j we have continuous maps ¢(4, j) : X; — X; such
that ¢(i,k) = ¢(j, k) o p(i,j) when i < j < k —aset X, and maps f; : X; = X
which are compatible in the sense that ¢ < j implies f; = f; o ¢(¢,5). Then the
canonical topology to put on X is the final topology, i.e., the finest topology
which makes all the maps f; continuous. (To see that such a topology exists, note
that the trivial topology on X makes all the maps continuous and given any family
of topologies which makes all the maps continuous, their union is such a topology.)
This topology can also be characterized by a universal mapping property. To make
use of this, the following exercise is critical.
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EXERCISE 3.2. a) Show that the final topology can be characterized as follows:
a subset U C X 1is open in the final topology iff for alli € I, fi_l(U) is open in U.
b) Deduce that for each finite subset S of prime numbers, Ag(S) is an open, locally
compact subring of Ag, and therefore that Ag is a locally compact topological ring.

We want the same sort of construction with Q replaced by an arbitrary global field
K. In fact, we may as well develop things in “proper generality” (it costs nothing
extra): the key concept is that of the restricted direct product.

Suppose we are given the following data: (i) a nonempty index set I, (ii) for all
i € I, a topological group G;, (iii) for all i € I an subgroup H; of G;. Then we
define the restricted direct product G' = [[' G; to be the subset of [[G; con-
sisting of tuples (x;) such that z; € H; for all but finitely many 4’s. For each finite
subset J C I, let G' = HieJ G; X HiQJ H;. Then G = lim; G’, and we give it the
final topology.

EXERCISE 3.3. Is it true that the direct limit topology on G is the same topology
as it inherits as a subset of the direct product [],.; G;?

EXERCISE 3.4. Show: G is compact iff each G; is compact.

EXERCISE 3.5. Show that G is locally compact iff: each G; is locally compact
and all but finitely many H;’s are compact.

We now give a more technical discussion of the relation of Haar measure on each
of a family {G;} of locally compact commutative groups and the Haar measure on
the restricted direct product. This will be used (only) in the proof of the Adelic
Blichfeldt-Minkowski Lemma.

We place ourselves in the following situation: we are given a family {G;};ics of
commutative topological groups together with, on the complement of some finite
subset I, of I, a compact open subgroup H; of G;. Let G = [[' G; be the restricted
direct product of the G;’s with respect to the H;’s. Then, for each ¢ € I, there is
a Haar measure mu; on G,;. Moreover, for each i € I\ I, we can normalize u;
by decreeing u;(H;) = 1. We define a product measure on G to be a measure
whose o-algebra is generated by cylindrical sets []; M; such that each M; C G;
is p; measurable and has p;(M;) < co and such that M; = G; for all but finitely
many . There is a unique measure p on G such that p(]], M;) =[], i(M;). Note
that the restriction of p to any subgroup Gs = [[,.¢ Gi X HieI\S H; is the usual
product measure, a Haar measure.

€S

Definition: Let K be any global field. We define the adele ring Ay as the re-
stricted direct product of the topological fields G, := K, as v ranges over all places
of K and with the following chosen subgroups: if v is Archimedean, we put H, = K,
(no restriction), and if v is non-Archimedean, we put H, = R,, the valuation ring,
a compact subring. Thus Ak is a locally compact ring.

Notation: Despite some misgivings, we introduce the following notation. For a
global field K, we let X denote the set of all places of K, i.e., equivalence classes
of nontrivial norms on K. (Recall that at this point we have associated a canon-
ical normalized Artin absolute value to each place in K.) Further we write Y}¥A
for the subset of non-Archimeden places of K, and let ©4*" denote the subset of
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Archimedean places of K, which is nonempty iff K is a number field.

For each finite S with S4" C S C g, let Ag(S) = [[,cq Ko X [l,gs Ro be
the ring of S-adeles.

EXERCISE 3.6. a) Show that Ax(S) is both open and closed in Ak.
b) Let v : K — ], K, be the natural embedding. Show that «(K) C Ak.

EXERCISE 3.7. a) Show that the adele ring Ak is not an integral domain.
b) Compute Spec Ag.!

1.3. Basic results on the topology of the adeles.

LEMMA 3.1. Let L/K be a finite separable extension of global fields. Then we
have a canonical isomorphism of topological rings A, = A @ L.

PROOF. The main idea of the proof is the following familiar fact: for every place
v of K we have an isomorphism of topological K,-algebras L @ K, =[], | o L.
Compiling these local isomorphisms gives the global isomorphism. For the topolog-
ical isomorphism, we check that both sides are topologized by the same restricted
direct product topology. Details are left to the reader as a good exercise. ([l

COROLLARY 3.2. Maintain the notation of the previous lemma. Then, as ad-
ditive groups, (Ap,+) = (A, +)FE]

Proor. We use the topological group isomorphism Ay ®p L = A%:K]. O

THEOREM 3.3. Let K be a global field. As a subspace of Ag, K is discrete.
Moreover, the quotient Ak /K is compact.

Proor. By Corollary 3.2, we may assume that K = Q or K = F,(¢). In

the number field case, we let oo denote the Archimedean place, whereas in the
function field case, we let (as usual) co denote the place at infinity, for which % is
a uniformizer. Let R = Z or F[t], accordingly.
Let us show the discreteness of K in A . Because we are in a topological group, it
is enough to find a neighborhood of zero U C A such that UNK = {0}. Let U be
the set of adeles z with |Zo|oo < 1 and |z,|, < 1 for all finite places p. Certainly U
is an open set. When K = Q the intersection U N K consists of rational numbers
which are integral at all places — i.e., integers — and have standard absolute value
strictly less than 1. Clearly this intersection is 0. Similarly, in the function field
case, the integrality conditions force x € KNU = x € R, i.e., x is a polynomial,
whereas |z], < 1 means that x is, if not zero, a rational function of negative degree.
So z = 0. This proves the discreteness in both cases.

Let W C Ak be the compact subset defined by |Zoo]oo < 1, |Zy|s < 1 for all
finite places v. We claim that every adele y can be written in the form b+ z, with
be K, x € W. When K = Q this is an easy but enlightening exercise using the
Chinese Remainder Theorem that we leave to the reader. For the sake of variety
let’s do the K = Fy(t) case instead. Let € Ak, and let S be the finite set of
finite places v for which |z,|, > 1. We realize each such v as a monic irreducible

1Hin‘c/VVarning: This involves ultrafilters and such.
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polynomial v(t) € F,[t], and let n(v) € ZT be such that [v""z,|, = 1. For v € S,
put

80 |ty|y = 1. By the Chinese Remainder Theorem, there is 3’ € Fy[t] such that for
allv e S,y = uw" ™z, (mod v™")). We put

/

Y
YT Mg o™
Thus for all v € S we have |z, — y|, < 1, and for all finite v ¢ S we have |z,|, <1
and |y|, <1, so certainly |z, — y|, < 1.

Finally we must deal with the place v = co. If we add to y any polynomial
f(t) € Fg[t] we do not disturb anything that we have already done. If deg(xz—y) < 0,
then |z — y|eo < 1 and we need not do anything. If deg(z —y) > 1, then by
polynomial long division we may write + —y = f + £ with f,7,s € F,[t] and
degr < degs. Thus replacing y by y — f preseserves all our finite integrality
conditions and attains integrality at the infinite place.

So the quotient map A — A/K restricted to W is surjective: we're done. [

LEMMA 3.4. (Adelic Blichfeldt-Minkowski Lemma) Let K be a global field.
There is a constant C = C(K) such that: if v = {x,} € Ak is such that |z,|, =1
for almost every v and [], |xy|, > C, then there is a nonzero y € K such that for
all v € ¥k, we have |yl, < |xy]y.

PRrROOF. This proof uses the product measure p on Ay defined above. More-
over, since K is countable and A /K is compact, it has a finite, positive, total
measure ¢y with respect to the Haar measure — in other words, this is the measure
of a fundamental region for the coset space Ax/K in K. Let ¢; be the measure of
the subset of Ay defined by the inequalities |z, |, < 1—10 at the Archimedean places
and |z,], <1 at the non-Archimedean places. It is easy to see that 0 < ¢; < oc.
We show that we may take C' = z—(l’

Now fix an adele @ = (a,) such that |a,|, = 1 for almost every v and
[T, lowly > C. Let T be the set of adeles (z,) with |z,], < 75|o |, at Archimedean
places and |z,|, < |ay|, at non-Archimedean places. The set T has measure
c1 ], law| > e1C = ¢p, hence there must exist distinct elements of T with the
same image in the quotient A /K, say 7/ and 7"/ so that 8 := 7/ — 7 is a nonzero
element of K such that |3|, = |7} — 7| < |ay|v, qed. O

1

ig at the Archimedean

EXERCISE 3.8. What was the point of inserting the factor
places?

Remark: For a statement of the classical Blichfeldt Lemma, see e.g. Theorem 5 of
http://math.uga.edu/~pete/4400Minkowski . pdf.

For future reference, a constant C' as in the statement of Lemma 3.4 will be called
an adelic Blichfeldt constant.

COROLLARY 3.5. Let vy be a normalized valuation on K. Choose a sequence
{6y }vsv, such that 8, > 0 for all v and 6, = 1 for all but finitely many v. Then
there exists © € K* such that ||, < &, for all v # vo.
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ProoF. Choose «, € K, with 0 < |a,| < 6, and |ay|, = 1 if §, = 1. Choose
ay, € Ky, such that [], |ow|o, > C. Apply the Lemma. O

THEOREM 3.6. (Strong Approximation) Fix any valuation vy of the global field
K. Define AR to be the restricted direct product of the K.,’s (with v # vo) with
respect to the subrings R, for the non-Archimedean places. Then the natural em-
bedding K — A} has dense image.

PROOF. The theorem is equivalent to the following statement: suppose we are
given (i) a finite set S of valuations v # vy, (ii) elements a,, € K, for all v € S
and (iii) € > 0. Then there exists 8 € K such that | — a,|, < e for all v € S
and |8], < 1 for all v # vy. By the proof of Theorem 3.3, there exists W C Ag
defined by inequalities |ay|, < §, for all v, §, = 1 for all but finitely many v, such
that every adele o € Ak is of the form a =y + w, y € K, w € W. By Corollary
3.5, there exists z € K* such that |z|, < d, '€ for all v € S and |z|, < §,;! for all
v # vg. Let o be any adele. Write 2 'ar = y +w with y € K, w € W, and multiply
by = to get a = xy + xw. Finally, choose a to be the adele with v component the
given «, for all v € S and 0 elsewhere. Then we may take 8 = zy. (|

EXERCISE 3.9. Give a hands-on proof of Theorem 3.6 when K = Q, vg = oco.
1.4. Ideles.

Let R be a topological ring. Then the group of units R* need not be a topo-
logical group under the induced topology: the problem is that inversion need not
be continuous.

It will be helpful to use the following snippet from the theory of topological groups:
a paratopological group is a group G endowed with a topology with respect
to which the group law is “jointly continuous”, ie., - : G x G — G is contin-
uous. A semitopological group is a group endowed with a topology with re-
spect to which the group law is “separately continuous”: for all y € G, the maps
yo : G = G, r+— yzxr and ey : G — G, x — xy are continuous. Thus a topologi-
cal group is precisely paratopological group in which the inversion map z +— z !
is continuous, and every paratopological group is a semitopological group but not
necessarily conversely.

THEOREM 3.7. (Ellis)
a) Every locally compact paratopological group is a topological group [E157a].
b) Every locally compact semitopological group is a topological group [E157b].

EXERCISE 3.10. a) Suppose R is a locally compact topological ring in which R*
is open. Show that R* is a topological group: i.e., x — x~! is a homeomorphism
of R* under the subspace topology.

b)? Take on Q the topology Tr for which a neighborhood base at x € Q is given by
{z + nZ}>2,. Show that T is Hausdorff, so in particular Q* = Q \ {0} is open.
Show that inversion on Q* is not continuous.

There is a general method for endowing R* with the structure of a topological
group. Namely, we think of R* as a subset of R x R via the injection z +— (x,z71).
Let us call this the multiplicative topology.

21 received this example from T. Trimble, who took it from [Wa, p. 113].
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ProPOSITION 3.8. Let R be a Hausdorff topological ring.
a) Show that the multiplicative topology on R* is at least as fine as the subspace
topology.
b) Show that if we endow R* with the multiplicative topology, it is a Hausdorff
topological group.

EXERCISE 3.11. Prove Proposition 3.8.

Of course the case we have in mind is R = Ak, the adele ring of a global field K.
We define the idele group [x to be the unit group of the adele ring.

PROPOSITION 3.9. Let Ijx = A% be the idele group.
a) I is the set of all adeles (), with x, # 0 for all v and x, € R for almost
all v.
b) The idele group Ik is not an open subgroup of Ak.
¢) The multiplicative topology on I is strictly finer than the subspace topology.
d) The multiplicative topology on Ik makes it into a locally compact (Hausdorff)
topological group. In fact, it is nothing else than the restricted direct product of
the spaces K.* with respect to the compact subgroups R} (and the locally compact
subgroups K* at the Archimedean places, if any).

EXERCISE 3.12. Prove Proposition 3.9.

EXERCISE 3.13. For finite S, Y4*h C S C Xk, define the group of S-ideles

I (S) = [ & = [] Ry

veS vgS

a) Show that each I (S) is open and closed as a subgroup of Iy .
b) Show that the natural (diagonal) map from K* to Ix(S) is an injection. Hence-
forth we identify K> with its image in I or 1 (S) for some S.

LEMMA 3.10. K* is discrete in [ .

PROOF. By the definition of the topology on the adeles, it is enough to show
that discreteness of K* as embedded in Ax x A via x — (z,271). But this follows
immediately from the discreteness of K in Ax and the easy fact that a product of
two discrete spaces is discrete. (I

EXERCISE 3.14. a) Give a direct proof of Lemma 3.10 when K = Q or Fp(t):
i.e., exhibit a compact neighborhood U of 1 in Iy such that U N K> = {1}.
b) Let K/Ky be a separable extension of global fields. Can you deduce the discrete-
ness of K* in Ik from the discreteness of K in Ak as we did in the additive
case?

Stop for a moment and think what should be coming next. The natural question
is — isn’t it? — whether K* is cocompact in Ix as was the case for K and Ag.
The answer is no, and this is a fundamental difference between the ideles and the
adeles. To see this, we will construct a continuous map from the idele class group
C(K) =1xg/K* to a noncompact subgroup of R*, a kind of “norm map”.

Normalized valuations: let Ky be Q or F,(¢), the prime global field. For v a
place of K, we choose a particular norm as follows: say v | vy a place of Ky, let
|- o, be the standard norm on the (Kj),,— i.e. which gives a uniformizer norm % -
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and define || - ||, by |[z]|v = [Nk K, (x)]. (This coincides with the canonical norm
given by the Haar measure.)

THEOREM 3.11. (Product formula) Let x € K*. Then
[Tl = 1.

PROOF. Step 1: Suppose K = Q or F,(¢). In this case it is straightforward to

verify the product formula directly. Indeed, in both cases it takes the special form
that the norm at the infinite place is exactly the reciprocal of the product of the
norms at all the finite places. This verification was done in class with the help of
the students, and we leave it to you, the reader, now.
Step 2: Let L/K be a finite degree separable field extension. We wish to reduce
the product formula for L to the product formula for K, a task which involves little
more than careful bookkeeping. First we recall the following appealing formula for
the normalized Artin absolute values. Let L, /K, be a finite exension of locally
compact fields. Then for all z € L,,, we have

2ll2., = [NL/ (@) |1, -

Thus, for x € L, we have

lell= TT II lello= TT TII INew/w.le.

vEXK w | v vEXK w | v

On the other hand, we have
IT Zw

w | v

1%

l)@K’A%

and thus
I Mewsx, (@) = Nijx(@).
w | v

Using this identity, we get

||z|| = H INL i (7)] =1

VEX K
by Step 1. O

We define a norm map |- | : [x — R> by z € I — |z| = [[, |#y],. It is immediate
that this is a group homomorphism.

EXERCISE 3.15. Show that the norm map || - || : Ixx — R>? is continuous.

Since our normalized Artin absolute values on R and C are both surjective onto
R>Yif K is a number field, looking only at ideles which have component 1 except
at one fixed Archimedean place shows that the norm map is surjective. If K has
characteristic p > 0, then the image of the norm map lies somewhere in between p”
and p%: i.e., it is not surjective, but its image is an unbounded — hence noncompact
— subset of R*. Thus we have shown:

LEMMA 3.12. The idele class group C(K) =1 /K> is not compact.

We also include, for future use, the following result to the effect that the disparity
between the subspace and multiplicative topologies is eliminated by passage to
norm one ideles:
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LEMMA 3.13. The norm one ideles I} are closed as a subset of the adele ring
Ak . Moreover, the topology that I} inherits from A is the same as the topology
it inherits from Ik .

PROOF. First we show that I} is closed in Ag. So let o € Ak \ I}.. We must,
of course, find a neighborhood W of « that does not meet I1,.
Case 1: [], |ow]ly < 1. Let S C ox be a finite set containing all places v with
|oy| > 1 and such that [] g |awls < 1. Let We be the set of all 3 € A such that
|8y — ayly < € for all v € S and |B,], < 1 for all other v. Then W, does the job for
all sufficiently small e.
Case 2: [[, |oawlo = C > 1. Then there is a finite set S of places v containing each
place v with |a,|, > 1 and if v € S then [B,], <1 = . (For instance, in the
number field case we may take S to contain all Archimedean places and all finite
places of residue characteristic p < 2C. Similarly, in the function field case we may
take S to contain all places extending places of Ky = IF,(¢) with residue cardinality
at most 2C.) Then defining W, as above does the job for all sufficiently small .

Now we show that the adelic and idelic topologies on Ik coincide. Fix o €
I}.. Let W C Ik be an adelic neighborhood of a. Then it contains an adelic
neighborhood of type W,(S) above, for some finite subset S. The corresponding
set W!(S) defined by S such that |8, — a,|, < € for all v € S and |B,], = 1 for
all other v, is an idelic neighborhood of a and W/(S) € W,(S). Conversely, let
H C I} be an idelic neighborhood. Then it contains a neighborhood of type W,(S)
where S contains all Archimedean places and all v such that |a,|, # 1. Since by
assumption [ [, ||, = 1, by taking e sufficiently small we get [[, |Bv]v < 2. Then
W(S) NI = W/(S) NIk, ged. O

It is natural to try to “fix” the noncompactness of C'(K) by passing to the kernel
of the norm map. So we make another key definition: put C1(K) = ker(| - | :
I /K> — R>%), the norm one idele class group.

THEOREM 3.14. The norm one idele class group C*(K) is compact.

PRrOOF. Using Lemma 3.13, it suffices to find a compact subset W C A such
that the map WNIk — I} /K* is surjective. Let C be an adelic Blichfeldt constant
for K; let a = () be an idele with [|a|| > C, and let W be the set of adeles 3 such
that for all places v of K, |By]y < |aw|o. W is easily seen to be compact. Now let

B € I}. Then, by the adelic Blichfeldt-Minkowski Lemma, there is x € K* such
that for all places v, |z|, < |8, ay|,. Then z8 € W. O

2. The Adelic Approach to Class Groups and Unit Groups
2.1. Rings of S-integers.

Despite some misgivings, we introduce the following notation. For a global field K,
we let X i denote the set of all places of K, i.e., equivalence classes of nontrivial
norms on K. (Recall that at this point we have associated a canonical normalized
Artin absolute value to each place in K.) Further we write )" for the subset
of non-Archimedean places of K, and let E?{Ch denote the subset of Archimedean
places of K, which is nonempty iff K is a number field.

