18.785 Number theory I Fall 2021
Lecture #1 9/8/2021

1 Absolute values and discrete valuations

1.1 Introduction

At its core, number theory is the study of the integer ring Z. By the fundamental theorem
of arithmetic, every element of Z can be written uniquely as a product of primes (up to
multiplication by a unit +1), so it is natural to focus on the prime elements of Z. If p is
a prime, the ideal (p) := pZ it generates is a maximal ideal (Z has Krull dimension one),
and the residue field Z/pZ is the finite field I, with p elements (unique up to isomorphism).
The fraction field of Z is the field Q of rational numbers. The field Q and the finite fields IF,,
together make up the prime fields: every field k contains exactly one of them, according to its
characteristic: k has characteristic zero if and only if it contains QQ, and k has characteristic p
if and only if k contains [F),.

The structure of the ring Z and the distribution of its primes are both intimately related
to properties of the Riemann zeta function
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As a function of the complex variable s, the Riemann zeta function is holomorphic and
nonvanishing on Re(s) > 1 and admits an analytic continuation to the entire complex plane.
It has a simple pole at s = 1, which implies that there are infinitely many primes (otherwise
the product over primes on the RHS would be finite and converge). The distribution of its
zeros in the critical strip 0 < s < 1 is directly related to the distribution of primes (via the
explicit formula, which we will see later in the course). As you are probably aware, Riemann
famously conjectured more than 150 years ago that the zeros of ((s) in the critical strip all
lie on the critical line Re(s) = %; this conjecture remains open.

One can also consider finite extensions of Q, such as the field Q(7) := Q[z]/(z%+1). These
are called number fields, and each can be constructed as the quotient of the polynomial ring
Q[x] by one of its maximal ideals; the ring Q[z] is a principal ideal domain and its maximal
ideals can all be written as (f) for some monic irreducible f € Z[z]. Associated to each
number field K is a zeta function (x(s), and each of these has an associated conjecture
regarding the location of its zeros (these conjectures all remain open).

Number fields are one of two types of global fields that we will spend much of the course
studying; the others are global function fields. Let F, denote the field with ¢ elements,
where ¢ is any prime power. The polynomial ring F,[t] has much in common with the
integer ring Z. Like Z, it is a principal ideal domain of dimension one, and the residue fields
F,[t]/(f) one obtains by taking the quotient by a maximal ideal (f), where f € F,[t] is any
irreducible polynomial, are finite fields F q, where d is the degree of f. In contrast to the
situation with Z, the residue fields of F,[t] all have the same characteristic as its fraction
field F,(t), which plays a role analogous to Q. Global function fields are finite extensions of
F,(t) (this includes Fg(t) itself, an extension of degree 1).

Associated to each global field k is an infinite collection of local fields corresponding to
the completions of k£ with respect to its absolute values; when k£ = Q, these completions are
the field of real numbers R and the p-adic fields Q,, (as you will prove on Problem Set 1).

The ring Z is a principal ideal domain (PID), as is [F4[t], and in such fields every nonzero
prime ideal is maximal and thus has an associated residue field. For both Z and Fg[t] these
residue fields are finite, but the characteristics of the residue fields of Z are all different (and
distinct from the characteristic of its fraction field), while those of F,[t] are all the same.
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We will spend the first part of this course fleshing out this picture, in which we are
particularly interested in understanding the integral closure of the rings Z and Fy[t] in finite
extensions of their fraction fields (such integral closures are known as rings of integers), and
the prime ideals of these rings. Where possible we will treat number fields and function fields
on an equal footing, but we will also note some key differences. Surprisingly, the apparently
more complicated function field setting often turns out to be simpler than the number field
setting; for example, the analog of the Riemann hypothesis in the function field setting (the
Riemann hypothesis for curves), is not an open problem. It was proved by André Weil in the
1940s [5]; a further generalization to varieties of arbitrary dimension was proved by Pierre
Deligne in the 1970s [3].