Now let S C Yk be a finite set such that S D X", We define the ring Rg
of S-integers of K to be the set of x € K such that v(z) > 0 for all v € XA\ S.
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EXAMPLE 3.15. a) Let K be a number field, and let S = S45h. Then
Ry ={xz € K |vy(z) >0 Vp € MaxSpecZg } = Zk-.

b) Let K = Q and let S = {00, p1,...,pr} be any finite subset containing the infinite

place. Then
1
Rg = Z]———].
pi---pr
¢) Let K =TFy(t), and let S = {oo}. Then Rg = T,[t].

EXERCISE 3.16.
a) If K is a function field and S = 0, show: Rg is the mazimal finite subfield of K
(or, in other words, the “algebraic closure of F), in K”.)
b) Show: if S # (), then Rs is a Dedekind domain that is not a field.

EXERCISE 3.17. Suppose that S C T are finite subsets of Y with L4*" C S.
a) Show: Rg C Rr.
b) Suppose Rg is a PID. Show: there are prime elements p1,...,p, of Rs such that

Ry = Rs[——1.

pLe Py

¢)* Show: in general Ry is a localization of Rg.3

2.2. Finiteness of the S-class groups.

Like any Dedekind domain, Rg has an interesting invariant: its ideal class group.
Let us review the construction in more generality.

Let R be a domain with fraction field K. A fractional R-ideal is a nonzero
R-submodule I C K for which there is a € R\ {0} such that aI C R. Let Frac R
denote the set of all fractional R-ideals. For I,J € Frac R we define the prod-
uct I1J to be the R-submodule of K generated by all the pairwise products zy for
x €I,y e J. Then 1J is again a fractional ideal, and this operation endows Frac R
with the structure of a commutative monoid (that is, the operation is associative
and has a multiplicative identity — the fractional ideal R — but elements need not
have multiplicative inverses). A fractional ideal I is invertible if there is a frac-
tional ideal J such that I.J = R. We denote the set of invertible fractional ideals of
R by Inv R: this is indeed nothing else than the group of units of the monoid Frac R.

A fractional ideal I is principal if it is monogenic as an R-module: in other words,
there is x € K* such that

I=(z)={rx|reR}

The inverse of the principal fractional ideal (z) is the principal fractional ideal
(x71), so the set Prin R of principal fractional ideals forms a subgroup of Inv R.
We define the Picard group of R to be the quotient

Pic R == Frac(R)/ Prin(R).
This is a rather general definition. The generality is indeed useful in number theory

—e.g. for the case of a non-maximal order in a number field. However, for Dedekind
domains things simplify:

31 don’t see how to do this without using the finiteness of the class group of Rg, coming up
soon.
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THEOREM 3.16. For a domain R, the following are equivalent:
(i) R is a Dedekind domain.
(i) Every fractional R-ideal is invertible: Frac R = Inv R.

PROOF. See [C:CA, Thm. 20.1]. O

Thus in a Dedekind domain, Pic R is simply the group of all fractional ideals modulo
principal ideals. It is a basic fact that for a Dedekind domain R we have

PicR is trivial <= Risa UFD <= is a PID,

and thus the nontriviality of Pic R is the obstruction to unique factorization of
elements in R. When R is understood to be a Dedekind domain, we will write CI R
in place of Pic R and call it the class group.*

EXERCISE 3.18. a) Let k be a field, and let (E,O),;, be an elliptic curve. Let
k[E°] be the standard affine coordinate ring of E: this is the ring of all rational
functions f € k(E) that are reqular away from the neutral point O. Let k(E) be the
group of k-rational points of E. Show that there is a canonical isomorphism

Clk[E°] 5 E(k),

where E(k) is the group of k-rational points of E.
b) By taking k = C, deduce that there is a Dedekind domain whose class group is
uncountably finite and not a torsion group.

The preceding exercise suggests there are no obvious restrictions on the class group
of a Dedekind domain other than commutativity. Indeed there are none!

THEOREM 3.17. (Claborn [C166]) For every commutative group A, there is a
Dedekind domain R such that C1R = A.

THEOREM 3.18. Let K be a global field and S C Xk a finite set containing all
the Archimedean places. Then the ideal class group Cl(Rg) = Frac(K)/ Prin(K) is
a finite commutative group.

Especially in the number field case, the group Cl Rg is sometimes called the S-class
group of K. It is closely related to the general concept of overrings of a Dedekind
domain, which again we explain briefly in somewhat more generality.

If R is a domain with fraction field K, then by an overring of R we mean a
ring T with R C T C K. In particular every localization is an overring, but in gen-
eral this does not yield all possible overrings. Suppose now that R is a Dedekind
domain, and let T be an overring of R. For each p € MaxSpec R, the localization
R, is a DVR with fraction field K — these are precisely the maximal overrings of
R, and we have

R= (] R

peMaxSpec R

The following result completely classifies the overrings of a Dedekind domain as
“generalized S-integer rings.”

1For a general domain R one can also define a divisor class group ClR: see e.g. [C:CA,
§19.4]. The class of domains on which the divisor class group and the Picard group coincides
includes all Dedekind domains, so with Dedekind domains there is no need to be so fastidious.
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THEOREM 3.19. Let R be a Dedekind domain. For every subset W C MaxSpec R,

let
Ry = N R
pEMaxSpec R\W
a) Then Ryw is a Dedekind domain.
b) Let T be an overring of R, and put

W(T) = {p € MaxSpec R | pT = p}.
Then T = RW(T)
PRrROOF. See [C:CA, Thm. 23.3]. O

An elliptic Dedekind domain is an overring of a Dedekind domain of the form
E[E°] for an elliptic curve (E, O) defined over a field k. The following result gives
a new proof of Theorem 3.17 that builds on earlier work of Rosen [Ro76].

THEOREM 3.20. (Clark [C109b]) Let A be a commutative group. Then there is
an elliptic Dedekind domain R with C1R =2 A.

EXERCISE 3.19. Let R be a Dedekind domain and let T = Ry be an overring
of R. The map ¢ : R — T induces a map on ideal class groups, t. : CI(R) — CI(T),
simply by pushing forward ideals: I — IT. Show that v, is surjective with kernel
the subgroup of Pic R generated by W, i.e., by the classes of prime ideals p of R
with pT = T. In particular, if CI(R) is finite, then so is CI(S5).

Now we give the proof of Theorem 3.18 in the number field case, so let K be a
number field and S a finite set of places of K containing all Archimedean places.
Note that we may naturally view MaxSpec Rg as X \ S. We define a group
homomorphism
V :1x — Frac(Rg)

by associating to the idele (x,) the sequence of valuations v(z,) as v ranges over
elements of X \ S (here we are identifying a non-Archimedean place on K with
its corresponding Z-valued valuation) and then putting

V@)= [ we.
peMaxSpec Rs

This map is well-defined because v(x,) = 0 for almost every v. It is plainly surjec-
tive. If x € K*, then V(z) = (), so V descends to a surjective homomorphism

V: CO(K) — CI(Rs).

We claim that V' remains surjective when restricted to C1(K): indeed, as K is a
number field we have at least one Archimedean place, and at each Archimedean
place the local norm map surjects onto R>°, so by modifying the idele at a sin-
gle Archimedean place we can make the norm one without changing V. Now we
observe that the kernel of V' contains the open subgroup [], R;, so the image is
discrete in the natural (quotient space) topology. Thus in the quotient topology,
Cl(Rg) is both discrete and compact, and therefore finite!

What about the function field case? The setup, including the definition of the
map V : Ixg — Frac Rg, is identical to the above. There is just one change: S
no longer contains any Archimedean places. If S = &, then Rg is a finite field
so Cl Rg is trivial. Otherwise what we can assume about S is that it contains a
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non-Archimedean place v, and then if K has characteristic p > 0, there is some
positive integer power ¢ of p such that |KX|, = ¢”. Since this is true for every
v € Yk, the norm of any idele lies in p”. Thus we cannot necessarily adjust the vth
component of an idele in order to make the norm be 1, so V restricted to C1(K)
need not be surjective. But if ¢ = p/, this shows that Cl Rg is the image of the
elements of C(K) with norm lying in [1, g], and this is still a compact space. This
completes the proof in the function field case.

2.3. Structure of the S-unit groups.

With K and S as above, we now wish to study the structure of the unit group
Us = R§. Again, in the number field case this is often called the S-unit group.
We will give a generalization of the celebrated Dirichlet unit theorem to S-class
groups of either number fields or function fields.

LEMMA 3.21. Let 0 < ¢ < C. Then the set S = 8(5,¢,C) of S-units x with
c<|z|l, <C forallv € S is finite.

PrOOF. The set W of ideles x = (x,) with |z,|, = 1 for all v & S and
¢ < |ayly < C for all s € S is visibly compact. We have S = W N K>, so S is
compact and discrete, thus finite. O

LEMMA 3.22. The set of elements x € K such that |z|, = 1 for all places v of
K is precisely the group of roots of unity of K, which is a finite commutative group.

PRrROOF. Let u(K) be the group of roots of unity of K and let 7 be the subgroup
of elements of K™ which have norm one at every place v of K. By Exercise 1.3a),
w(K) C T. Applying Lemma 3.21 (with any fnite set S containing Y2M) and
¢ = C =1 shows that T is finite. In particular, each element of 7 has finite order,
so T C u(K). Thus T = u(K) is finite. O

Remark: In fact, it follows from our work on locally compact fields that in any
locally compact field except C, the group of roots of unity is finite. This is obvious
for R. For a non-Archimedean locally compact field, this is Theorem 2.32.

LEMMA 3.23. Let r,s € Z with s > r > 0, and let G = R” x Z5T". Let
A: G — (R,+) be a nontrivial homomorphism of topological groups. Moreover:
o When r =0, we assume that \(Z*T17") = (Z,+)
o, When r > 0, we assume that A\|gr = (R, +).
Let K = Ker(A) and let T be any discrete, cocompact subgroup of K. Then T' = Z5.

PROOF. Write A = A\; + Ay, where Ay = A|gr and Ay = A|gst1-r.
Case 1: 7 = 0. Then A\; = 0, so (by assumption!) Z**!/K 2 Z and thus K = Z°.
In this case every subgroup of K is discrete and is cocompact iff it has maximal
rank, so indeed I" = Z°.
Case 2: Xy = 0. Then K = ker(\;) @ Zst177 = R"~1 ¢ Z5+1=". A discrete
cocompact subgroup of this is obtained by choosing a rank r — 1 lattice of R™~!
together with Z*+1~", hence is isomorphic to Z.
Case 3: Finally, we assume that A\; and Ay are both nontrivial. Then the image of
Mg is isomorphic to Z! for some 1 <t < s+ 1 — 7. Then

Ko :={(z,y) € G | M(z) = Ma(z) = 0}
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is a subgroup of K and K/Ky = Z!. Explicitly, Ko = R™! x ZsT1=7=t and thus
K 2R xZ5~ "+ 50 again a discrete cocompact subgroup must have rank s. [

We now give the following attractive generalization of Dirichlet’s Unit Theorem,
the third basic finiteness theorem in algebraic number theory.

THEOREM 3.24. Let K be a global field, S a finite nonempty set of places of K
containing all Archimedean places (if any). Let Ug be the group of S-units. Then
Ug is a finitely generated commutative group. More precisely, its torsion subgroup
is the finite group of roots of unity in K, and its rank is #5 — 1.

ProoF. (Ramakrishnan-Valenza [RV]) Step 1: For v € Xk, let C, = {z €
K, |- |z|, = 1}. This is a compact subgroup of K. Therefore, by Tychonoff,
C =], Cy is a compact subgroup of I (S), the “adelic circle group”. We have a
short exact sequence of topological groups

1—C—1Ig(S)— HKUX/CU — 1.
veS

Now K¢ /C, is isomorphic to R>? 2 (R, +) if v is Archimedean and isomorphic to
Z if v is non-Archimedean. If we put s = #S —1, 7 = #34*" then we may rewrite
the exact sequence as

1—=C—=1Ig(S) R @z = 0.

We wish to first restrict this sequence of norm one S-ideles and then further to
elements of K> NIL(S).

Step 2: Consider the norm map restricted to the subgroup of S-ideles: || - || :
Ik (S) — R>Y. The circle group C lies in the kernel of ), so the norm map factors

through a homomorphism R @ Z™ — R>9 g (R, +), which we will call \. We
claim that A satisfies the hypotheses of Lemma 3.23. Indeed, if » = 0 then we are in
the function field case, so the image of the norm map is an infinite cyclic subgroup
of R>%, whereas if » > 0 then we are in the number field case and the norm map
is surjective. It follows that any discrete, cocompact subgroup of K = ker(\) is
isomorphic to Z*® = Z#S5-1,

Step 3: Now consider the S-unit group R = K NIg(K). By Lemma 3.22,
R$NC = p(K), the finite group of roots of unity in K. Therefore we may define I'
to be the image of Ry in G = R"™ @ Z"?; note that I' = R /uu(K). Moreover, since
K* is discrete and cocompact in I}, and Ik (S) is closed in I, Ry = K* NIg(9)
is discrete and cocompact in Ik (S) = I}, NIk (S). Therefore we may apply Lemma
323 to T := R§ /u(K), getting the desired result. O

Let us now admit that in the number field case, it is easy to deduce the S-Unit
Theorem from the Dirchlet Unit Theorem.

EXERCISE 3.20. Let K be a number field, and let S be a finite set of finite places
of K (here we can ignore the infinite places). The injection Zx — Zk s induces
an injection on unit groups Zy; — ZIXQS, and to prove the S-Unit Theorem modulo

the Dirichlet Unit Theorem it suffices to show that ZIX(’S/Z[X( is free commutative
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of rank #S.
a) Write S = {p1,...,ps}. Consider the map

V:Zygg— L% x (ordy, (z),...,ordy (7).
Show:

Zi,s = L X V(Zis),

s0 it suffices to show that V(Zy ) = Z°; equivalently, that Z° |V (Zj ) is finite.
b) Let h = # CIK be the class number of K. Show: V(Zy g) D hZ® and thus
25 V(ZE )] < b

2.4. A geometric approach.

In this section we discuss a less elementary, but more penetrating, approach to
the S-class groups and S-unit groups in the function field case. For some of what
we do we can work in more generality, namely for one variable function fields over
an arbitrary ground field. Let k be any field. A field extension K/k is called a
function field in one variable over k if K/k is finitely generated, of transcen-
dence degree 1, and inside a fixed algebraic closure K of k we have that K and k
are linearly disjoint over k. This latter condition implies that if [ is a subextension
of K/k such that I/k is algebraic then | = k — “k is algebraically closed in K” —
and in characteristic 0 these conditions are equivalent. It also implies that the ring
K @ k is a domain: the latter condition is called “geometric integrality.”

We define the divisor group Div(K) to be the free commutative group on the
places of K. Again, we have a notion of principal divisors: for any f € KX,
we send f to its valuation vector (v(f)). And we may define the class group
Cl(K) = Div(K)/ Prin(K) exactly as above. However, this class group Cl(K) will
in fact be infinite in all cases for a rather shallow reason: every divisor D € Div(K)
has a degree D € Z, the set of all degrees of divisors is a nontrivial subgroup IZ
of Z, and every principal divisor has degree 0.

For example, consider K = F,(t). For each n € Z* let D,, = n[oo], where [0]
is the point at infinity. I claim that the D,,’s are all distinct elements of Cl(K),
which is therefore infinite. To see this, suppose not. Then there exist m < n and
a nonzero rational function f € F,(¢) such that f = (n — m)[oo]. But a rational
function which is integral away from the place at oo is a polynomial, whereas the
fact that v (f) = n —m > 0 means that f has negative degree: contradiction!

Those who have studied even a little algebraic geometry or Riemann surface theory
will know a more convincing explanation: for any f € K*, the principal divisor
(f) has, in a natural sense, exactly as many zeros as it has poles. More precisely
it has degree zero, whereas there are divisors on F,(¢) of any integer degree, so
CI(F,(t)) must contain a copy of Z.

Our task now is to define the degree map. To preserve the analogy with Rie-
mann surface theory, we might as well work in a little more generality: in place of
F, we will take an arbitary field k as our constant field, and we will let K be a
finite, separable extension of k(¢). For each place v of K which is trivial on k, the
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residue field k, = R,/m, is a finite extension of k; let f, be the residual degree.
Then for an element D = > n,[v] of the divisor group, we define its degree

deg(D) = vafv €.

As usual, we note that this sum is a finite sum because by definition n, = 0 for all
but finitely many places v.

PROPOSITION 3.25. For any f € K*, deg(f) = 0.

Proor. First we address the case of a general ground field k. For a complete
proof, see e.g. [St, Th. 1.4.11]. We will however give a sketch (that is less ele-
mentary than Stichtenoth’s). A nonconstant function f € K is equivalent to finite
map of algebraic curves 7 : C — P'. For any closed point # € P!, one can define
the preimage of 7*(xz): as a divisor it is 3 ., e(y)[y], where valuation theoreti-
cally y runs through the places of K lying over the place corresponding to x on
P! and e(y) and f(y) are the usual ramification index. Theorem 1.71 implies that
degm*(z) < [k(C) : k(t)]. We claim that in fact equality holds using Theorem
1.73b): here R is the discrete valuation ring of functions on P! that are regular
at z. For this we need to know that the integral closure of R in k(C') is finitely
generated as an R-module (even if k(C)/k(t) is not separable, which it need not
be), and this follows from [C:CA, Thm. 18.4]. Now the divisor of f is equal to
7*(0) — 7% (00), so it has degree 0.

Second we restrict our attention to the case in which k£ = F,. In this case
we leave it to the reader to check that deg(f) = 0 is manifestly equivalent to the
product formula. O

Let I be the ged of all degrees of divisors on K. Let Div’(K) be the subgroup of
degree zero divisors and Prin K be the principal divisors, so Prin K ¢ Div’(K),
and we put C1°(K) = Div®(K)/ Prin K. Then we get an induced map

deg: CI(K)/CI°(K) 5 2.~ 7,
so CI(K) is infinite.

Remark: In fact, if k is a finite field, we have I(K) = 1 always, i.e., the de-
gree map is surjective. This was first proved by F.K. Schmidt around 1915 using
(what would later be called!) the Hasse-Weil zeta function. For those who know
some algebraic geometry, it should not be hard to use the Riemann hypothesis for
curves over finite fields (proven by Weil) to show that for any smooth, projective
curve Xy, for all sufficiently large n, X has degree n rational points. In particular,
for some n it has a degree n rational point and also a degree n + 1 rational point,
and hence it has a divisor of degree 1. (But we will not use this result in the sequel.)

Because of Proposition 3.25, we may define Div"(K) = Ker(deg), the kernel of the
degree map and then Prin(K) C Div’(K). Thus finally we may define C1°(K) =
Div'(K)/ Prin(K), the degree 0 divisor class group.

THEOREM 3.26. For any finite separable extension K/F,(t), the degree zero
divisor class group C1° (K) is a finite commutative group.

PRrROOF. If we look back at the proof of the number field case, we see imme-
diately what needs to be modified: because we do not have Archimedean places,
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it is not clear that the norm one idele class group surjects onto Cl(K). However,
let D =3 ny[v] € Div(K). We define an idele zp as follows: for each v with
n, # 0, let z, € K* be such that v(z,) = n,; as above, for every place v with
ny = 0, we define z, = 1. Then |z| = pX /"™ whereas degD = 3" fyn,. Thus
deg(D) =0 <= |zp| = 1. It follows that C''(K) surjects onto C1°(K), and the
remainder of the proof proceeds as above. O

THEOREM 3.27. (Rosen [Ro73]) Let C° := C'\ S be a nonsingular, geometri-
cally integral affine curve over a field k, and let Rg = k[C®] be the affine coordinate
ring. Let D°(S) be the subgroup of Div? K of degree 0 divisors supported on S, and
let P(S) = Prin(K) N D°(S) be the principal divisors supported on S. Let d be the
least positive degree of a divisor supported on S (so d =1 if S contains a k-rational
point), and let i be the least positive degree of a divisor on C. Then there are exact
sequences

(11) 1—-k*—Ri— P(S)—0
and
(12) 0 — D°(S)/P(S) % CI°(K) % ClRg & C(d/i) — 0,

, where C(d/i) is a finite cyclic group of order d/i.

PROOF. The homomorphism R — P(S) is the restriction to R§ of the map
that associates to a nonzero rational function its associated divisor. That is is well-
defined and surjective follows immediately from the definitions, and its kernel is
the set of rational functions without zeros or poles, i.e., k. This establishes (11).

The map ¢ is induced by mapping a degree zero divisor supported on S to its
class in CI° K = Div’ /Prin(K); the kernel of this map is Prin K N D°(S), so ¢
is injective. The map « is induced by the map Div® K — Frac Rg in which we
simply remove the components of the divisor at places corresponding to S. Under
this map, the divisor of a rational function f gets sent to the principal fractional
ideal generated by f, hence we get a well-defined map C1° K — ClRg. Under this
map, a degree zero divisor class represented by D maps to 0 iff there is a rational
function f such that D — (f) is supported on S, so the kernel of « is the image of ¢.

The map £ is the most interesting. We claim that an element of Cl Rg has a
degree that is well-defined up to a multiple of d. Indeed, let I represent an element
of C1 Rg. Then if D € Div K is any divisor that maps to I and X is any divisor
supported on .S, then also D + X is a divisor that maps to I. (Modifying I within
its equivalence class does not change the degree, since the degree of any principal
divisor is 0.) Since the degree of every divisor supported on S is a multiple of d, there
is a well-defined homomorphism Cl Rg — Z/dZ. The kernel of this homomorphism
consists of divisors whose degree is a multiple of d, and thus the divisor X supported
on S can be suitable chosen so that deg(X + 5) = 0 and thus I lies in the image
of a. Conversely, any divisor lying in the image of o has degree a multiple of d, so
the kernel of 3 is the image of a. The image of § is the set of all multiples of the
least positive degree of a divisor on C, i.e., i. Thus the map 5 may be viewed as a
surjection onto a finite cyclic group of order %, completing the proof. O

EXERCISE 3.21. Suppose S = P for some P € C(k). Show that the exact
sequence reduces to an isomorphism Pic®(C) — Pic(C®). Now prove this directly.
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Let K be a function field over k, and let S C Y i be a finite set of places. It is
natural to ask about the structure of the unit group

R ={f € K|vp(f)=0VPe€Xg\S}

but unreasonable to expect it to be finitely generated: indeed we always have
k* C RZ (with equality if S = @) and the unit group of a field is rarely finitely
generated — indeed it could have any infinite cardinality. So it is natural to consider
the “relative unit group” R /k™. Let us say that the function field K is Dirichlet
if for all finite subsets S C X, we have

RY /K> = 7#571,

When £ is finite, we have k* = p(K), and thus the assertion that K is Dirichlet is
precisely the S-Unit Theorem in the function field case.

THEOREM 3.28. (Rosen [Ro73]) For a function field K/k, the following are
equivalent:
(i) The field K is Dirichlet.
(ii) The degree zero divisor class group ClY K s torsion.

PRrROOF. Let S be a nonempty finite set of places of K containing the Archimedean
places, and let s = #S. By (11) we have

the group of principal divisors supported on S. Since the group of divisors sup-
ported on S is free commutative of rank s and D°(S) is the kernel of a surjective
homomorphism to Z, we have D°(S) = Z*~!. Since P(S) is a subgroup of D°(S)
we have P(S) = Z" for some r < s — 1, with equality iff D°(S)/P(S) is torsion.
By (12), if C1°(K) is torsion then so is D°(S)/P(S), so K is Dirichlet. Now
suppose that K is Dirichlet, and let D € Div® K. Then D € D°(S) for some finite S
and the class of D in C1° K lies in the image of D°(S)/P(S), so has finite order. [J

Notice that when k is finite, this deduces the S-Unit Theorem from the finiteness
of the class number.

2.5. An algebraic approach. In this section we offer a commutative alge-
braic variant of Theorems 3.24 and 3.28. We need the following result on the class
group of an overring of a Dedekind domain.

THEOREM 3.29. Let R be a Dedekind domain, and let W C MaxSpec R. As
above, we put

RW = ﬂ Rp .
pEMaxSpec R\W

Also let Fracyy R = @pewZ be the subgroup of fractional R-ideals supported on
W. There is an exact sequence

1 — R* — Ry, — Fracyw R — PicR — Pic Rw — 1.

PRrROOF. See e.g. [C:CA, Thm. 23.7]. O
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COROLLARY 3.30. Let R be a Dedekind domain, and let W C MaxSpec R.
a) The relative unit group Ry, /R* is free commutative of rank at most #W .
b) Suppose C1R is a torsion group. Then

Ry, =R x Pz

pew
¢) Let K be a global field. Then
K* = u(K) x Pz,
n=1

where p(K) is the group of roots of unity in K, which is finite.
EXERCISE 3.22. Prove Corollary 3.30.

In fact the class of fields K such that K* /u(K) is free commutative is much larger,
containing for instance every field that is finitely generated over its prime subfield.
See e.g. [Ma80].

3. Ray Class Groups and Ray Class Fields
3.1. Intro.

We wish to explain our earlier claim that the idele class group C(K) is, as a topolog-
ical group, a “target group” for global class field theory: i.e., its profinite completion
is canonically isomorphic to the Galois group Gal(K*"/K).

Note first that the statement that C'(K) is such a target group is equivalent to
the statement that C1(K) is such a target group: namely, we have in the number
field case a short exact sequence

1—CYK) - C(K) =R =1

which shows that the inclusion C'(K) < C(K) induces an isomorphism on the
profinite completions.

EXERCISE 3.23. What happens in the function field case?

It may therefore be worth mentioning that the object C(K) is for many purposes
“more fundamental”, whereas the subgroup C*(K) was — by virtue of being com-
pact — technically more convenient to establish the two finiteness theorems of the
previous section.

3.2. Moduli and ray class fields.

N.B.: On a first reading, I suggest that the reader make her task a little easier
by: (i) restricting to the number field case, and (ii) ignoring — or mostly ignoring —
the infinite part of the modulus.

What we can do is define a certain family {K(m)} of abelian extensions which
are parameterized solely by some arithmetic data m from K (you are not yet sup-
posed to know what this means; don’t worry). These field K(m) are called ray
class fields of K. It is too much to hope for that every finite abelian extension of
K is a ray class field, but what turns out to be true is that every abelian extension



114 3. ADELES

L is contained in some ray class field — in fact, in infinitely many ray class fields,
but there will be a unique smallest ray class field containing L. The Galois the-
ory of subextensions of abelian extensions behaves beautifully — in particular every
subextension is Galois — so that if we know all the ray class fields, we have a good
chance at understanding all the finite abelian extensions.

Let me now describe the objects m by which ray class fields are parameterized.

Recall that if K/Q is a number field of degree d, say given as QI[t]/(P(t)), then
the embeddings of K into R correspond precisely to the real roots of P(t): in par-
ticular there is somewhere between 0 and [K : Q] such embeddings. Let us label
these embeddings 0o, 009, ...,00,.. We call such embeddings “real places.”

The function field case is simpler: there are no real embeddings to worry about.

Now a modulus m is a formal product of two different quantities: the first, fi-
nite part my, is precisely a nonzero integral ideal of R, which we further view as
a formal product J], v™ev. Note that in the number field case, this is simply a
nonzero ideal of the ring of integers Zg. In the function field case, this is viewed
purely formally, as an element of the divisor group Div K.

In the function field case we put m = my. If K is a number field which has
real places, then there is also an infinite part m.,, which you can think of as a
subset of the real places but which we write formally as a product.

For a prime p of R and a modulus m, define ord, m just to be ord,(my).

Example: When K = @Q, a modulus is either the ideal generated by a positive
integer (n), or (n) - co.

By Frac(K), we mean the free commutative group generated by the non-Archimedean
places of K. Note that when K is a number field, this is the usual group of frac-
tional Zg-ideals, where Zg is the ring of integers of K. In the function field case,
this is the commutative group that we formerly called Div K, the divisor group of K.

Let m be a modulus. We define two groups, I(m) and P(m), as follows:

Let I(m) be the free commutative group generated by finite places of K which
do not divide m. Note that I(m) = I(m,), i.e., this definition depends only on the
finite part of the modulus. In particular I(1) = Frac(K). Moroever, if m divides m’,
then viewing both as subgroups of Frac(K) gives a natural inclusion I(m) — I(m’).

Next, we define P(m) to be the subgroup generated by principal fractional ideals
(a) with a generator « satisfying:

(i) for all finite places v | m, ord,(x — 1) > m,, and
(i) For all oo; € my, 00;(a) > 0.
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It is easy to see that P(m) is a subgroup of I(m), so we may form the quotient:
Cln(K) = I(m)/P(m), the m-ray class group. In the function field case, we also
define C1%, (K) = I°(m)/P(m): then we have a short exact sequence

0— Cl%(K) = Cln(K) = Z — 0,
so, unlike Cly, (K), the group CI° (K) has a fighting chance of being finite.

EXAMPLE 3.31. Again let K = Q. If m = (n), then P(m) just consists of
principal ideals I which can be expressed in the form (x) with x =1 (mod n). Note
that the “expressed” is important here; since every nonzero ideal of Z has precisely
two generators —x and —x — what this really says is that I is generated by something
which is £1 (mod n).

EXERCISE 3.24. Show: I(n)/P(n) = (Z/nZ)* /(£1).

The other kind of modulus is m = (n)oco. Then P(m) consists of principal ideals I
which can be expressed in the form (z) with # > 0 and z =1 (mod n).

EXERCISE 3.25. a) Show that for n > 2, [P((n)) : P((n)co)] = 2.
b) Show that I((n)oo)/P((n)oo) =2 (Z/nZ)*.

EXERCISE 3.26. Let K be a global function field, and let m be a modulus on K.
a) Define a natural degree map (e.g. use the injection I(m) — Div(K)) to Z.
b)* Show that the degree map is surjective. (Hint: feel free to use the Weil bounds
for curves over finite fields.)
¢) Define I°(m) to be the kernel of the degree map. Show that P(m) C I°(m).
d) Suppose that K =TF,(t) is a rational function field. Show that 1°(1) = P(1).
e) Suppose that K =T, (t), and let v be any one place of K, viewed as a modulus
on K. Compute I°(v)/P(v).

There is a fairly evident notion of divisibility of moduli: we say that m | m’ if the
finite part of m divides the finite part of m’ in the usual sense of ideal division and
if the set of real places in m is a subset of the set of real places in m’. So e.g. for
K = Q we have (2) | (12) | (6000).

EXERCISE 3.27. Let K be a global field and m, m’ be two moduli on K, with
m | m'. In this case there is a natural inclusion map ¢ : I(m') — I(m): note well
that ¢ is injective and not surjective. The map ¢ sends principal ideals congruent to
1 modulo m to principal ideals congruent to 1 modulo m. Thus there is an induced
homomorphism of ray class groups T : Cly (K) — Clyn(K).
a) Show that T is surjective. (Hint: weak approzimation,).
b) Show that in the function field case we also have a surjective map on degree 0
ray class groups.

If L/K is a finite extension and oo; is a real place of K, we say that it is unram-
ified in L if every extension of oco; to an embedding ¢ : L — C has «(L) C R.
Otherwise we say that it ramifies. For example, the place co of Q ramifies in an
imaginary quadratic field but not in a real quadratic field. More generally, if K is
a number field, then K/Q is unramified at oo if for every embedding ¢ : K — C we
have «(K) C R. Such number fields are called totally real. (When [K : Q] > 2
this is a stronger condition than just saying that K can be embedded into R.)

At last we can describe the ray class fields K (m), at least indirectly.
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For each modulus m, there exists an abelian extension K(m)/K, called the m-
ray class field of K, with the following properties:

(RCO) In the number field case, K(m)/K is finite. In the function field case,
K (m) contains the maximal constant extension g, so is certainly infinite. But it
is “otherwise finite”, i.e., K (m)/KF, is finite.

(RC1) p | A(K(m)/K) = p |m; also if an infinite place co; of K ramifies in
K(m) then oo; | m.

In other words, the extension is only ramified at primes (including “infinite primes”)
dividing the modulus.

In view of (RC1), we may restrict the Artin map to have domain I(m):
v: I(m) — Gal(K(m)/K).

(Chebotarev tells us that this restricted map is still surjective.)
(RC2) The kernel of the restricted Artin map is precisely the subgroup P(m).
Therefore there is a canonical isomorphism

r: I(m)/P(m) > Gal(K(m)/K).
(RC3) If m | m/, K(m) C K(m’).
The divisbility relation endows the moduli with the structure of a directed set
(a partially ordered set in which any pair of elements is less than or equal to some
third element). Therefore by (RC3) the ray class fields form a directed system of
fields.

(RC4) limK (m) = K®P the maximal abelian extension of K.
—m

Passing to Galois groups, the immediate consequence is:

COROLLARY 3.32. In the number field case, we have an isomorphism Gal(K?*P/K) =
lim Cly(K).
m

In the function field case, the extension K IETQ/ K has Galois group Z, so the correct
analogue is that we have a (necessarily split) short exact sequence

0—lim CI°(K)— Gal(K*/K) — Z — 0.
S m

(RC4) itself is a slightly fancy way of saying that every finite abelian extension is
contained in some ray class field. In fact we can be much more precise than this:

For a finite abelian extension L/K, put

(L) = Ker(r : I(A(L/K)) — Gal(L/K)).
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(RC5) There exists a unique smallest modulus ¢ such that L C K(m). Moreover,
for this minimal ¢: the finite part of ¢ is divisible only by primes dividing A(L/K);
the infinite part of ¢ includes no unramified inifnite places; and P(c) C I'(L), so
that we have a short exact sequence

1 — T(L)/P(c) — I(c)/P(c) — Gal(L/K) — 1

exhibiting the Galois group of an arbitrary finite abelian extension L/K as a quo-
tient of a certain ray class group.

The minimal modulus ¢ for L/K of (RC5) is called the conductor of L/K.

The main result of global class field theory is that there is indeed a unique family of
fields satisfying all of these properties. In the number field case, this was first shown
by Artin, drawing partly on Chebotarev’s proof of his density theorem.® There is
no way we are going to discuss the proof here. All known proofs extremely long
and difficult. What is worse, they are not really enlightening. The essential point is
that although the proof of the theorem involves “constructing” the ray class fields
in the sense of showing their existence, this construction is in general very far from
being constructive or explicit. One of the great open problems in algebraic number
theory is to give a reasonable explicit construction of the class fields of a given
number field K. There are only two cases which are completely understood: the
case of Q, which we will give as an example below, and the case of an imaginary
quadratic field, for which see Cox’s book [Cox] and the notes for the 8430 course.

3.3. The Hilbert Class Field.

In this section we assume that K is a number field. (Again, there is a function
field analogue which is not too hard to work out; we leave the correct statement to
the interested reader.) Let us note the following extremely important special case:
take m = 1, i.e., the “empty modulus.”

THEOREM 3.33. Concerning the ray class field K(1)/K:
a) It is the mazimal everywhere unramified abelian extension of K.
b) The map r induces a canonical isomorphism 1(1)/P(1) = Pic(R) = Gal(K(1)/K).
c) A prime ideal p of R splits completely in K(1) iff it is a principal ideal of R.

Proor. (RC1) says that K (1) cannot be ramified anywhere (not even at the
real places, if any). Moreover, (RC5) implies that any finite everywhere unramified
abelian extension L is contained in K (1), establishing a). By definition the Picard
group of the Dedekind ring R is the fractional ideals modulo the principal fractional
ideals, i.e., I(1)/P(1), so b) follows from (RC2). Similarly part c) follows because
a prime splits completely iff its Frobenius element is trivial iff it lies in the kernel
P(1) of the Artin map, i.e., is principal. a

Definition: The extension K(1)/K is called the Hilbert class field of K.
5Unfortunately I do not know who first showed it in the function field case — it is even

conceivable to me that this was also due to Artin, who certainly thought deeply about function
fields.
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As Theorem 3.33 shows, the Hilbert class field has some remarkable (and use-
ful!) properties. In particular, the theorem implies that the maximal everywhere
unramified abelian extension of K is finite, which is certainly not obvious.

3.4. An exact sequence for Cl,(K). In this section we assume (for now?)
that K is a number field. For a modulus m = mgm,, of K, we know that there is
a surjective group homomorphism Cl,(K) — ClK. In this section we explicitly
determine the kernel, following [Coh, Ch. 3].

We define

(Zx [m)* = (Z /mo)* & (Z/2Z)F ™.
That is, (Zx /m)* is the direct product of the usual unit group of the residue ring
modulo the ideal my with an elementary 2-group whose Fso-rank is equal to the
number of real places in m,. We put

p(m) = #(Zx /m)* = 27"=p(my).

EXERCISE 3.28. Let mg = pi*---p2r be the prime power factorization, and

suppose that N(p;) = #Zk [p; = pzfi for (not necessarily distinct) prime numbers
p; and positive integers f;. Show:

p(mg) = HN(Pi)“i_l(N(Pi) -1).

We put
Ky ={reK*|z=1 (modm)},
UK) =27}, Un(K)=UK)NK,.
THEOREM 3.34. We have an exact sequence
1 = Un(K) = UK) % (Zg /m)* 4 Cln(K) 3 CLK — 1.

PROOF. The map Uy (K) — U(K) is inclusion and the map Cly, (K) — CI(K)
is the aforementioned quotient map. Also the quotient map Zyx — Zx /mg induces
a homomorphism on unit groups p; : U(K) — (Zx /mp)*. The map ps : U(K) —
(Z,/27)#™>= maps a unit u to its “signature,” i.e., for each real place co; € M, the
ith component of po(u) is 1 if 0o;(u) is positive and —1 if oo, (u) is negative. Then
we put p = p1 X pa.

To define the map p, first we observe that the map p : Zxg — (Zg/mo)* X
(Z/2Z)™= is surjective by Strong Approximation (cf. [Coh, p. 4]). We define the
map 1 by mapping p(a) € (Zx/m)* to the class of aZg in Cly(K). We need to
check that this is well-defined: if p(a) = p(8), then o and S are coprime to mg, we
have @ = 8 (mod mp) and sgn(oo;(ar)) = sgn(oo;(B)) for all co; € me. It follows
that % =1 (mod m), so the ideals aZyk and BZk determine the same element of
Cly (K).

That the kernel of p is Uy (K) is really the definition of Uy, (K). Moreover,
we have ¢¥(p(a)) = 1 iff aZig € Pn(K), ie., there is 8 = 1 (mod m) such that
alyx = BLk, and thus u := § € U(K). Since f = 1 (mod m) the images of u
and « in (Zg/m)* agree and thus the kernel of ¢ is contained in the image of p.
Conversely, starting with any u € Zj. we get the class of the ideal uZyx = 1Zk in
Cly (K), which is certainly trivial.