Zeta functions provide the tool we need to understand the distribution of primes, both
in general, and within particular residue classes; the proofs of the prime number theorem
and Dirichlet’s theorem on primes in arithmetic progressions both use zeta functions in an
essential way. Dirichlet’s theorem states that for each integer m > 1 and each integer a
coprime to m, there are infinitely many primes p = a mod m. In fact, more is true: the
Chebotarev density theorem tells us that for each modulus m the primes are equidistributed
among the residue classes of the integers a coprime to m. We will see this and several other
applications of the Chebotarev density theorem in the later part of the course.

Before we begin, let us note the following.

Remark 1.1. Our rings always have a multiplicative identity that is preserved by ring
homomorphisms (so the zero ring in which 1 = 0 is not an initial object in the category
of rings, but it is the terminal object in this category). Except where noted otherwise, the
rings we shall consider are all commutative.

1.2 Absolute values

We begin with the general notion of an absolute value on a field; a reference for much of
this material is [4, Chapter 1].

Definition 1.2. An absolute value on a field k is a map | |: & — Rx>o such that for all
x,y € k the following hold:

1. |z| = 0 if and only if z = 0;

2. |zyl = |z]lyl;
3. |z +y| < x|+ |yl

If the stronger condition
4. |z +y| < max(|z], |y|)
also holds, then the absolute value is nonarchimedean; otherwise it is archimedean.

Example 1.3. The map | |: k — Rx>¢ defined by

1 ifx#0,
|z| = .
0 ifx=0,

is the trivial absolute value on k. It is nonarchimedean.
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Lemma 1.4. An absolute value | | on a field k is nonarchimedean if and only if

[14+---4+1|<1
~—_—

n

for all n > 1.
Proof. See Problem Set 1. O

Corollary 1.5. In a field of positive characteristic every absolute value is nonarchimedean,
and the only absolute value on a finite field is the trivial one.

Definition 1.6. Two absolute values | | and | | on the same field k are equivalent if there
exists an o € R for which |z| = |z|* for all = € k.
1.3 Absolute values on

To avoid confusion we will denote the usual absolute value on Q (inherited from R) by | |~;
it is an archimedean absolute value. But there are are infinitely many others. Recall that
any element of Q* may be written as +]] q q%1, where the product ranges over primes and
the exponents e, € Z are uniquely determined (as is the sign).

Definition 1.7. For a prime p the p-adic valuation v,: Q — Z is defined by

(1)
q
and we define v,(0) := co. The p-adic absolute value on Q is defined by

ol = P,

—00

where |0], = p~*° is understood to be 0.

Theorem 1.8 (OSTROWSKI'S THEOREM). Every nontrivial absolute value on Q is equiva-
lent to | |, for some p < oco.

Proof. See Problem Set 1. 0
Theorem 1.9 (PrRODUCT FORMULA). For every x € Q* we have

H |z, = 1.

p<oo

Proof. See Problem Set 1. O

1.4 Discrete valuations

Definition 1.10. A wvaluation on a field k is a group homomorphism k* — R such that for
all x,y € k we have

v(z +y) > min(v(z),v(y)).

We may extend v to a map kK — R U {oo} by defining v(0) := oco. For any any 0 < ¢ < 1,
defining |x|, = ) yields a nonarchimedean absolute value. The image of v in R is the
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value group of v. We say that v is a discrete valuation if its value group is equal to Z
(every discrete subgroup of R is isomorphic to Z, so we can always rescale a valuation with
a discrete value group so that this holds). Given a field k£ with valuation v, the set

A={x€k:v(z) >0},

is the valuation ring of k (with respect to v). A discrete valuation ring (DVR) is an integral
domain that is the valuation ring of its fraction field with respect to a discrete valuation;
such a ring A cannot be a field, since v(Frac A) = Z # Z>o = v(A).