If an ideal class [a] € Cl,, K is mapped to the trivial element of Cl1 K, then
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a = aZg is a principal fractional ideal coprime to mg, hence « is coprime to mg, so
[a] lies in the image of .

The surjectivity of ¢ follows from the fact every ideal class in a Dedekind
domain has a representative that is prime to mg, which is itself an easy consequence
of Artin-Whaples approximation. (I

The following useful consequence is immediate.
COROLLARY 3.35. We have a short exact sequence
1 = (Zg/m)*/Image(U(K)) = Cln(K) — CI(K) — 1,

and thus
p(m)
[U(K) : Un(K)]

EXERCISE 3.29. Use Corollary 3.35 to deduce that for n < 2 we have
Q((n)) = Q((n)oc) =Q

# Cln (K) = # CI(K)

and that for n > 3 we have

() : @ = 2% [@(n)oo) : Q] = p(n).

EXERCISE 3.30. Let K be an imaginary quadratic field. Since we have no real
places, for any modulus m we have m = my.

a) Suppose K # Q(v/—1), Q(v/-3). Show:

e Jem) m[(2)
[K(m).K]—{@(zm) nt @)
b) Suppose K = Q(v/—1). Show:

e(m) m](1+1)
[K(m): K] =4 2™ my(1+i) andm|(2).
a2 mp2

¢) Suppose K = Q(+v/=3). Show:

1 m = (1)

2 £ (1) and m | (G5 — 1)
Km): K] ={ 2 3 .

B S

@ otherwise

3.5. Remarks on real places, narrow class groups, et cetera.

Let K be a number field, and v a real place of K, i.e., an Archimedean norm
on K with completion K, = R. Let L be a finite extension of K. As we know,
the norms on L extending v on K correspond to the maximal ideals in the alge-
bra L ® R, which is a finite dimensional, separable R-algebra, hence isomorphic
to Rt @ C*2, where s1 + 2s9 = [L : K|. If w is a norm on L extending the real
norm v, we say that w|v is ramified if L,, = C and otherwise that w|v is unramified.

Now let m be a modulus on K. If the real place v does not appear in m, then
the corresponding ray class field K(m) is unramified over v: i.e., every place w of
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K(m) dividing v is unramified.

Now one case worth examining explicitly is the case of ray class fields corresponding
to moduli m whose finite part mg is 1 but for which ramification at real places is
allowed. For this, let us define the modulus co simply to include all real infinite
places, and to avoid trivialities we assume that K is not totally imaginary, i.e., that
it has at least one real place.

Now consider the ray class group Clo,(K): explicitly, this is the group of all frac-
tional R = Zg-ideals modulo principal ideals with totally positive generators. This
is often called the narrow class group of K. For distinction, the usual ideal class
group Cl(K) is then sometimes called the wide class group.

Just for brevity, let us define ¢, = % This is a positive integer.

If K has r; real places, it is clear that ¢ | 2.

EXERCISE 3.31. Show that in fact qoo | 2771 and that the kernel of the map
Cloo(K) — CIK) is a 2-torsion group (aka an “elementary 2-group”).

More explicitly, the discrepancy between the wide and narrow ideal class groups
may be interpreted in terms of the possible signatures of units in K.

For example, let K = Q(+/d) be a real quadratic field.

EXERCISE 3.32. a) For K a real quadratic field, show that the following are
equivalent:
(i) The groups Clo(K) and Cl(K) coincide.
(ii) The fundamental unit of K has norm —1.
(#ii) There exist units in Zx of all four possible signatures (+,+), (+, =), (=, +),
(=, —) with respect to the pair of real places (001,002) of K.
(iv) The period length of the contiinued fraction expansion of Vd is 0dd.®
b) If the equivalent conditions of part a) do not hold, then [Cly(K) : CI(K)] = 2.

In practice, when dealing with real quadratic fields (and more generally totally
real fields), things often become simpler when we assume that the narrow class
number is one, rather than the usual class number. Thus “narrow class number
one” appears as a technical hypothesis in many theorems in algebraic number theory
and arithmetic geometry.

EXERCISE 3.33. Consider the real quadratic fields Q(v/d) ford = 2,3,5,6,7,10.
a) Compute the ideal class groups.
b) Compute the narrow class groups.

In particular, it is certainly possible for Cly (K) = 1. (Thus the conductor of the
oo-ray class field can be equal to 1.) Moreover, it has been conjectured at least
since Gauss’s time that there are infinitely many real quadratic fields of narrow class
number one. Indeed, heuristics predict that when real quadratic fields are ordered
by discriminant, a positive proportion of them will have narrow class number one.
This is one of the great open problems of algebraic number theory!

6Note that the equivalence of (ii), (iii) and (iv) is part of the classical theory of quadratic
fields and is often discussed in elementary texts udner the name Pell equation.
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3.6. A word about class field towers.
In this section we restrict to the case of number fields.

The Hilbert class field is one of the most remarkable (and also useful) construc-
tions in all of algebraic number theory. Even the fact that the maximal everywhere
unramified abelian extension of a number field is finite is deep and surprising. We
wish to drive this point home by examining what happens when the word “abelian”
is removed.

When K = Q, one does not have to appeal to class field theory to see that the
maximal everywhere unramified abelian extension of Q is simply Q. Indeed, in
a first course in algebraic number theory one learns the stronger fact that every
proper finite extension L/Q is unramified at at least one finite place, which follows
from Minkowski’s lower bound on the discriminant of a number field: see e.g. [Bak,
Cor. 3.14]. However, for an algebraic number field K # Q, there may very well be
an infinite degree everywhere unramified extension L/K. (Note that if there exists
such an extension, its normal closure remains everywhere unramified, hence there
exists an infinite degree everywhere unramified Galois extension M/K.) Indeed —
quite remarkably — the Hilbert class field is an essential tool in such constructions!

The idea is this: suppose that K is a number field. Then we can take its Hilbert
class field which, for reasons which will shortly become apparent, we will write
in this section (only) as K. We know that K!/K is finite, but we can certainly
ensure — e.g. using imaginary quadratic fields, by the aid of genus theory — that
K' # K. Now we have a new number field, and we can take its Hilbert class field,
say K2. Proceeding in this way, we get an increasing sequence of number fields K.
Put K = J,, K™. Note that K is everywhere unramified over K (equivalently,
every finite subextension is everywhere unramified over K). Indeed, this follows
immediately from the tower property of unramified extensions.

Now a basic dichotomy occurs:

Case 1: After some point, we reach a field KV which has class number one, so
that KV = KN+l = KN+2 = | Thus K> = K" has finite degree over K.

Case 2: For all n, K™ C K™™', and thus K has infinite degree over K.

Evidently if we are in Case 2, we get an infinite degree everywhere unramified
(even solvable) extension K*° /K.

The sequence of number fields KV attached to K is usually called the class field
tower of K. Thus the question is: is there a number field K whose class field tower
is strictly increasing? This problem was posed by Fiirtwangler and considered by
Hasse in 1926. However, it was not solved until 1964, when Golod and Shafarevich
gave examples in which the class field tower was infinite. Explicitly, one may take

K =Q(/-2-3-5-7-11-13) = Q(+/—30030).
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To the best of my knowledge, if one is given a number field K, it is a difficult
problem to decide whether its class field tower is infinite. Certainly class field
towers remain an active topic of contemporary research. For more information, I
recommend the excellent survey article by P. Roquette in [CF].

3.7. Class field theory over Q.

But first let us look at the one case where it is easy to at least state what the
class fields are: K = Q. Recall that we computed above that if m = n, the m-ray
class group is isomorphic to (Z/nZ)* /+1, whereas if m = noo, the m-ray class
group is isomorphic to (Z/nZ)*.

So we would like to find — or at least to correctly guess — for every positive integer
n an abelian extension Q(n)/Q whose Galois group is (Z/nZ)* /+1 and another
abelian extension Q(noo)/Q with Galois group (Z/nZ)*.

If we have made it this far, we would have to guess that Q(noc) = Q(¢{,), wouldn’t
we? It has the right Galois group and the right ramification properties: the only
finite primes at which if ramifies are those dividing n = m, in accordance with
(RC1). In fact in a previous exercise we computed the Artin map in this case, so
we can verify that these are the (noo)-ray class fields: I leave it to you to do so.

What about the moduli m = n? The point here is that we have not included
00, so that by (RC1) the ray class field Q(n) is not allowed to ramify at co: in
other words, it must be totally real.

EXERCISE 3.34. Deduce from the axioms for ray class fields that Q(n) = Q(¢,+
G h)-
Applying (RC4) we get a very important result:

THEOREM 3.36. (Kronecker-Weber) A finite extension K/Q is abelian iff it
is a subfield of some cyclotomic field Q((,). Equivalently, the maximal abelian
extension Q% of Q is the (infinite algebraic) extension obtained by adjoining to Q
all roots of unity.

In particular, we have a single transcendental function, namely e(t) := 2™ which
maps R/Z isomorphically to the unit circle in the complex plane. Then for all n,
the noo-ray class field of Q is obtained by adjoining to Q the value of the function
e at the n-torsion points of the one-dimensional torus R/Z, namely at %, ey ”T’l
(or also at just 1, of course). Wouldn’t it be amazing if all (or a cofinal set) of class
fields for any number field K could be obtained just by adjoining special values of
a nice transcendental function? This was Kronecker’s Jugendtraum (“youthful
dream.”) We will see later that this dream comes true when K is an imaginary
quadratic field.”

EXERCISE 3.35. a) Notice that Q(1) = Q(oc0), which shows that the association
of a ray class field to a modulus need not be injective.

"Much of the work on automorphic functions in number theory in the last 50 years has been
motivated by a desire to extend this Jugendtraum to other fields. There are indeed some results
in this direction, but it is remarkable how much more complicated any other case is — even for
e.g. a real quadratic field there is not to my knowledge a complete, satisfactory answer.
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b) Find all moduli m such that Q(m) = Q.
¢) Show that if n is odd, then Q(n - c0) = Q(2n - c0).
d) Find all pairs m # m' such that Q(m) = Q(m').

This exercise implies that the conductor of the m-ray class field K(m) may be
strictly smaller than m, unlike what virtually everyone expects at first!

EXERCISE 3.36. Let p be an odd prime. Certainly Q(\/p)/Q and Q(/—p) are
an abelian extension. What are their conductors? (And what can you say about the
conductor of an arbitrary quadratic extension Q(v/D)?)

EXERCISE 3.37. Use class field theory to prove the quadratic reciprocity law.

3.8. Idelic interpretation. The goal here is to define each ray class group
G(m) as a discrete quotient of the idele class group C. That is, we wish to find for
each m an open finite-index subgroup of C'(K) whose quotient is G(m) — compatibly
with inclusions — and also to see that these open subgroups are cofinal in the set of
all open finite index subgroups of C(K), so that the profinite completion of C(K)
is isomorphic to the inverse limit of the ray class groups, i.e., to the Galois group
of the maximal abelian extension of K.

It seems best to begin with the ideal class group, which we wish to be attached
to the modulus m = 1. As we saw, this can be viewed as a quotient of C(K) via
the valuation map v : [x — Frac(K) which sends an idele (z,), to its sequence of
valuations at finite places (v(x,)). The kernel of this map is

v =[] v.x [ K
NAv v | oo
Therefore after passage to the quotient we get an isomorphism
KX\I®/U(1) = CI(K).

Now let m be a modulus on K. For all places v dividing m, we define Wi, (v).
Namely, if v is non-Archimedean, we put Wiy (v) = 1 + pi** R, = UM, the myth
higher unit group, whereas if v is real Archimedean, we put Wy, (v) = R>Y.

Also put

Im = [ [TES % J] Walv) | nL

vfm v m
PROPOSITION 3.37. We have:
P(m)=K*n J[ Wa()=K* NI,
v m
EXERCISE 3.38. Prove Proposition 3.37.

Now we put

Um):= [ v x [] Ko(mo).

v { oo v | oo

EXERCISE 3.39. a) Show that U(m) is a finite index open subgroup of U(1).
b) Deduce that the quotient group K>\I¥ /U(m) is finite.
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We define a map v : I, — I(m) in the familiar way: we send the idele (x,), to its
vector of valuations v(x,) for x, lying outside mg. This is evidently a surjective
homomorphism.

g
LEMMA 3.38. (Kernel-Cokernel Sequence) Let A LB Cbea pair of homo-
morphisms of commutative groups. Then there is an exact
sequence

0 — Ker f — Ker(go f) EN Ker g — Coker f — Coker(g o f) — Coker g — 0.
PROOF. See [Mil, Appendix A]. O
PROPOSITION 3.39. a) The homomorphism v induces an isomorphism

Pm)\I,/U(m) = Cly(K).
b) The inclusion I, — T induces an isomorphism
I/P(m) = 1% /K*.

PROOF. The map P(m) — [, is an injection, and the map ® : I, — I(m) is a
surjection with kernel U(m). The ”kernel-cokernel sequence” of this pair of maps
is therefore

Um) = Ly /P(m) — C(m) — 1,
which proves part a). As for part b), the kernel of I, — I/K* is K* N1, which,
by Proposition 8.10, is equal to P(m). Therefore the map I, /P(m) = I* /K> is an
injection. That is a surjection follows from a weak approximation argument very
similar to that of Exercise 3.27. Details are left to the reader as a useful (and not
difficult) exercise. O

Putting these results together, we get:

THEOREM 3.40. We have a canonical isomorphism
KX\I® /U(m) 5 I(m)/P(m).

EXERCISE 3.40. a) If K is a number field, deduce that every ray class group
Clw (K) is finite.
b) If K is a function field, deduce that every ray class group C1° (K) is finite.

EXERCISE 3.41. a) Let K be a number field. Show that every finite index
open subgroup of C(K) = K*\Ig contains K*U(m) for some modulus m. In
particular, the profinite completion of C(K) is isomorphic to the inverse limit
lim K*\Ig/U(m).

—m
b) State and prove an appropriate analogue of part a) in the function field case.

EXERCISE 3.42. Deduce from Ezxercise 8.14 and Corollary 3.32 that the idele
class group C(K) is a target group for global class field theory: i.e., its profinite
completion is isomorphic to Gal(K*?/K).

Please remember that Corollary 3.32 is merely a group-theoretic restatement of
property (RC4) of ray class fields, i.e., that they are cofinal in all finite abelian
extensions L/K and that we have by no means proved this property (or any of
the four other properties of ray class fields). Conversely, it is not so hard to de-
duce the ideal-theoretic properties of ray class groups and fields from this idelic
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description. It is indeed possible to prove these results (and other ones that we
have not even stated) of global class field theory either using the classical ideal-
theoretic approach (which involves some quite intricate counting arguments) or
via the idele-theoretic formulation. Most contemporary mathematicians prefer this
latter approach — among other things, it can be made to match up formally with
the proofs of the main results of local class field theory. The key ingredient for
the “modern” proofs both locally and globally is Galois cohomology of K* and
of C(K), and specifically the formalism of class formations. These notions are
beyond the scope of this course. In my opinion the most careful, complete and read-
able treatment of the local and global cases is to be found in Milne’s book-length
set of lecture notes on Class Field Theory [Mil].






CHAPTER 4

Complements and Applications

1. Mahler series

In this section we follow [Ro, Chapter 4].

1.1. Introduction.

One of the great theorems of classical analysis is the Weierstrass Approximation
Theorem: every continuous function f : [a,b] — R is a uniform limit of polynomial
functions. More generally, one has the Stone-Weierstrass Theorem: Let X be a
compact metric space, and let A be an algebra of continuous real-valued functions
on X that separates points — for all x # y € X there is f € A with f(z) # f(y) -
and vanishes at no point: for all © € X, there is f € A with f(z) # 0. Then ev-
ery continuous function f : X — R is a uniform limit of a sequence of functions in A.

It is natural to inquire about p-adic analogues of these results. The p-adic ana-
logue of [a,b] is a closed ball. Just as in R by making an affine linear change of
variables we may as well consider [0, 1], in Q,, by an affine linear change of variables
we may consider Z,. Notice that Z, is again a compact metric space, so Stone-
Weierstrass applies. In fact, since Z,, is compact, totally disconnected, metrizable,
and containing more than a single point, it is isomorphic to the classical Cantor
set, so there is a topological embedding ¢ : Z, — R. Let R[¢] be the subalgebra of
real-valued functions on Z, generated by 1z, and ¢: these are precisely the polyno-
mial functions in ¢, which explains the notation. We need look no further than 1
and ¢ to see that R[:] separates points of Z, and vanishes at no point of Z,, hence
by Stone-Weierstrass, every continuous function f : Z, — R is a uniform limit of
polynomials in ¢. If we want to think of Z, as being embedded inside of R then
this is a close cousin of the classical Weierstrass Theorem. The entire discussion
applies verbatim with Z, replaced by any compact DVR.

However this is not a very satisfying p-adic analogue of Weierstrass approxi-
mation, since the function ¢ does not have an intrinsic meaning in terms of Z,. A
better p-adic analogue would consider not continuous functions f : Z, — R but
continuous functions f : Z, — @Q,, or more generally with values in some complete
ultrametric field containing Q. In fact, observing that polynomials p(t) € Q,lt]
give continuous functions from Z, to Q,, we can ask a better question.

QUESTION 4.1. Is every continuous function f : Z, — Q, a uniform limit of
polynomial functions py,(t) € Q,[t]?

Kurt Mahler gave a positive answer to this question. But in fact he did much more.
In the setting of the classical Weierstrass Approximation Theorem, for a general
continuous function f : [0,1] — R there are many different sequences of polynomial
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functions converging uniformly to f, there is not in any useful sense a canonical
such sequence. However, Mahler constructed a class of series of polynomials such
that every continuous function f : Z, — Q, is represented by a unique such series,
which moreover has a useful connection to p-adic interpolation.

Let us motivate this last part. The standard representation of Z, as a series
>, anp” with a,, € {0,...,p—1} shows that N is dense in Z,,. Thus any continuous
function f : Z, — Q, is entirely determined by its restriction to N. Conversely,
suppose [ : N — Q,. When does f extend continuously to Z,?

Exercise: Let X be a metric space, Z be a complete metric space, ¥ C X a
dense subspace, and let f : Y — Z be a function. Show:

a) There is at most one extension of f to a continuous function on X.

b) If f is uniformly continuous, then it extends continuously to X.

¢) If X is compact and f extends continuously to X, then it is uniformly continuous.

Thus a function f : N = Q, extends continuously to Z, if and only if it is uniformly
continuous for the p-adic metric. This latter condition has a pleasing natural enun-
ciation in terms of preservation of p-adic congruences: for every E € Z™ there is a
D € Z* such that if m =n (mod p”) then f(m) = f(n) (mod p¥).

In order to state Mahler’s Theorem we first make the following definition. Let
M be a Z-module, and let f : N — M be a function. Then we define the discrete
derivative (or forward difference) Vf : N — M as follows:

Viine— f(n+1)— f(n).

We view V as a Z-linear operator on the Z-module MY of functions from N to M.

THEOREM 4.2. (Mahler’s Theorem) Let f : Z, — C, be a continuous function.
Forn €N, put a,, = (V" f)(0). Then:
a) We have lim,,_,~ a, = 0.
b) The series > o an () converges uniformly to f on Z,.
c) Let ||f|| = sup,ez, |f(z)|. Then ||f]| = sup,, |axn|.

z(z—1)-(z—n+1)

- . It is a polynomial func-

Here (i) is the usual binomial coefficient
tion with coefficients in Q. Thus the equation

oo N T
(13) va ez, f0) =37 N0)(?)
n=0
gives a canonical representation of every continuous function f : Z, — C, as a
uniform limit of polynomials with coefficients in C,. Moreover, if K C C, is any
complete subfield such that f(N) C K, then f(Z,) C K and (13) exhibits f as a
uniform limit of polynomials with coefficients in K.

Let us give a preliminary discussion of Mahler series. For any z,n € N, let P, € Q[t]
be the polynomial ( ) For all z € N, P,(z) is the number of n element subsets of

t
n.

an z element set, so certainly P,(z) € N. Since P,, defines a continuous function

from Z, to C, and N is dense in Z,, it follows that

P.(Z,) = P,(N) c P,(N) CN=7Z,.
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Otherwise put, for all z € Z,, and n € N, we have |(7)| < 1.
LEMMA 4.3. Let {a,}5%, be a sequence in C,, and consider the series of func-
tions Y _p_ o an (7). a) The following are equivalent:
(i) The series converges uniformly on Z,.
(i1) The series converges pointwise on Zy.
(ii) We have lim,,_,~ a, = 0.
When these equivalent conditions hold, we call Y, a, (Z) a Mahler series.
b) Any Mahler series is a continuous function from Z, to C,.

PROOF. a) (i) = (ii) is clear. (ii) = (iil): Suppose the series converges
pointwise on Z,, and plug in x = —1. Then }_ an(;l) converges, SO an(;l) =
(—=)"a, — 0, so a, — 0.

(ii) = (i). In a complete ultrametric normed field, a series of functions ), f,
converges uniformly iff || f,|| — 0. If a,, — 0, then |[a, (?)]] < |an| — 0.

b) A Mahler series has the form )" f,, where f,, = a, (i) Thus each f, : Z, — C,
is a polynomial, hence continuous. The usual “e/3 argument” from undergraduate
analysis shows that if X and Y are metric spaces and f, : X — Y is a sequence
of continuous functions that converges uniformly to f : X — Y, then the limit
function f is continuous. O

In many ways the Mahler series is a close analogue of a power series, even though a
function defined by a Mahler series need not be differentiable. In particular, there
is a uniqueness theorem for power series: if f = a,x™ is a power series with a

)
positive radius of convergence, then repeated differentiation shows that a,, = fT(O).
As we will now show, there is an analogue for Mahler series.

EXERCISE 4.1.
a) Let {f, : Z, — C} be a sequence of functions converging uniformly to f : Z, —
C. Show that the squence V f,, converges uniformly on Z, to Vf.
b) Let n € Z+. Show: A(Y) = (,",).
¢) Let f =37 s an(?) be a Mahler series. Show: Af =307 an(,",)-
Solet f=37"an(%) be a Mahler series. Evaluating at 0 we get ag = f(0). Ap-
plying V, we get Vf = >, a,(,”,), and evaluating at 0 we get a1 = (V£)(0).
And so forth: repeating this procedure we find that a,, = (V" f)(0) for all n.!

Before proving Mahler’s Theorem we need some preliminaries on discrete calcu-
lus. Under the terminology “the calculus of finite differences,” this material is very
classical. However, it was not very fashionable and most contemporary mathemati-
cians barely know this subject exists. As we will see, this is unfortunate, since these
simple ideas have important applications in algebra and number theory.

1.2. Newton Expansions.
I This argument is essentially identical to the way one proves that every convergent power se-

ries is its own Taylor series. On the other hand, justifying the term-by-term discrete differentiation
of Mahler series is easier than the term-by-term differentation of power series.
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LEMMA 4.4. Let M be a Z-module and f : N — M a function. Then for all

n € N we have
n

(1) 0O =3 -1 (7) 5000
=0

EXERCISE 4.2. a) Prove Lemma 4.4. (Suggestion: by induction on n.)
b) Use Lemma (14) to prove the following exponential generating function identity:

forall f: N — C, we have

SO = Y
n=0 : n=0 :

THEOREM 4.5. (Newton Expansion) Let M be a Z-module, and let f: N — M
be a function. Then there is a unique squence {a,} in M such that:

VxeN,f(x):f:an<z> :ian(f)

n=0 n=0

Moreover, for alln € N we have a, = (V" f)(0).

PrOOF. For all 4,5 € N we have

() =(2) w0

Thus successively applying V and evaluating at 0 to ZZOZO an, (i)’ we find that

an = (V" f)(0) for all n € N, establishing uniqueness. As for existence, let

p:N—= M, 2z fz) =Y (V"f)(0).

By Lemma 4.4, for all n € N we have

n—1
0= (70 = X (-1
i=0
Certainly we have ¢(0) = 0, so the result follows by induction. O

A function f : N — M is periodic of period N if for all € N we have f(x) =
f(z + N). It is periodic if it is periodic of period N for some N € Z*. We make
the same definitions for functions f : Z — M and observe that a periodic function
f: N — M extends uniquely to a periodic function f : Z — M and this extension
has the same minimial period. In turn a function f : Z — M is periodic of period
N iff it factors through a map f : Z/NZ — M.

PROPOSITION 4.6. Let p be a prime number and t € Z.T.
a) For all 0 < n < p', the function () : N — Z/pZ is periodic of period p'
and accordingly may be viewed as an element of the 7 /pZ-vector space V(p,t) =
(Z/pZ)Z/ptZ of all maps from Z/p'Z to Z/pZ.
b) The functions {(;)}o<i<pt form an Fy-basis for V(p,t).

PROOF. a) For z € N, we have

(14 u)* = Zx: (Z)u”

n=0
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Thus
1+u)™ = (1+uw)1+w)? =1+u)* 1+u?) (mod p).

It follows that for n < p the coefficient of u™ in (1 + u)x‘“’t is congruent modulo p
to the coefficient of u™ in (1 4+ u)®, i.e.,
T
od p).
(n) (mod p)

t
Y0 < n < pt, <x+p>
n
We define a Z/pZ-linear map
®:V(p,t) = (Z/pZ)" , f = (V" )(0))o<icpt-
If ®(f) = 0, then by (14) we have f(n) = 0 for all 0 < n < p', ie., f = 0, so
® is injective. Both the source and target of ® are sets of size p”t7 so @ is an

isomorphism. Moreover, for all 0 < n < p!, then as we've seen, <I>((n)) is the

element of (Z/pZ)P" whose nth coordinate is 1 and all other coordinates are 0, i.e.,
the nth standard basis element. Thus {(;)}o<i<pt is a Z/pZ-basis for V(p,t). O

THEOREM 4.7. Let M be a vector space over Z/pZ, and let f : N — M be
a function that is periodic of period pt for some t € Z*. Then there are unique
mo, ..., Mpt—1 € M such that

T
(15) Ve eZ, f(zx)= Z <n>mn
0<n<pt
Proor. By Theorem 4.5, for all 0 < z < p* we have
n T
o= ¥ @no’).
0<n<pt

The function f is periodic of period pt. By Proposition 4.6 so is Zognqﬁ (V™ 1)(0) (n)

so (15) holds for all € N. The uniqueness is by the usual argument of discretely
differentiating and evaluating at 0. O

1.3. Proof of Mahler’s Theorem.

Let f : Z, — C, be continuous. Certainly Theorem 4.2 holds if f is identically
zero, so we may assume otherwise. We may replace f by ﬁ f and thus assume
that ||f|| = 1. In particular the image f(Z,) lies in the valuation ring R, of C,.
Let ¢ be the composition of f with the natural map R, — R,/pR,. Then

oLy — Rp/pRp

is a continuous map from a compact space to a discrete space, so it is locally
constant and finitely valued. The nonempty fibers of the map give a finite partition
of Z, into open subsets, and thus the map is constant on cosets of p'Z, for some
t1 € Z™, i.e., the restriction to N is periodic with period p'*. Applying Theorem
4.7 we get that there are unique aj, ..., agtl _, € Ry, unique modulo pR,, such that
for all x € N,

OEESY a2(2>epRP.

0<n<pt1
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Because ||f|| = 1 and |p| < 1, we must have max |a)| = 1. Put

fi=f- Y az@,

0<n<ptL

sory = ||f1]| < |p|. If r1 = 0, we're done; otherwise we repeat the procedure with
f1 in place of f, with ¢to > ¢; and with pR,/p*R, in place of R,/pR,. Defining
al =0 for all n > p'* we get

fo=fi— ) aﬁ(;L):f— > (a%+ai)<é>€p23p-

0<n<pt2 0<n<pt2

Continuing in this manner, we produce for all k¥ € N a sequence a¥ € C, such that
lak| < |p*|, and thus a convergent series

o0
ap = Zaﬁ € C,, |a*| < |p*| —o.
k=0

Since [|f — 307 o(a% + ...+ ak)(;)]| < |p¥| for all k € N, the series Yo" an ()
converges uniformly to f on Z,. Also, |a,| <1 for all 0 < n < p'* and |a,| < |p”|
for all p'» < n < p'»+1. Since |a2| = 1 for some 0 < n < p't, it follows that

[If]l =1 = max|ay],
n

attained for at least one 0 < n < p* and for no n > p’*. This completes the proof
of Mahler’s Theorem.

COROLLARY 4.8. Let f : N — C, be a function. Forn € N, let a,, = (V" f)(0).

The following are equivalent:

(i) We have lim,,_,, a,, = 0.

(i1) The function f extends continuously to Z,.

(iii) The function f is uniformly continuous for the p-adic topology on N.
(iv) We have limy_,o ||[VFf|| — 0.

PROOF. (i) = (ii): If a, — 0, then by §4.1.1 the series F(z) = > " an(})
converges uniformly on Z,, to a continuous function and F(z) = f(z) for all x € N.
(i) == (iii): By assumption, f extends to a continuous function on Z,. Since Z,
is a compact metric space, f is uniformly continuous on Z, and thus is uniformly
continuous on N.

(iii) = (ii): A uniformly continuous function from a metric space to a complete
metric space always admits a continuous extension to the completion.

(ii) = (iv): By Mahler’s Theorem, we have f = > a,(, ). We may discretely
differentiate termwise, getting the Mahler series

ke .
\V4 f—;ak(n_k>

Applying Mahler’s Theorem again, we get || V¥ f|| = sup,,>, [an| — 0.
(iv) = (i) is immediate. O
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1.4. Work of de Shalit. Let R be a CDVR with finite residue field F,,
fraction field K, maximal ideal m, and let 7 be a uniformizing element. Let
Int(R,R) ={f € K[t]| f(R) C R}
be the ring of integer-valued polynomialsm, and let
Int, (R, R) = {f € Int(R, R) | deg(f) < n}.

Let a, be the set of leading coeffiicients of elements of Int, (R, R); then a, is a
fractional R-ideal that is — like every fractional ideal over a DVR — principal. If
ap = <fn>Ra then

Int, (R, R) = Int,—1(R,R) @ Rf,.
Let {fn}22, be a sequence in Int, (R, R) such that for all n € N, f,, generates a,,.
Then {f,} is a basis for Int(R, R) as an R-module, called a Mahler basis. We
note that f, is not unique; however, it is unique up to multiplication by an element

of R* and addition of an R-linear combination of fy,..., fn_1.
For n € Z*, put
| n
we(n) = Z {ZJ .
im1 L4
EXERCISE 4.3. a) Show: wq(¢™) = q;n:ll.

b) Let n € Z have base q expansion n = Z;’;l big*; thus 0 < b; < q for all i.
Show:

wgm) = 3 bawg().
1=0

PROPOSITION 4.9. For all n € Z1, we have
a, =7 WM R
PROOF. For now, see Cahen-Chabert, “Old problems and new questions around

integer-valued polynomials and factorial sequences,” in Multiplicative ideal theory
in commutative algebra, Springer, New York, 2006, 89-108. O

EXERCISE 4.4. Let T be the set of Teichmiiller representatives of Fq in R —
that is, T consists of the (¢ — 1)-st roots of unity together with 0. Put Rg := 0; for
m € ZT, put

m—1
R = {Z a;m | a; € T}
i=0

and put
R = URm.

Then R, is a system of coset representatives for R/m™R in R. Put go(t) = 1.
Form € Z*, put

_@m-n
ggm (t) =7 @D H (t—r);
rT€ERm
ifn= 22151 b;q' is the base q expansion of n, put

m—1

gn(t) = H 92:-
=0
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EXERCISE 4.5. a) Show that for alln € Z%, g,(t) € Int(R, R).
b) Show: {gn(t)}5> is a Mahler basis. (Hint: use Proposition 4.9.)

Let ¢ : R — R/m =T, be the quotient map. For a function f: R — R, let
g=qof:R—=F,

THEOREM 4.10. (de Shalit) Let {fn}22, be a Mahler basis for Int(R, R).
a) The sequence { fn }°o forms an F,-basis for the space C(R,F,) of locally constant
functions f: R — Fy.
b) The functions fo,..., fgmn_1 forms an F,-basis for the space C(R/T™R,F,) of
functions f : R — F, that are constant on cosets of T R.
¢) For every continuous function f: R — K, there is a unique sequence {a,} in K
such that we have a uniformly convergent series

[= Z U fn
n=0

with a, — 0 and ||f|| = max|a,|. Conversely, if {a,} is a sequence in K with
an — 0, then Y0 an fn converges uniformly to a continuous function.

COROLLARY 4.11. For a Mahler basis {fn} and k € Z*, let fnr be the com-
posite of f, : R — R with the quotient map q : R — R/7*R. Then {fnx}%,
is an R/m*R-basis for the space C(R,R/7*R) of locally constant R/m*R-valued
functions on R.

Let

Riy\ R \ Rin—1-
For r € R we define its length £(r) to be the unique m such that r € R . For
r € R, let x, be the characteristic function of the disk

D, =r+r'"R.

Then {x, }rer is an orthonormal basis for C(R, K) in the ultrametric Banach sense.
On the other hand, the K-vector space S(R, K) spanned by the x,’s in the algebraic
sense are precisely the locally constant function. The largest length £(f) of a x,
appearing in the expansion of f € S(R,K) is the smallest £ > 0 such that f is
constant on cosets of 7¢R. We call it the level of f and denote it by ¢(f). Thus
L(xr) = £(r). All of the above results continue to hold if K is replaced by any
commutative ring.

2. Monsky’s theorem
2.1. Statement of the Theorem.

In 1970 P. Monsky gave a startling application of valuation theory to the solu-
tion of a problem in elementary plane geometry. By a polygonal region we mean
a bounded subset R of the Euclidean plane R? with boundary a simple polygon. If
R and T4, ..., T, are polygonal regions, we say that {T;}7; is a dissection of R if
Ui, T; = R and for each i # j, T;NT; C T; UJT}. A triangular dissection is a
dissection in which each Tj is (the region bounded by) a triangle. A triangulation
is a triangular dissection in which for each i # j, T; and 0T are either disjoint or
consists of an entire common edge.
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For a polygonal region R, we denote by p(R) its area (Lebesgue measure).

The aim of this section is to give a complete proof of the following result.

THEOREM 4.12. (Monsky’s theorem) Let Ty, ..., T, be a triangular dissection
of the unit square S = [0, 1]
a) There is a polynomial f € Z[ty, ... t,] such that f(u(Ty),...,w(T,)) = 1.
b) In particular if w(Th) = ... = pu(Ty,) then n is even.

EXERCISE 4.6. Deduce part b) of Monsky’s theorem from part a).

2.2. Sperner’s Lemma.

We begin by establishing several forms of Sperner’s Lemma, a 1928 result of
E. Sperner [Sp28].

THEOREM 4.13. (Polygonal Sperner Lemma) Consider a triangulation Ty, ..., T,
of the polygonal region R. Consider a tricoloring of the set of vertices of the tri-
angles, i.e., a partition of this set into three parts A, B, C. Let A be the number
of complete triangles, i.e., triangles with all vertices given different colors. Let
B be the number of edges on the boundary OR of R which contain a vertex from A
and a vertex from B. Then

A=B (mod 2).

PrOOF. (M. Xu) Place a dot on each side of each AB segment. We will count
the total number of dots in R in two different ways. On the one hand, each
interior segment contributes either 2 or 0 dots in R, while each boundary segment
contributes either 1 or 0 dot according (in either case) to whether it is an AB
segment or not. Thus the number of dots in R is congruent to B modulo 2. On
the other hand, each complete triangle contributes one dot to R whereas each
incomplete triangle contributes two dots (if its vertex set is contained in AU B) or
0 dots (otherwise). Thus the number of dots in R is congruent to A modulo 2. O

COROLLARY 4.14. (Sperner’s Lemma) Suppose we are given a triangle ABC
and a triangulation T of the triangle. A Sperner coloring is a map from the
vertex set of the triangulation to {0,1,2} such that:

e A, B and C are colored 0, 1 and 2 respectively.

o Fach vertexr on an edge of ABC is colored with one of the two colors of the ends
of its edge.

Then any Sperner coloring of T contains an odd number of complete triangles.

EXERCISE 4.7. Show that the Polygonal Sperner Lemma implies Sperner’s
Lemma.

So far as I know, in most applications of Sperner’s Lemma it suffices to know that
under the given hypotheses there is at least one complete triangle. For this there is
the following amazing proof, first shown to me by K. Nyman. We begin by observ-
ing that the number of 01-segments on the boundary must be odd: they can only
occur along the full edge from A to B, and since every vertex on that edge is colored
0 or 1, to get from 0 to 1 the number of “color changes” must be odd. Now we view
the triangle ABC' as a house, each triangle in the triangulation as a room, and each
01-edge as a door. Note that a room has two doors if the corresponding triangle
is not complete and one door if the corresponding triangle is complete. Thus if we
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enter the house via a door on the boundary and never backtrack through a door we
already used, then we have a unique path which either takes us through the house
to exit via another boundary door, or we get stuck in a room corresponding to a
complete triangle. Since each path which leaves the house uses two boundary doors
and the number of boundary doors is odd, there must be at least one path which
gets stuck inside the house...and thus there must be at least one complete triangle.

Perhaps you think that Sperner’s Lemma is a piece of recreational mathematics.
The following proof is meant to disabuse you of that idea (and is included only
to illustrate the content of Sperner’s Lemma; it has nothing to do with Monsky’s
theorem).

THEOREM 4.15. (Brouwer’s Theorem) Every continuous function f : [0,1]? —
[0,1]2 has a fived point.

PrOOF. We may replace f by any homeomorphic space. We choose
Ao ={(z,y,2) eR* |0 < m,y,2, z+y+2 =1},

the “standard 2-simplex”. Let f : Ay — Ag; seeking a contradiction, we suppose
f has no fixed point. Then T = {Ti,...,T,} be a triangulation of A. We may
tricolor the vertex set of the triangulation using the ordered set {1,2,3} as follows:
for a vertex v, we give v the color ¢ if 7 is the least index such that the ¢th coordinate
of f(v) — v is negative: since f(v) # v but the sum of the coordinates of f(v) and v
are each equal to 1, there must be at least one such coordinate. Let v o = (1,0,0),
vo,1 = (0,1,0) and vg 2 = (0,0,1). Then each v; gets colored i. Further, any vertex
lying on the boundary of A must be colored with one of the two colors of the
complete edge e;e; on which it lies since every point on e;e; has k-coordinate 0.
Thus we have given a Sperner coloring, so by Sperner’s Lemma we must have one
triangle Ay which is colored with all three colors.