It is easy to verify that every valuation ring A is a in fact a ring, and even an integral
domain (if z and y are nonzero then v(zy) = v(z) + v(y) # oo, so zy # 0), with k as its
fraction field. Notice that for any z € k* we have v(1/x) = v(1) —v(x) = —v(x), so at least
one of x and 1/z has nonnegative valuation and lies in A. It follows that z € A is invertible
(in A) if and only if v(x) = 0, hence the unit group of A is

A ={x €k :v(zx) =0},

We can partition the nonzero elements of k according to the sign of their valuation. Elements
with valuation zero are units in A, elements with positive valuation are non-units in A, and
elements with negative valuation do not lie in A, but their multiplicative inverses are non-
units in A. This leads to a more general notion of a valuation ring.

Definition 1.11. A wvaluation ring is an integral domain A with fraction field k with the
property that for every x € k, either x € A or 7! € A.

Let us now suppose that the integral domain A is the valuation ring of its fraction
field with respect to some discrete valuation v (which we shall see is uniquely determined).
Any element m € A for which v(m) = 1 is called a uniformizer. Uniformizers exist, since
v(A) = Z>o. If we fix a uniformizer 7, every x € k* can be written uniquely as

Tz =ur"

where n = v(z) and u = z /7" € A* and uniquely determined. It follows that A is a unique
factorization domain (UFD), and in fact A is a principal ideal domain (PID). Indeed, every
nonzero ideal of A is equal to

(7") ={a € A:v(a) > n},

for some integer n > 0. Moreover, the ideal (7") depends only on n, not the choice of
uniformizer 7: if 7’ is any other uniformizer its unique representation 7' = wr! differs
from 7 only by a unit. The ideals of A are thus totally ordered, and the ideal

m=(r)={a€ A:v(a) >0}
is the unique maximal ideal of A (and also the only nonzero prime ideal of A).

Definition 1.12. A [ocal ring is a commutative ring with a unique maximal ideal.

Definition 1.13. The residue field of a local ring A with maximal ideal m is the field A/m.
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We can now see how to determine the valuation v corresponding to a discrete valuation
ring A. Given a discrete valuation ring A with unique maximal ideal m, we may define
v: A — Z by letting v(a) be the unique integer n for which (a) = m™ and v(0) = oo.
Extending v to the fraction field k of A via v(a/b) = v(a) —v(b) gives a discrete valuation v
on k for which A = {x € k: v(z) > 0} is the corresponding valuation ring.

Notice that any discrete valuation v on k with A as its valuation ring must satisfy
v(m) = 1 for some m € m (otherwise v(k) # Z), and we then have v(w) = 1 if and only if
m = (7). Moreover, v must then coincide with the discrete valuation we just defined: for
any DVR A, the discrete valuation on the fraction field of A that yields A as its valuation
ring is uniquely determined. It follows that we could have defined a uniformizer to be any
generator of the maximal ideal of A without reference to a valuation.

Example 1.14. For the p-adic valuation v,: Q — Z U {oo} we have the valuation ring

Ly = {%:a,béZ,p*b},

with maximal ideal m = (p); this is the localization of the ring Z at the prime ideal (p). The
residue field is Z,) /pZ,) ~ Z/pZ = F,.

Example 1.15. For any field k, the valuation v: k((t)) — Z U {oo} on the field of Laurent
series over k defined by

v E ant”™ | = no,
n>no

where a,, # 0, has valuation ring k[[t]], the power series ring over k. For f € k((t))*, the
valuation v(f) € Z is the order of vanishing of f at zero. For every a € k one can similarly
define a valuation v, on k as the order of vanishing of f at « by taking the Laurent series
expansion of f about «.

1.5 Discrete Valuation Rings

Discrete valuation rings are in many respects the nicest rings that are not fields. In addition
to being an integral domain, every discrete valuation ring A enjoys the following properties:

e nocetherian: Every increasing sequence Iy C Iy C --- of ideals eventually stabilizes;
equivalently, every ideal is finitely generated.

e principal ideal domain: Every ideal is principal (generated by a single element).

e [ocal: There is a unique maximal ideal m.

e dimension one: The (Krull) dimension of a ring R is the supremum of the lengths n
of all chains of prime ideals pg C p1 € -+ C p,, (which need not be finite, in general).
For DVRs, (0) C m is the longest chain of prime ideals, with length 1.

e reqular: The dimension of the A/m-vector space m/m? is equal to the dimension of A.
Non-local rings are regular if this holds for every localization at a prime ideal.

e integrally closed (or normal): Every element of the fraction field of A that is the root
of a monic polynomial in A[z] lies in A.

e mazximal: There are no intermediate rings strictly between A and its fraction field.
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Various combinations of these properties can be used to uniquely characterize discrete
valuation rings (and hence give alternative definitions).