We may now triangulate A; and apply the argument of the previous paragraph.
Since we get to pick the triangulation, in this way we can get a nested sequence
{A,}22, of complete triangles with diameters going to zero. By (e.g.) the Cantor
Interection Theorem there is a unique point P = (z,y,2) € (., Ay. Since v, 0 —
x and f(P)o < vy for all n, f(P)o < x. Similarly f(P); < y and f(P)2 < z.
Since t+y+z=1= f(P)o+ f(P)1 + f(P)2, we must have f(P)y ==z, f(P)y =y
and f(P), = z, i.e., f(P) = P and P is a fixed point for f. O

EXERCISE 4.8. Theorem 4.15 is frequently deduced as a consequence of the No
Retraction Theorem: there is no continuous map f from the closed unit disk in
R? to its boundary S such that f(P) = P for all P € St. Prove the No Retraction
Theorem using Sperner’s Lemma.

A solution to Exercise 4.8 can be found in [Iv09]. This note further clarifies the
relationship between these theorems and their more traditional homological proofs
by recasting the combinatorial proof of Sperner’s Lemma in terms of cohomology.

Since Monsky’s theorem concerns triangular dissections and not merely triangu-
lations,? we need another variant of Sperner’s Lemma. Given a tricoloring of the

20r at least, that is the way Monsky stated it. The special case involving triangulations is
still interesting, and some expositions of Monsky’s theorem restrict (usually without comment)
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set of vertices of a triangular dissection, we say that a segment joining two vertices
is of type AB if one of its vertices if of type A and the other is of type 5. A full
edge of R is a maximal line segment on the boundary of R.

LEMMA 4.16. (Monsky’s Sperner Lemma) Consider a triangular dissection
T1,...,T, of the polygonal region R and a partition of the vertex set into three
parts A, B, C. We suppose moreover no full edge of R or any T; contains vertices
of all three types. Let A be the number of complete triangles, i.c., triangles with
all vertices given different colors. Let B be the number of full edges of OR of type
AB. Then

A=B (mod 2).

PrOOF. The condition that no full edge of any triangle has vertices of all three
types implies that each complete triangle T; contributes an odd number of edges of
type AB whereas each incomplete triangle contributes an even number of edges of
type AB. Thus summing from ¢ equals 1 to n the number of AB edges in T; gives
a number which is congruent modulo 2 to A. Since this summation counts each
interior edge twice and each boundary edge once, A is congruent modulo 2 to the
number of edges of type AB on the boundary of R. Similarly, the condition that
no full edge of R has vertices of all three types implies that each boundary full
edge of type AB contains an odd number of AB edges and each boundary full edge
not of type AB contains an even number of AB edges. Thus A = B (mod 2). O

2.3. Monsky’s theorem, part b).

Although part b) of Theorem 4.12 is an immediate consequence of part a), we
will (following [Mo70]) give the proof of part b) first.

The first step is the most dramatic. We choose an extension of the 2-adic norm | - |
on Q to the real numbers R. This exists by Theorem X.X. Thus |- |: R — R2? is
an ultrametric norm with |2| < 1. Now we tripartition R? as follows:

Put
A={(z,y) € R? | |z], |y < 1},
B={(z,y) eR* | |z| > 1, || > [y]},
C={(z,y) eR? | [y| > 1, |z] < [y]}-
Ttwo points in R? which both lie in any one of A, B and C are of the same type.

LEMMA 4.17. Let P = (z,y), P' = (2/,y') € R2.
a) If P € B and P’ € C then |zy'| > |z'y| and |xy' — 2'y| = |zy/|.
b) If PP — P € A, then P and P’ are of the same type.
¢) No line £ in R? contains points of all three types.
d) If T is a complete triangle then |u(T)| > 1.

PROOF. a) Left to the reader as an easy exercise.
b) e Let P € A. Then |2/| < max|z|, |2’ — x| < 1 and |y/| < max|y|, |y — z| < 1,
so P e A.
e Let P € B. Then |2/| = |z| > 1 and |¢/| < max|yl|, |y’ — y| < max|y|,1 < |z'|, so

to that special case. On a first reading, you may want to do that, in which case the Polygonal
Sperner Lemma is all you need and you can skip to the next section now.
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PeB.

e Let P €C. Then |y| =|y| > 1 and |2'| < max |z, |z’ — x| < |y| = |y'|, so P € C.
¢) Step 1: If ¢ contains a point @ of type A, then forall P € ¢, Q = P—(P-Q) € A,
so by part b) P and P — @ have the same type. So we may assume 0 € .

Step 2: Let P = (z,y) € ¢ be of type B and P’ = (2/,y’) € £ be of type C. Then
|z| > |y| and |2'| < |¢'|, so |xy'| > |2'y|, contradicting the fact that xy’ = 2’y since
P and P’ lie on the same line through the origin.

d) Again we may translate 7' and thus assume that (0,0) € TN .A. Let (z,y) be
the vertex of type B and (2/,y) be the vertex of type C. Then again we have
lzy'| > |2'y|, and since u(T) = +£5(zy’ — z'y),

1 1
(D) = [5lley" —a'yl = [5lley’| = 2lally’] = 2> 1. 0

Consider a triangular dissection {T;}" ; of the square R = [0,1]? with u(7y) =
... = p(T,) and thus p(T;) = 1 for all i. Then on IR type A vertices occur only
on the left and bottom edges of R, type B vertices cannot occur on the left edge
of R, and type C' vertices cannot occur on the bottom edge of R. Thus AB edges
can occur only on the bottom edge of R, on this bottom edge every vertex is of
type A or B, the lower left corner is of type A and the lower right corner is of type
B. It follows that the number of AB edges in the triangulation of R is odd. By
Lemma 4.17c) and Monsky’s Sperner Lemma, the number of complete triangles in
the dissection is odd: in particular there is at least one complete triangle 7;. By
Lemma 4.17d) we have |u(T;)| = || > 1. It follows that n is even!

2.4. Monsky’s theorem, part a).

Let T1,...,T, be a triangular dissection of the polygonal region R; for 1 < i <n
put a; = u(T;). Let R = Zlay,...,a,] be the subring of R generated by the a;’s.
Every element of R is obtained from f € Z[ty,...,t,] by evaluating at ay,...,ay,.

Case 1: Suppose 2 € R*. Then there is an element f(aq,...,a,) € R such that
2f(a1,...,an) =1, ie., flar,...,a,) = %

Case 2: Suppose 2 ¢ R*. Let p be a minimal prime ideal containing 2. Since
2#0 € R and R is a domain, p has height at least one. Since R is Noetherian (it
is a quotient of Zl[ty,...,t,], which is Noetherian by the Hilbert Basis Theorem),
by Krull’s Hauptidealsatz p has height at most 1: thus p has height one. By the
Krull-Akizuki Theorem, the integral closure R of R, is a DVR. The valuation v
yields a non-Archimedean norm | - | on the fraction field K of R, a subfield of R.
Since v is R-regular, |a;| <1 for all 1; since 2 € p it lies also in the maximal ideal of
R and thus |2| < 1. We extend this norm to R and tripartition R? as in the proof
of part b) above. Also as in the proof of part b) above there must be a complete
triangle T; and thus |a;| > 1, a contradiction. So Case 1 must hold.

Remark: Although one can find many expositions of part b) of Monsky’s theo-
rem (including some which are essentially identical to ours; we include this result
because it is a striking application of valuation theory, not because we have any-
thing new to say), most of them neglect part a). Similarly, although there there
have been further results “of Monsky type” (one of which is given in the next
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section) I am not aware of any further work on the polynomial relation of part
a) of Monsky’s Theorem...until very recently. The polynomial relation is explored
in detail in the preprint [AP14]. The first author, A. Abrams, introduced me to
Monsky’s Theorem in 2006; the second author, J. Pommersheim, introduced me to
number theory in 1992. I am happy to recommend their paper to you!

2.5. Mead’s theorem.

It is remarkable that the first published proof of the innocuous Theorem 4.12 uses
valuation theory. What is much more remarkable is that in the last forty-something
years no other proof of Monsky’s Theorem has been found.

On the other hand the technique behind Monsky’s theorem has been used to
prove several other results in “equidissection theory”. We restrict ourselves to what
is probably the most direct generalization, a 1979 result of D.G. Mead [Me79]. For
other results with a similar flavor, see [Ka89], [M090] and [Pr02]. Let R be a
polytope in R?. A simplicial dissection is a decomposition of R is given by a
collection S, ..., S, of d-simplices such that R = UZL:I S; and §;NS; C 9S;UDS;.
A simplicialization is a simplicial dissection such that if a vertex V' of one simplex
S; lies on the boundary of another simplex S; then V is a vertex of S;.

We write  for the d-dimensional Lebesgue measure on R<.

THEOREM 4.18. (Mead) Let R = [0,1]¢ C Re. Let Si,...,S, be a simplicial
dissection of R with (1(S;) = u(S;) for all j. Then d!'| n.

We begin by discussing Sperner’s Lemma in d-dimensions. Again there are three
versions: the classical version (still established by Sperner in [Sp28]), a version for
simplicializations of polytopes, and a version for simplicial dissections of polytopes.

If £ < d, we consider k-simplices in R? and colorings from {0,...,d}. Such a
coloring is complete if it contains every element from {0,...,k}.

THEOREM 4.19. (Polytopal Sperner’s Lemma) Consider a simplicialization of
a polytope R in R? in which each vertex is colored with an element of {0,..., d}.
Then the number of complete d-simplices is congruent modulo 2 to the number of
complete (d — 1)-simplices in OR.

EXERCISE 4.9. Prove Lemma 4.20.

THEOREM 4.20. (Sperner’s Lemma) Consider a simplicialization of the stan-
dard simplex A in R*1. A Sperner coloring is a map from the vertex set into
{0,...,d} such that:

(i) The vertex e; = (0,...,1,...,0) of A gets colored i.

(i) Every verter appearing on any k-dimensional facet F' of A is colored with the
color of one of the vertices of F'.

Then the number of complete simplices — i.e., simplices colored with all n + 1
colors — is odd.

EXERCISE 4.10. Show: Theorem 4.19 implies Theorem 4.20.

EXERCISE 4.11. Show: Theorem 4.20 implies the full Brouwer Fized Point
Theorem: every continuous map from the closed unit ball in R? to itself has a fived
point.
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EXERCISE 4.12. Show that Theorem 4.20 implies the d-dimensional No Retrac-
tion Theorem: there is no continuous map from the closed unit ball B in RY to itself
which restricts to the identity on 0B.

LEMMA 4.21. (Mead’s Sperner Lemma) Let S1, ..., S, be a simplicialization of
a polytope R in R%. Consider an n+ 1-coloring of the vertices of the simplices with
“colors” {0,...,d}. We suppose that every k-dimensional affine subspace which
contains vertices labelled 0, . . ., k contains no vertex labelled i > k. Then the number
of d-simplices colored with every element of {0, ..., d} is congruent modulo 2 to the
number of d — 1-simplices on OR colored with every element of {0,...,d —1}.

The following exercise is challenging. For help, see [Me79].

EXERCISE 4.13. a) Prove Lemma 4.21.
b) Use Lemma 4.21 to prove Theorem 4.18.

3. Linear groups over locally compact fields

The topological groups GL,(R) and GL,(C) have an inexhaustibly rich structure
and importance in all parts of modern mathematics: analysis, geometry, topology,
representation theory, number theory....The serious study of these groups was al-
ready begun in the 19th century by Lie and his contemporaries.

Somewhat more recently (say, about 1950) it has been realized that for a non-
Archimedean locally compact field K, the groups GL, (K) also have a rich and
useful structure.

We will give some of this structure theory here: namely, we will classify the maxi-
mal compact subgroups of GL,,(K) for K a nondiscrete locally compact field. This
has immediate applications to the structure of finite subgroups of GL,(Q), which
are of intrinsic interest and are quite useful in areas like representation theory and
modular and automorphic forms. Moreover, this material (actually, a small piece of
it suffices) can be combined with a beautiful embedding theorem of J.W.S. Cassels
to deduce a celebrated 1960 theorem of A. Selberg: for any field K of characteristic
0, a finitely generated subgroup of GL,,(K) is virtually torsionfree: i.e., has a finite
index subgroup without any nontrivial elements of finite order.

3.1. GL,(K) is a locally compact group. Let K be a nondiscrete locally
compact field, and let n be a positive integer. We consider the group GL,, (K) of
invertible n x n matrices with coefficients in K. We wish to endow GL, (K) with
a natural locally compact topology. There are in fact two natural ways to do this,
which, happily, lead to the same result.

For any n € Z*, we endow the Cartesian product K™ with the product topology,
which of course makes it a locally compact topological group. We will sometimes
refer to this topology on K™ and other topologies induced from it as the analytic
topology, to distinguish it from the Zariski topology. (However, the reader need
not know what the Zariski topology is in order to read these notes.)

Let M, (K) be the ring of n x n matrices with entries in K. As a K-vector space,
M, (K) = K”2, and we give it the topology pulled back from the analytic topology



3. LINEAR GROUPS OVER LOCALLY COMPACT FIELDS 141

on K™ via the isomorphism. (Easy exercise: the topology we get on M, (K) is
independent of the chosen basis.)

Now GL,(K) is a subset of M,(K). We claim that in the induced (subspace)
topology it is locally compact, and indeed this is foisted off on the reader in the
form of the following straightforward exercises.

EXERCISE 4.14. Let P(ty,...,t,) € K|t1,...,tn] be a polynomial, thought of
as an algebraic object. Then P induces a function P : K™ — K in the usual way:

(x1,...,2n) = P(x1,...,2,). Show that P is continuous for the analytic topologies
on K™ and K.

EXERCISE 4.15. Deduce: GL,,(K) is an open subset of M, (K).

EXERCISE 4.16. A subset A of a topological space X is locally closed if it can
be written in the form U NV, where U is open and V is closed.
a) Show that A is locally closed iff A is open in its closure A.
b) Suppose that X is a locally compact Hausdorff space and A is a locally closed
subset of X. Show that A is locally compact in the subspace topology.
¢) Does the converse of part b) hold?

So GL,(K), being an open subset of a locally compact space, is locally compact.

Now we give a second definition of the topology which is closely related to the “mul-
tiplicative” topology on the unit group of a topological ring. (Indeed, GL,(K) is
the group of units of the noncommutative topological ring M,,(K), but never mind.)
This definition realizes GL,,(K) as a closed subset of a K-vector space of one higher
dimension. Namely, consider the subset of K n’+1 given as the zero locus of the
single polynomial D(t1,...,t,2)tp211 —1 =0, where D is the degree n polynomial
giving the discriminant of an n x n matrix. There is a bijection between this locus
and GL,,(K) as follows: write the entries of a matrix M € GL,,(K) in linear order,
say, mi, ..., my2; then to M we associate the point (mq, ..., my,z2, ﬁ) € K™+,
Then we may endow GL,,(K) with the subspace topology; being a closed subspace
of the locally compact space K "2+1, it is locally compact.

EXERCISE 4.17. Show: the two topologies defined on GL,(K) coincide.

3.2. The orthogonal group of a quadratic form.

We suppose that the characteristic of K is not 2 and q(z) = a;2? + ... + a,22
is a nonsingular quadratic form. There is an associated bilinear form (z,y) =
+(q(z +y) — q(z) — q(y)) and thus an associated orthogonal group

O(q) ={M € GL,(K) | Vz,y € K",(Mx, My) = (x,y) }.

Equivalently, in terms of the natural action of GL, (K) on symmetric matrices by
conjugation —i.e., P — GPGT — the orthogonal group of ¢ is precisely the stabilizer
of the Gram matrix of ¢. Either way, O(q) is clearly defined by the satisfaction of
a finite system of polynomial equations, so is a linear algebraic group. Note that
when ¢ = 2% + ... + 22 we recover the “standard orthogonal group”

O(n) = {M € GL,(K) | MMT = 1}.
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The structure of O(q) is quite different depending upon whether the quadratic form
q is isotropic or anisotropic. Indeed, there is the following general result.

THEOREM 4.22. Let K be a nondiscrete locally compact field, and q a nonsin-
gular quadratic form. The following are equivalent:
(i) The orthogonal group O(q) is compact.
(i) The quadratic form q is anisotropic.

First we will prove the implication (i) == (ii) of Theorem 4.22, assuming some
quadratic form theory. In particular, let gg(zy) = xy be the hyperbolic plane.
We will use the following fact:

THEOREM 4.23. (Witt Decomposition [Lam, Thm. 1.4.1])

Let q(x1,...,2,) € K[z1,...,2,] be a quadratic form over a field K of charac-
teristic different from 2. Then there is h € ZZ° and an orthogonal direct sum
decomposition

h

=@ meq

i=1
where qo s totally isotropic (i.e., the assocated function is identically zero) and q,
is anisotropic. Thus q is nondegenerate iff go = 0 and is aniostropic iff gqo = 0 and

h=0.

]. To
be fancy, we will write G, for K*.
b) Show that in fact SO(qu) = Gy, : that is, Gy, is the subgroup of O(qu) consisting
of matrices of determinant 1.

_ |0

¢) Show: T := [ 10
d) Show: O(qu) = Gy, x (7).
(Hint for parts b) through d): the space (K?, qu) has exactly two isotropic lines:
e1 = (1,0) and es = (0,1). An element of the orthogonal group of qu must therefore
either fix both lines or exchange them.)

EXERCISE 4.18. Let K be a field of characteristic different from 2.
a

a) Show that K* acts effectively by isometries on qu via a € K* 0

= O

is an element of O(qu) of determinant —1.

EXERCISE 4.19. Let q1 and g2 be quadratic forms over a field K of characteristic
different from 2.
a) Show: there is an injective group homomorphism O(q1) X O(g2) — O(q1 @ ¢2).
b) Show: if q(x1,...,xy,) is totally isotropic, then O(q) = GL,(K).

EXERCISE 4.20. Let K be a locally compact nondiscrete field of characteristic
different from 2. Let q(x1,...,2,) € K[x1,...,x,] be a quadratic form. Show: if
O(q) is compact, then q is anisotropic.

EXERCISE 4.21.
a) Let K be a field of characteristic different from 2. Show: O(x?) = {£1}.
b) Let q be an n-ary quadratic form over C. Show: O(q) is compact iff n = 1.

Now we will prove the implication (ii) = (i) of Theorem 4.22, following Speyer
[Sp12]. Let ¢(z1,...,2,) be an anisotropic n-ary quadratic form with coefficients
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in the locally compact field K. As usual, we endow K™ with the norm

|(£C17 e ,mn)|oo = llg%xn |£C1|

Then
B ={X € K" | |2|ooc <1} and Soo :={x € K" | |2|ec = 1}
are both compact. Since f is anisotropic, the continuous function

F:5. =R, 2 |f(x)

is strictly positive, so by compactness of S, there is € > 0 such that F(z) > € for
all z € So. Let r € |[K*|. We claim that

(16) Fz)<r = |z]|e < \/Z

Clearly we may assume z # 0. Put s = |x|w; then s € |[K*|, so there is @ € K
with |a] = s. Then |1z, =1, so

1 1 1 1 1 T
and thus s < \/é
Now let R := maxi<;<, F(e;). If M € O(q), then we have

F(Me;) = lq(Me;)| = |q(e;)| = F(ei) < R,
so by (16) we have |Me;|oo < \/g. Thus we have shown: if M € O(q) then every

entry of M has norm at most y/£, so O(q) is a bounded subset of M, (K). If G is

the Gram matrix for ¢ in the standard basis, then the elements M € O(q) satisty
the equation MGM™ = G, which makes clear that O(q) is closed in M, (K). Since
M, (K) is ball compact, this implies that O(g) is compact.

3.3. Maximal compact subgroups of GL,(R): orthogonal groups. In
the case of K = R, a bilinear form (,) on R" is said to be an inner product if it
is positive-definite: for all x € R™, (x,z) > 0, with equality iff x = 0. Note that
any two quadratic forms giving inner products are equivalent under the action of
GL,(K) (also called “isometric”, but the formulation in terms of group actions will
be convenient for us here), i.e., all inner products are conjugate to the standard
inner product ((z1,...,Zn), (Y1,---,Yn)) = T1Y1 + . . . + Tp Y, coming from the sum
of squares form q(z1,...,2,) = 2% +... + 22.

EXERCISE 4.22. a) Let G be a group acting on a set X. Forxz € X, let G, =
{g € G | gxr =z} be the stabilizer of x. Show that for any g € G, Gy = gG.g™".
b) Deduce from part a) that in a transitive group action, all point stabilizers are
conjugate subgroups of G.

EXERCISE 4.23. a) Let O(n) be the standard real orthogonal group, i.e., the
orthogonal group associated to the standard inner product. Show that it is a compact
subgroup GL,(R).

b) Deduce from Exercise 9.5 that any orthogonal group associated to a positive
definite quadratic form on R is conjugate to the standard orthogonal group O(n).



144 4. COMPLEMENTS AND APPLICATIONS

EXERCISE 4.24. a) If q is a quadratic form and o € K*, let aq be the quadratic
form with coefficients scaled by a.> Show that O(aq) = O(q).
b) Conclude that the orthogonal group of any negative definite real quadratic form
is also conjugate to O(n), hence also compact.

EXERCISE 4.25. For a,b € N with a4+ b =n, let qq,, be the diagonal quadratic
form with a coefficients of +1 and b coefficients of —1. Let O(a,b) be the orthogonal
group of qap-

a) Show: the orthogonal group of any nonsingular real quadratic form is conjugate
to a unique O(a,b) with a > b.
b) Show: if a > b >0, O(a,b) is not compact.

PROPOSITION 4.24. A compact subgroup of GL,(R) admits an invariant inner
product.

PrOOF. (Weyl) Start with any inner product (,), say the standard one. It
need not be G-invariant, but we can make it G-invariant by “averaging” over the
action of G. Namely, define a new inner product (, ) by

(2, y)e == /G (g, 99)du(g),

where u(g) is the unit Haar measure on the compact group G. We leave it to the
reader to check that this gives a G-invariant inner product. ]

Remark: Some readers may remember this argument from courses in representation
theory and/or functional analysis. It applies equally well to infinite-dimensional
representations V of G and shows that they are all orthogonalizable. (More com-
mon is to consider complex representations and then the term unitarizable is more
familiar. More on this coming up.) It follows from this that any G-invariant
subspace W of V has a G-invariant complement, namely W+ and thus any repre-
sentation of a compact group is completely reducible. Note that in the case of a
finite group this is known as Maschke’s Theorem, and in this case the integral is
just the usual sum over all values divided by #G.

THEOREM 4.25. (Mazimal compact subgroups of GL,(R)) Every compact sub-
group 1is contained in the orthogonal group of a definite quadratic form. It follows
that the mazimal compact subgroups of GL,(R) are precisely these definite orthog-
onal groups, that all maximal compact subgroups are conjugate, and that every
compact subgroup is contained in a maximal compact subgroup.

PRrROOF. The first sentence is a restatement of Proposition 4.24. By Exercise
4.23, all definite orthogonal groups are conjugate. The rest follows immediately. [

3.4. Maximal compact subgroups of GL,(C): unitary groups.

Consider now the case of GL,(C). If n > 2, then by Exercise 4.21 for no qua-
dratic form q(x1,...,2,) € Clz1,...,z,] is the orthogonal group O(q) compact.

However, from linear algebra we learn that the appropriate analogue of a bilinear
form over C is a Hermitian form, i.e., an R-bilinear form on C™ which is C-linear

3Note: this not the same as acting on ¢ by the scalar matrix al,: the latter gives a?q, which
is equivalent to ¢, whereas ag need not be.
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in the first variables and conjugate linear in the second variable. The standard
sesqulinear form is

<$>y> :3311971‘5‘4'3%?477

and this is positive definite in the sense that (x,z) > 0 for all z € C™ and is zero
only if x = 0. To a Hermitian form H we associate its unitary group

U(H) ={g € GLn(C) | Va,y € C"H (g, gy) = H(z,y)}-
The unitary group associated to the standard Hermitian form is denoted U(n).

EXERCISE 4.26. The unitary group of a Hermitian form is compact iff the form
is positive definite.

The analogy to the real case should now be clear. We leave to the reader the proofs
of the following results.

PROPOSITION 4.26. Any compact subgroup G of GL,,(C) admits a G-invariant
positive definite Hermitian form.

THEOREM 4.27. (Mazimal compact subgroups of GL,,(C)) Every compact sub-
group 1s contained in the unitary group of a definite Hermitian form. It follows
that the mazimal compact subgroups of GL,,(C) are precisely these definite unitary
groups, that all maximal compact subgroups are conjugate, and that every compact
subgroup is contained in a mazimal compact subgroup.

3.5. Maximal compact subgroups of GL,(K): lattice stabilizers.

We now turn to the case of a non-Archimedean locally compact field K. In this
case the maximal compact subgroups of GL,(K) look quite different from the
Archimedean case. This can be seen already in the case n =1, i.e., K*.

e The maximal compact subgroup of R* is {£1} = O(1).
e The maximal compact subgroup of C* is S' = U(1).

In each of these cases, the maximal compact subgroup is closed (of course!) but
not open, and thus of smaller dimension than GL,,(K) itself. However, K* admits
open compact subgroups, namely R*. Although we have not developed a theory of
non-Archimedean analytic manifolds and their dimensions, in some intuitive sense
it is clear that both K and R* have dimension one. (And indeed, this can be for-
malized.) In general, in the non-Archimedean case we have the following procedure
for producing compact subgroups:

THEOREM 4.28. Let K be a NA locally compact field with valuation ring R.
For any closed subgroup G of GL,,(K), define G(R) :== G N GL,(R). Then G(R)
is compact and open in G.

PROOF. Since G is closed in GL,, (K), G(R) = GNGL,(R) is closed in GL,,(R).
Thus it is enough to show that GL, (R) is compact and open. Recall that we may
view GL,,(K) as the closed subset of K™+ of all pairs (M,a) € M,(K) x K
satisfying det(M)a = 1. Under this interpretation, clearly GL,(R) is the closed
subset of R 1 of all pairs in M, (R) x R satisfying the same relation. Since R" +1
is compact, so is GL,,(R). O
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Now we momentarily work in a slightly more general setting: let R be a PID with
fraction field K. We are interested in finding sufficient condition for a subgroup
G of GL,(K) to be conjugate to a subgroup of GL,(R). The next few results are
taken from [Se:Lie].

LEMMA 4.29. Letn € ZT, and let M be an R-submodule of K™. The following
are equivalent:
(i) M is a finitely generated R-module and M generates K™ as a K-module.
(i) M = R™.

PRrROOF. (i) = (ii). Since M is an R-submodule of K", it is torsion free. A
finitely generated module over a PID is free, say M = R™. There is a natural map
M ®@r K — K", which is surjective since M generates K" as a K-module: thus
m > n. On the other hand, a basis for M is an R-linearly independent set, hence
also K-linearly independent (clear denominators), so by linear algebra m < n. (ii)
= (i): if M = R™, then evidently M is finitely generated. If M did not generate
K™ as a K-module, then the elements ey, ..., e, of a basis for R form a K-linearly
independent subset of K™ which does not span, contradicting linear algebra. ([

An R-module M satisfying the equivalent conditions of Lemma 4.29 will be called
a lattice in K™. (Note that this usage is roughly analogous but not identical to
that of a Z-lattice in R™.)

LEMMA 4.30. For lattices My, ..., My in K™, M = (My,...,My)gr is also a
lattice.

PROOF. M is a finitely generated R-module whose K-span is K", so this follows
immediately from Lemma 4.29. (]

Fixn € ZT, and let £ denote the set of all R-lattices in K™. Any element A € £ can
be represented as (v1, ..., v,)r, where (v1,...,v,) is a K-basis for K™. The natural
(simply transitive) action of GL, (K) on ordered bases of K™ induces a transitive
action on £. We claim that the stabilizer of the standard lattice R™ C K" is pre-
cisely the subgroup GL,(R). Indeed, it is immediate that each element of GL,,(R)
preserves R", and conversely, if M € GL,,(K) preserves R™ then for all 1 < i < n,
Mey € R™, so M € M,(R). The same holds for M~!, so M € GL,(R).

Therefore:

ProprosITION 4.31.
a) We have an isomorphism of GL, (K)-sets GL,(K)/ GL,(R) & L.
b) For every A € L, the stabilizer G of A in GL, (K) is of the form g GL, (R)g™*
for some g € GL,,(K).

EXERCISE 4.27. Prove Proposition 9.9.

PROPOSITION 4.32. Let G be a subgroup of GL,,(K) with the following property:
(LF) There exists a lattice Ay € L such that the orbit G.Ay is finite.
Then G is conjugate to a subgroup of GL,(R).

PROOF. By hypothesis, G.A; is a finite set, say {A1,...,An}. Put A =
(A1,...,An)r. By Lemma 4.30, A is again a lattice. By construction, for any
g € Gand xz € A, gr € A, ie., gA C A. Applying this with g=! as well gives
gA = A, Thus G stabilizes A, so G C G, which is conjugate to GL, (R). O
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Certainly hypothesis (LF) is satisfied if G is finite, and we conclude:

COROLLARY 4.33. Let R be a PID with fraction field K. Then any finite
subgroup of GL,(K) is conjugate to a subgroup of GL,(R).

Already the case R = Z is interesting and useful, as we shall see shortly.

Finally, we return to the case in which K is a non-Archimedean locally compact
field and R is its valuation ring. In this case, the group GL,(R) is compact and
open in GL,, (K). By Proposition 4.31, the same holds for the stabilizer G of every
lattice in K™.

THEOREM 4.34. Let H be a compact subgroup of GL,(K). Then there exists
A € L such that gA = A for all g € H. Equivalently, H C Gp.

PROOF. By Proposition 4.32 it will suffice to show that a compact subgroup
has property (LF). Begin with any lattice A;. Then Hy, := HNGy, is the subgroup
of H consisting of elements preserving A;. Since G,, is open in GL,(K), Hy, is
open in H. Since the cosets of Hp, in H give an open covering of the compact
group H, we must have [H : Hp,] < oco. It follows that the orbit H.A; is finite,
qed. 0

4. Cassels’s embedding theorem
4.1. Statement of the Theorem.

THEOREM 4.35. (Cassels [Ca76]) Let K be a finitely generated field of charac-
teristic 0, and let 1, ..., x, € K*. Then there exist infinitely many prime numbers
p such that there is a field embedding v, : K — Q, such that for all 1 < i < n,

|ep(zi)]p = 1.
4.2. Three Lemmas.

LEMMA 4.36. Let R be an infinite integral domain, and let f1,..., fm € R[t1,...,txs]
be nonzero polynomials. Then there exist (a1,...,a,) € Z" such that for all
1 SZSm; fi(a'h"'van) #O

PrROOF. We go by induction on n. The case of n = 1 is trivial, since a nonzero
univariate polynomial over a domain has only finitely many roots, so we may select
any element a of R in the complement of a finite set. Assume the result holds for
all polynomials in n — 1 variables. Put S = R[t1] — an infinite integral domain — so
that R[t1,...,t,] = S[ta,...,tn]. By induction, there exist as(t1),...,am(t1) € S
such that for all i, f;(¢t1,a2(t1),...,a,(t1)) # 0. Now we apply the n =1 case. O

LEMMA 4.37. Let f(t) € Z[t] be a nonconstant polynomial. Then there exist
infinitely many prime numbers p such that the reduction mod p of f has a Z/pZ-
rational root.

PRrROOF. We give two proofs. First, we may plainly assume that f is irreducible
over Q[t]. Put K = Q[t]/(f) and let L be its normal closure. Then, by the
Cebotarev Density Theorem, the set of prime numbers p which split completely
in L has positive density, and for such primes the mod p reduction of f splits
completely.

However, it is possible to give a completely elementary argument. Namely,
write f(t) = ant™ + ...+ a1t + ag. Clearly we may assume that ag # 0, otherwise
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0 is a root of every mod p reduction. Suppose for the sake of contradiction that
there exists a finite set .S of prime numbers such that if p is a prime not lying in
S, then the mod p reduction of f has no Fp-rational root. Let ¢ € Z be an integer
divisible by all primes in S. Then

f(cap) = agr(c) = aplanal ™ c" + an_1ad 2"+ ... +1).

Since f is nonconstant, we may choose ¢ such that r(c) # £1; do so, and let £ be
prime dividing 7(¢). Since r(c) =1 (mod p) for all p € S, £ is a prime outside of S
such that f has a rational root modulo £. O

LEMMA 4.38. For any prime p, the transcendence degree of Q, over Q is un-
countable.

PRrROOF. Indeed, since Q, has continuum cardinality, this is clear. (But since
we are following Cassels’ proof so closely, we did not want to meddle with his
auspicious number of preliminary lemmas.) O

4.3. The proof of the Cassels Embedding Theorem.

Let K be a finitely generated field of characteristic zero, and let S be a finite
set of nonzero elements of K. At the cost of replacing S with a larger finite set, we
may assume that C' is closed under inversion, i.e., s € § = s~ ! € S, and then
it suffices to find, for infinitely many primes p, embeddings ¢, : K < Q, such that
for all s € S, 1,(s) € Zp.

The case in which K is algebraic over Q is easy: then K = QJt]/(f(t)) is a number
field, and applying Lemma 4.37 to f(¢), we get infinitely many primes p such that
there exists a degree one prime ideal p of K lying over p, and thus K — K, = Q,.
Moreover, any element of K is a p-adic integer except at finitely many prime ideals
of Z, so we need only exclude this finite set of primes.

Therefore we may assume that the transcendence degree of K over Q is posi-
tive, say n, and let x1,...,x, be a transcendence basis for K/Q, i.e., such that
K/Q(x1,...,zy,) is finite. Since we are in characteristic 0, the primitive element
theorem applies, and there exists y € K such that K = Q(x1,...,x,,y). Therefore
each element ¢ of C' may be written in the form

UC(yvxh s ,Z‘n)
Ve(z1, ... zp)

for nonzero polynomials U, € Z[t,x1,...,2,], Vo € Zlx1,...,2,]. Moreover, a
simple denominator-clearing argument shows there is a polynomial

H(t)=H(t,x1,...,2,) € Zt,z1,...,2Tp]

C =

which is irreducible over Q(z1,...,x,) and such that g(y) = 0. We write
H(t) = hs(z1,...yzn)t®+.. .+ hi(xr, ..., 2n)t+ho(21, ... 2pn), hi € 2z, ..., 24),

with hy # 0. Let A = A(xq,...,2z,) be the discriminant of H(¢), which is a nonzero
element of Z[zy, ..., x,).
Now we begin! By Lemma 4.36, we may choose integers aq,...,a, such that

Aay,...,an) #0
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hs(ay,...,an) #0
and
Ve e C, Vo(ay,...,an) #0.

Apply Lemma 4.37 to the polynomial H (t,a1,...,a,) € Z[t]: there exist infinitely
many primes p and integers b, such that

(17) H(by,a1,...,a,) =0 (mod p).
By excluding finitely many primes, we may also assume that none of A(aq,...,a,)
and V.(a1,...,a,) are congruent to 0 mod p. For each such prime number p, we

will construct the desired embedding ¢,.

Now by Lemma 4.38, let 81, ...,0, be elements of Q, which are algebraically inde-
pendent over Q. By replacing each 6; by p™0; if necessary (this certainly does not
disturb the algebraic independence), we may assume that 0 < |6;], < 1 for all 3.
For all i, put

& =0; + a;.
Thus the &;’s are algebraically independent over QQ such that for all 4,
(18) ‘& — a¢|p < 1.

By (17) and (18) we have
|H(bp7€17 e agn)h” <1l

Since the discriminant of H is a p-adic unit, it has distinct roots modulo p, and
Hensel’s Lemma applies to show that there exists n € Z, such that

H(n7£1>"'7£n) =0.
It follows that for all ¢ € C,
Uc(’r]agla"'agn% ‘/C(’r]agla"'agn) € ZP

and

|Vc<77»§17 e 7§n)|p =1.
So we may define an embedding ¢, : K — Q, by:

Vi, tp i xp = &,
and
bp 1Y =,
Moreover, for all ¢ € C,

|Lp(c)|p = |Uc(na§17 e agn)/‘/c(nvgla v 7§n))|p = |UC(777€17 e 7€n)|p S 17
QED.

See [DSS15] for a recent “explicit” form of Theorem 4.35.

One might hope for the positive characteristic of Cassels’s Embedding Theorem.

THEOREM? 4.39. Let K be a finitely generated field of characteristic p > 0, with
constant subfield Fy. (Le., let Fy be the algebraic closure of F), in K.) Let C be a
finite set of nonzero elements of K. Then there is a field embedding ¢ : K — Fq((t))
such that for all c € C, we have 1(c) € F[[t]]*.
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EXERCISE 4.28.
a) Show* “Theorem 4.39” is false by taking K = F,(x) and C = {z,29 — x}.
b) Can the result be salvaged somehow?

5. Finite matrix groups

A group G is said to be torsionfree if the only element of finite order is the identity.
A group is virtually torsionfree if it has a finite index torsionfree subgroup. Some
easy properties are established in the following exercise.

EXERCISE 4.29. a) Show: every subgroup of a torsionfree group is torsionfree.
b) Show: every finite group is virtually torsionfree.
¢) Give an example of a group that is not virtually torsionfree.
d) Let G be a finitely generated virtually torsionfree group. Show: G has a finite
index normal subgroup that is torsion free. (Hint: a finitely generated groups has
only finitely many subgroups of any given indez.)

One reason to be interested to be interested in whether a group is virtually torsion-
free is the following simple result.

PRrROPOSITION 4.40. Suppose that a group G has a torsionfree subgroup of finite
index n. Then the order of any finite subgroup of G divides n.

EXERCISE 4.30. Prove Proposition 4.40.

EXERCISE 4.31. Suppose that a group G has a torsionfree subgroup of index
dividing n < oo. Show that the same holds for each subgroup of G.

An important class of examples of virtually torsionfree groups are the groups
GL,(Z,). In view of Proposition 4.40, it is useful to have an explicit upper bound
on the index of a torsionfree subgroup, and the following result achieves this.

THEOREM 4.41. Let p be a prime number.
a) Forp > 2, GL,(Z,) has a torsionfree normal subgroup of indezx [[,_, (p™ —p'~1).
b) GL,,(Z2) has a torsionfree normal subgroup of index o’ [T, 2m —2i71).

PROOF. a) Suppose p is odd, and consider the subgroup U' of GL,(Z,) con-
sisting of matrices of the form 1+ pM,,(Z,) — i.e., the kernel of the reduction map
r: GL,(Z,) — GL,,(Z/pZ).° Evidently U is normal and of finite index. We claim
that U' has no elements of finite order. Indeed, assuming to the contrary it would
have some element of prime order ¢ (¢ = p is allowed). But for B € M, (Z,)*,

14
(1+pB) =1+ (pB + (2

Now apply the principle of domination: the least p-adic valuation of an entry of {pB
is strictly smaller than the p-adic valuation of every entry of every matrix (£)p’B’

>p232 +... +p'B".

for 2 < i < n: when ¢ = p we are using that p | (5), which is valid since p > 2.
Therefore
Lo
’ o
(1+pB)f—1= Z (i)p’Bl £ 0,
=1
4This observation is due to Qun Li and Haiyang Wang, who took the Spring 2019 version of

the course on which these notes are based.
5Note that when n = 1, this is indeed the first higher unit group considered in Chapter 5.
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contradiction.

b) When p = 2, the above argument does not go through. To remedy it, we need
to use U? instead, the kernel of the reduction map r : GL,(Z2) — GL,(Z/2%Z).
We leave it to the reader to check that U? has no nontrivial elements of finite
order by modifying the above argument. Moreover, we have [GL,(Z) : U?] =
# GL,,(Z/4Z). To compute the latter quantity, we use the short exact sequence

1= 1+ (2)M,,(Z/AZ) — GLy(Z/AZ) — GL,(Z/2Z) — 1,
noting that #(1 + (2)M,(Z/4Z) = 2"°. O

THEOREM 4.42. (Selberg [Se60]) Let K be a field of characteristic zero, n €
Z%, and let G be a finitely generated subgroup of GLy,(K). Then G is virtually
torsionfree.