Theorem 1.16. For an integral domain A, the following are equivalent:

e Aisa DVR.

e A is a noetherian valuation ring that is not a field.

e A is a local PID that is not a field.

o A is an integrally closed noetherian local ring of dimension one.

o A is a regular noetherian local ring of dimension one.

e A is a noetherian local ring whose mazximal ideal is nonzero and principal.

e A is a maximal noetherian ring of dimension one.

Proof. See [1, §23] or [2, §9]. O

1.6 Integral extensions

Integrality plays a key role in number theory, so it is worth discussing it in more detail.

Definition 1.17. Given a ring extension A C B, an element b € B is integral over A if is a
root of a monic polynomial in A[z]. The ring B is integral over A if all its elements are.

Proposition 1.18. Let «, 8 € B be integral over A C B. Then oo+ B and af8 are integral
over A.

Proof. Let f € A[z] and g € Aly] be such that f(a) = g(8) = 0, where

f@)=ao+ a1z + -+ ap12™ " + 2™,

gy) =bo+bry+ -+ b1y +y"

It suffices to consider the case
Alz,y]
(f(),9(»))’

with o and 3 equal to the images of  and y in B, respectively, since given any A’ C B’
we have homomorphisms A — A’ defined by a; — a; and b; — b; and B — B’ defined by
z+— aand y — £, and if x + y,xy € B are integral over A then o + 3,3 € B’ must be
integral over A’.

Let k be the algebraic closure of the fraction field of A, and let ay, ..., a;, be the roots
of fin k and let f1,..., B, be the roots of g in k. The polynomial

n(z) =] (= - (i + )

i3

A:Z[ao,...,am,l,bo,...,bn,l], and B =

has coefficients that may be expressed as polynomials in the symmetric functions of the «;
and f3;, equivalently, the coefficients a; and b; of f and g, respectively. Thus h € A[z], and
h(z+y) = 0, so x+y is integral over A. Applying the same argument to h(z) = []; ;(z—if;)
shows that xy is also integral over A. O
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Definition 1.19. Given a ring extension B/A, the ring A= {b € B : b is integral over A}
is the integral closure of A in B. When A = A we say that A is integrally closed in B. For
a domain A, its integral closure (or normalization) is its integral closure in its fraction field,
and A is integrally closed (or normal) if it is integrally closed in its fraction field.

Proposition 1.20. If C/B/A is a tower of ring extensions in which B is integral over A
and C is integral over B then C is integral over A.

Proof. See |1, Thm. 10.27] or |2, Cor. 5.4]. O

Corollary 1.21. If B/A is a ring extension, then the integral closure of A in B is integrally
closed in B.

Proposition 1.22. The ring Z is integrally closed.

Proof. We apply the rational root test: suppose /s € Q is integral over Z, where r and s
are coprime integers. Then

r\ "N ryn—1 r
<*> + an—1 (*) + a1 (7>+a0:0
S S S

for some ag,...,a,—1 € Z. Clearing denominators yields
P4 15t 4 a8 4 ags™ = 0,

thus r™ = —S(an,lr"_l +eags" 2 4 ags"_l) is a multiple of s. But r and s are coprime,
so s = £1 and therefore r/s € Z. O

Corollary 1.23. FEvery unique factorization domain is integrally closed. In particular, every
PID is integrally closed.

Proof. The proof of Proposition 1.22 works for any UFD. O

Example 1.24. The ring Z[v/5] is not a UFD (nor a PID) because it is not integrally closed:
consider ¢ = (1 4 /5)/2 € FracZ[\/5], which is integral over Z (and hence over Z[v/5]),
since ¢> — ¢ — 1 = 0. But ¢ ¢ Z[\/5], so Z[/5] is not integrally closed.