PROOF. Let S be a finite, symmetric set of generators of G, i.e., if x € S, then
27! € S. The subfield K’ obtained by adjoining to Q all the matrix entries of the
elements of S is finitely generated, and since S is a generating set for GG, we have
G C GL,(K’). By Theorem 4.35, there exists a prime number p and an embedding
t: K" — Q, such that every entry of each matrix in S gets mapped into Z,. Thus ¢
induces an embedding ¢ : M,,(K') — M, (Q,) such that«((G) C M, (Z,), and since
¢(G) is a group we must have «(G) C GL,(Z,). By Theorem 4.41, GL,(Z,) is
virtually torsionfree, hence by Exercise 9.14 so is G = +(G). O

Theorem 4.42 is false without the hypothesis that K has characteristic 0 [Wh, p.
57]. However, Wehrfritz showed [Wh70, Prop. 3.2] that for any field K and any
finitely generated subgroup G of GL, (K), there is a finite index normal subgroup
N of G such that every finite order element g of N is unipotent: i.e., the only
eigenvalue over K is 1; equivalently, there is n € ZT such that (g —1)" = 0. An
understanding of these phenomena may be helpful to those trying to state and
prove a true version of Theorem 4.39.

EXERCISE 4.32. Show that Wehrfritz’s Theorem implies Selberg’s Theorem.

Let n € Z*, and let G be a finite subgroup of GL,(Q). By Corollary 4.33, G is
conjugate to a subgroup of GL,(Z) and hence to a finite subgroup of GL,(Z,) for
all primes p. Combining Proposition 4.40, Exercise 9.14 and Theorem 4.41, we get:
2 S i — s n i—
#G |ged(2" JT@" =27 AT @" — 2" )}ps2):
i=1 i=1

In practice, this ged is attained by looking only at very small odd primes. For
example, when n = 2, it is easy to see that the ged is equal to 48, which is also
# GLo(Z/3Z): all the other orders are proper multiplies of 48, eg. # GLy(Z/4Z) =
96, # GL2(Z/5Z) = 480.

Is this upper bound sharp, i.e., is 48 indeed the least common multiple of all orders

of finite subgroups of GL2(Q) (or equivalently, GLy(Z))? Close, but not quite.
There are well-known matrices of order 4 and 6 in SLy(Z), namely

S I
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s=10 4]
so that S has determinant —1 and order 2. Then we have
SAS T =A"1 8BS ' =B,
so that as subgroups of GL2(Z) we have
(A,S) = Dy, (B, S) = De,

of orders 8 and 12 respectively. Thus the lcm of all orders of finite subgroups of
GL2(Z) is a multiple of 24.

Moreover, put

To show that 24 is sharp, we will use information coming from the Archimedean
place of Q! Namely, we can also embed GL2(Q) — GL3(R), so that by Theorem
4.25 every finite (hence compact) subgroup of GL3(Q) is conjugate to a subgroup
of the standard orthogonal group O(2). But O(2) has a very agreeable structure:
the determinant map induces a short exact sequence

1 S0(2) —» 0(2) & {1} — 1,
where the special orthogonal group SO(2) of all orthogonal matrices of determinant
one is just the circle group:

cosf) —sinf
sinf  cos@

30(2)_51_{[ } | 6 € R}.

At first sight this seems unhelpful, because of course SO(2) contains finite sub-
groups of all orders, namely the nth roots of unity. Conversely, it is easy to see
that any finite subgroup of SO(2) is generated by any element of minimal argu-
ment 0, so that the cyclic groups C), generated by the nth roots of unity are the
only finite subgroups of SO(2). However, very few of the groups C,, have rational
entries: indeed, (), contains the matrix
2

27%5

n

)
271')

n

cos(
sin(

— sin(
cos(

of trace QCOS(%’T) = (, + ¢, 1, which generates the real subfield of the nth cyclo-

tomic field so for all n > 2 has degree @. Thus this is rational iff p(n) = 2 iff
n = 3,4,6. Thus, up to conjugacy, the only matrices in GLy(R) with finite order
and rational trace are +1, A and B. This shows that the least common multiple of

all orders of finite subgroups of SL2(Q) is 12 and thus that of SLy(Q) is 24.

If we put M (n) to be the least common multiple of all orders of finite subgroups of
GL,,(Q), the above work gives an explicit upper bound on M (n) for a given n. In
fact, the exact value of M(n) for all n was computed by Minkowski.

THEOREM 4.43. (Minkowksi, 1887) For alln € 7™,

M(n) = Hﬂe%]*‘[ﬁﬁ‘[%ﬁ'm’
‘
where the product extends over all prime numbers £.
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Remarkably, the efficacy of the argument of looking at the completion at an Archimedean
place and restricting to matrices with rational trace also holds for all n > 2, as the
following theorem shows:

THEOREM 4.44. (Schur, 1905) Let G C GL,,(C) be a finite subgroup of matrices
such that Tr(g) € Q for all g € G. Then #G | M(n).

For modern (and novel) proofs of Theorems 4.42 and 4.43, we heartily recommend
the recent paper of Guralnick and Lorenz [GLO6].

For fixed n, it is also interesting to ask for the maximum order of a finite subgroup
of GL,(Q), say m(n). Evidently m(n) | M(n). E.g. we found that m(2) = 12.
This is achieved by the following remarkable theorem of Walter Feit.

THEOREM 4.45. (Feit, 1998) Let n be a positive integer, n # 2,4,6,7,8,9, 10.
a) Then m(n) = 2"n!
b) Let G C GL,(Q) be a subgroup of order 2"nl. Then G is conjugate to the
subgroup of signed permutation matrices, i.e., the subgroup generated by all permu-
tation matrices and all diagonal matrices with diagonal entries £1.

EXERCISE 4.33. Show: for alln > 1, the group of signed permutation matrices
is On(Z) := 0, (R) N GL,(Z).

Feit’s theorem relies upon a 1984 manuscript of B. Weisfeiler [We84]. Weisfeiler’s
manuscript is remarkable in that it uses the classification of finite simple groups,
one of the first to do so in an essential way to derive a significant theorem.
However, there is an even more remarkable, and sad, story concerning Weisfeiler
himself. Boris Weisfeiler has been “missing” in Chile since January 4, 1985. In
March of 1985 the local Chilean court ruled that Weisfeiler had died by accidental
drowning. However, it has long been suspected that Weisfeiler was a desaparecido,
i.e., that his death was one of the secret murders committed by the Pinochet regime.






Bibliography

[A] E. Artin, Algebraic numbers and algebraic functions. Gordon and Breach Science Pub-
lishers, New York-London-Paris 1967 xiii+349 pp.

[AP14] A. Abrams and J. Pommersheim, Spaces of polygonal triangulations and Monsky poly-
nomials. To appear in Discrete and Computational Geometry.

[AW] E. Artin and G. Whaples, A note on aziomatic characterization of fields. Bull. Amer.
Math. Soc. Volume 52, Number 4 (1946), 245-247.

[BAII] N. Jacobson, Basic algebra. II. Second edition. W. H. Freeman and Company, New York,
1989.

[Bak] M. Baker, Algebraic Number Theory Course Notes (2006), available at
http://people.math.gatech.edu/~mbaker/pdf/ANTBook.pdf

[Bh07] M. Bhargava, Mass formulae for extensions of local fields, and conjectures on the density
of number field discriminants. Int. Math. Res. Not. IMRN 2007, no. 17, 20 pp.

[Bou] N. Bourbaki, Commutative algebra. Chapters 1-7. Translated from the French. Reprint
of the 1989 English translation. Elements of Mathematics (Berlin). Springer-Verlag,
Berlin, 1998.

[C:CA] P.L. Clark, Commutative Algebra, available at http://math.uga.edu/~pete/integral .pdf

[C:FT] P.L. Clark, Field Theory, http://math.uga.edu/~pete/FieldTheory.pdf.

[C:QF] P.L. Clark, Quadratic Forms, http://www.math.uga.edu/~pete/quadraticforms.pdf.

[Ca:LF] J.W.S. Cassels, Local fields. London Mathematical Society Student Texts, 3. Cambridge
University Press, Cambridge, 1986.

[Ca:QF] J.W.S. Cassels, Rational quadratic forms. London Mathematical Society Monographs,
13. Academic Press, Inc. [Harcourt Brace Jovanovich, Publishers], London-New York,

1978.

[CaT6] J.W.S. Cassels, An embedding theorem for fields. Bull. Austral. Math. Soc. 14 (1976),
193-198.

[Cd1] K. Conrad, Fquivalence of norms. https://kconrad.math.uconn.edu/blurbs/
gradnumthy/equivnorms.pdf

[CF] Algebraic number theory. Proceedings of an instructional conference organized by the

London Mathematical Society (a NATO Advanced Study Institute) with the support
of the Inter national Mathematical Union. Edited by J. W. S. Cassels and A. Frohlich
Academic Press, London; Thompson Book Co., Inc., Washington, D.C. 1967.

[CGP17] P.L. Clark, S. Gosavi and P. Pollack, The number of atoms in a primefree atomic
domain. Comm. Algebra 45 (2017), 5431-5442.

[C166] L. Claborn, Every abelian group is a class group. Pacific J. Math. 18 (1966), 219-222.

[Cl67] L. Claborn, A generalized approximation theorem for Dedekind domains. Proc. Amer.
Math. Soc. 18 (1967). 378-380.

[Cl09a] P.L. Clark, On the Hasse principle for Shimura curves. Israel J. Math. 171 (2009),
349-365.

[C109b] P.L. Clark, Elliptic Dedekind domains revisited. Enseign. Math. (2) 55 (2009), 213-225.

[Co48] LS. Cohen, On non-Archimedean normed spaces. Nederl. Akad. Wetensch., Proc. 51,
(1948) 693—-698 = Indagationes Math. 10, 244-249.

[Coh] H. Cohen, Advanced Topics in Computational Number Theory. Graduate Texts in Math-
ematics 193, Springer-Verlag, 2000.

[Cox] D.A. Cox, Primes of the form x? + ny?. Fermat, class field theory and complex multi-
plication. A Wiley-Interscience Publication. John Wiley & Sons, Inc., New York, 1989.

[CX08] P.L. Clark and X. Xarles, Local bounds for torsion points on abelian varieties. Canad.
J. Math. 60 (2008), 532-555.



156

[DR50]
[DSS15]
(]
[El57a]

[EI57b]
(En]

[Fe96]
[Ged1]
[G]

[GLO6]

[1v09]
[Ka89)]
[KS]
[Ke07]

[Kr62]

Kiil3]
[Lam]
[L-Alg]
[L-ANT]
[Lor]
[Mas58]
[Ma80]
[ML39]
[Me79]

[Mil]
[Mo70]

[Mo90]
[N]

[0s18]

BIBLIOGRAPHY

A. Dvoretzky and C.A. Rogers, Absolute and unconditional convergence in normed lin-
ear spaces. Proc. Nat. Acad. Sci. USA 36 (1950), 192-197.

A. Dubickas, M. Sha and 1. Shparlinski, Ezplicit form of Cassels’ p-adic embedding
theorem for number fields. Canad. J. Math. 67 (2015), 1046-1064.

D. Eisenbud, Commutative algebra. With a view toward algebraic geometry. Graduate
Texts in Mathematics, 150. Springer-Verlag, New York, 1995.

R. Ellis, A note on the continuity of the inverse. Proc. Amer. Math. Soc. 8 (1957),
372-373.

R. Ellis, Locally compact transformation groups. Duke Math. J. 24 (1957), 119-125.

O. Endler, Valuation theory. To the memory of Wolfgang Krull (26 August 1899-12
April 1971). Universitext. Springer-Verlag, New York-Heidelberg, 1972.

W. Feit, Orders of finite linear groups. Proceedings of the First Jamaican Conference on
Group Theory and its Applications (Kingston, 1996), 9-11, Univ. West Indies, Kingston,
1996.

I.M. Gelfand, Normierte Ringe. Rec. Math. [Mat. Sbornik] N.S. 9 (1941), 3—24.

L.J. Gerstein, Basic Quadratic Forms. Graduate Studies in Mathematics Volume 90,
2008.

R.M. Guralnick and M. Lorenz, Orders of finite groups of matrices. (English summary)
Groups, rings and algebras, 141-161, Contemp. Math., 420, Amer. Math. Soc., Provi-
dence, RI, 2006.

S. Ivanov, Sperner’s Theorem, the Brouwer Fixed Point Theorem, and Cohomology.
Preprint available at http://arxiv.org/pdf/0906.5193v1.pdf.

E.A. Kasimatis, Dissections of regular polygons into triangles of equal areas. Discrete
Comput. Geom. 4 (1989), 375-381.

I. Kaplansky and O. F. G. Schilling, Some remarks on relatively complete fields. Bull.
Amer. Math. Soc. 48, (1942). 744-747.

K.S. Kedlaya, Mass formulas for local Galois representations. With an appendix by
Daniel Gulotta. Int. Math. Res. Not. IMRN 2007, 26 pp.

M. Krasner, Nombre des extensions d’un degré donné d’un corps p-adique énoncé des
résultats et préliminaires de la démonstration (espace des polynomes, transformation
T). C. R. Acad. Sci. Paris 254 (1962), 3470-3472.

J. Kiirschék, Uber Limesbildung und allgemeine Kérpertheorie. J. Reine Angew. Math.
142 (1913), 211-253.

T.-Y. Lam, Introduction to quadratic forms over fields. Graduate Studies in Mathemat-
ics, 67. American Mathematical Society, Providence, RI, 2005.

S. Lang, Algebra. Revised third edition. Graduate Texts in Mathematics, 211. Springer-
Verlag, New York, 2002.

S. Lang, Algebraic number theory. Second edition. Graduate Texts in Mathematics, 110.
Springer-Verlag, New York, 1994.

D. Lorenzini, An invitation to arithmetic geometry. Graduate Studies in Mathematics,
9. American Mathematical Society, Providence, RI, 1996.

K. Mahler, An interpolation series for continuous functions of a p-adic variable. J.
Reine Angew. Math. 199 (1958), 23-34.

W. May, Fields with free multiplicative groups modulo torsion. Rocky Mountain J. Math.
10 (1980), 599-604.

S. Mac Lane, Subfields and automorphism groups of p-adic fields. Ann. of Math. (2) 40
(1939), 423-442.

D.G. Mead, Dissection of the hypercube into simplexes. Proc. Amer. Math. Soc. 76
(1979), 302-304.

J. Milne, Class field theory, notes available at jmilne.org.

P. Monsky, On dividing a square into triangles. Amer. Math. Monthly 77 (1970), 161—
164.

P. Monsky, A conjecture of Stein on plane dissections. Math. Z. 205 (1990), 583-592.
J. Neukirch, Algebraic number theory. Grundlehren der Mathematischen Wissenschaften
[Fundamental Principles of Mathematical Sciences], 322. Springer-Verlag, Berlin, 1999.
A. Ostrowski, Uber einige Losungen der Funktionalgleichung p(x) - o(y) = p(zy). Acta
Math. 41 (1918) 271-284.



[Pr02]
[Ri]
[Ri67]
[Ri85]
[Ro]
[Ro73]
[Ro76]
[RV]
[Sc33]
[Se60]
[Se:Lie]
[Se:CL]
[Se78]
[Sp2g]
[Sp12]
[St]
[ST68]
[To52]

[Wa]

[Wes4]
[Wh
[Wh70]
(W1

[Ws]

BIBLIOGRAPHY 157

I. Praton, Cutting polyominos into equal-area triangles. Amer. Math. Monthly 109
(2002), 818-826.

P. Ribenboim, The theory of classical valuations. Springer Monographs in Mathematics.
Springer-Verlag, New York, 1999.

P. Ribenboim, A short note on Henselian fields. Math. Ann. 173 (1967), 83-88.

P. Ribenboim, Equivalent forms of Hensel’s lemma. Exposition. Math. 3 (1985), 3—-24.
A.M. Robert, A course in p-adic analysis. Graduate Texts in Mathematics, 198.
Springer-Verlag, New York, 2000.

M. Rosen, S-units and S-class group in algebraic function fields. J. Algebra 26 (1973),
98-108.

M. Rosen, Elliptic curves and Dedekind domains. Proc. Amer. Math. Soc. 57 (1976),
197-201.

D. Ramakrishnan and R.J. Valenza, Fourier analysis on number fields. Graduate Texts
in Mathematics, 186. Springer-Verlag, New York, 1999.

F.K. Schmidt, Mehrfach perfekte Korper. Math. Ann. 108 (1933), no. 1, 1-25.

A. Selberg, On discontinuous groups in higher-dimensional symmetric spaces. 1960 Con-
tributions to function theory (internat. Colloq. Function Theory, Bombay, 1960) pp.
147-164 Tata Institute of Fundamental Research, Bombay

J.-P. Serre, Lie algebras and Lie groups. Lectures given at Harvard University, 1964 W.
A. Benjamin, Inc., New York-Amsterdam 1965.

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

J.-P. Serre, Une “formule de masse” pour les extensions totalement ramifiées de degré
donné d’un corps local. C. R. Acad. Sci. Paris Sér. A-B 286 (1978), A1031-A1036.

E. Sperner, Neuer Beweis fiir die Invarianz der Dimensionszahl und des Gebietes. Abh.
Math. Sem. Hamburg VI (1928), 265-272.

D.E. Speyer (https://mathoverflow.net/users/297/david-e-speyer), orthogonal group
over local field, URL (version: 2012-08-18): https://mathoverflow.net/q/90122

H. Stichtenoth, Algebraic function fields and codes. Second edition. Graduate Texts in
Mathematics, 254. Springer-Verlag, Berlin, 2009.

J.-P. Serre and J. Tate, Good reduction of abelian varieties. Ann. of Math. 88 (1968),
492-517.

L. Tornheim, Normed fields over the real and complez fields. Michigan Math. J. 1 (1952),
61-68.

S. Warner, Topological fields. North-Holland Mathematics Studies, 157. Notas de
Matemadtica [Mathematical Notes], 126. North-Holland Publishing Co., Amsterdam,
1989.

B. Weisfeiler, On the size and structure of finite linear groups, unpublished 1984 man-
uscript, available at http://boris.weisfeiler.com.

B.A.F. Wehrfritz, Infinite linear groups. Queen Mary College Mathematical Notes.
Queen Mary College, Department of Pure Mathematics, London, 1969.

B.A.F. Wehrfritz, Groups of automorphisms of soluble groups. Proc. London Math. Soc.
(3) 20 (1970), 101-122.

A. Weil, Basic number theory. Reprint of the second (1973) edition. Classics in Mathe-
matics. Springer-Verlag, Berlin, 1995.

E. Weiss, Algebraic number theory. Reprint of the 1963 original. Dover Publications,
Inc., Mineola, NY, 1998.