The corollary implies that every discrete valuation ring is integrally closed. In fact, more
is true.

Proposition 1.25. FEvery valuation ring is integrally closed.

Proof. Let A be a valuation ring with fraction field k£ and let o € k be integral over A. Then
A"+ ap_1a" ttap0a" 2+ +aa+ag=0

for some ag, a1, ...,a,—1 € A. Suppose o € A. Then a~! € A, since A is a valuation ring.
Multiplying the equation above by o ("1 e A and moving all but the first term on the
LHS to the RHS yields

A= —ap 1 — Qp1@ P — - —a1a® " —apal " € A,

contradicting our assumption that o ¢ A. It follows that A is integrally closed. O
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Definition 1.26. A number field K is a finite extension of Q. The ring of integers Ok is
the integral closure of Z in K.

Remark 1.27. The notation Zg is also sometimes used to denote the ring of integers of K.
The symbol O emphasizes the fact that Ok is an order in K; in any Q-algebra K of finite
dimension r, an order is a subring of K that is also a free Z-module of rank r, equivalently,
a Z-lattice in K that is also a ring. In fact, O is the mazimal order of K: it contains every
order in K.

Proposition 1.28. Let A be an integrally closed domain with fraction field K. Let o be
an element of a finite extension L/K, and let f € K|[z]| be its minimal polynomial over K.
Then « is integral over A if and only if f € Alx].

Proof. The reverse implication is immediate: if f € A[z] then certainly « is integral over A.
For the forward implication, suppose « is integral over A and let g € A[x] be a monic
polynomial for which g(a) = 0. In K[z] we may factor f(x) as

f(@) = [ - ).

i

For each a; we have a field embedding K(a) — K that sends a to o; and fixes K. As
elements of K we have g(a;) = 0 (since f(o;) = 0 and f must divide g), so each o; € K is
integral over A and lies in the integral closure A of A in K. Each coefficient of f € K [x]
can be expressed as a sum of products of the «;, and is therefore an element of the ring A
that also lies in K. But A = AN K, since A is integrally closed in its fraction field K. O

Example 1.29. We saw in Example 1.24 that (1 ++/5)/2 is integral over Z. Now consider
a = (1++/7)/2. Tts minimal polynomial 22 — x — 3/2 ¢ Z[z], so « is not integral over Z.
References
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18.785 Number theory I Fall 2021
Lecture #2 9/13/2021

2 Localization and Dedekind domains

After a brief review of some commutative algebra background on localizations, in this lecture
we begin our study of Dedekind domains, which are commutative rings that play a key role
in algebraic number theory and arithmetic geometry (named after Richard Dedekind).

2.1 Localization of rings

Let A be a commutative ring (unital, as always), and let S be a multiplicative subset of A;
this means S is closed under finite products (including the empty product, so 1 € S), and S
does not contain zero. The localization of A with respect to S is a ring S~ A equipped with
a ring homomorphism ¢: A — S~'A that maps S into (S7'A)* and satisfies the following
universal property: if ¢: A — B is a ring homomorphism with ¢(S) C B* then there is a
unique ring homomorphism S~'A — B that makes the following diagram commute:

A Ld s B

S—1A

and one says that ¢ factors uniquely through S™'A (via ¢). As usual with universal prop-
erties, this guarantees that S~'A is unique (hence well-defined), provided that it exists. To
prove existence we construct STt A as the quotient of A x S modulo the equivalence relation

(a,s) ~ (b,t) & Ju € S such that (at — bs)u = 0. (1)

We then use a/s to denote the equivalence class of (a,s) and define t(a) := a/1; one can
easily verify that S™1A is a ring with additive identity 0/1 and multiplicative identity 1/1,
and that ¢ : A — S~!A is a ring homomorphism. If s is invertible in A we can view a/s either
as the element as~! of A or the equivalence class of (a,s) in S~ A; we have (a,s) ~ (a/s, 1),
since (a-1—a/s-s)-1=0, so this notation should not cause any confusion. For s € S we
have +(s)™! = 1/s, since (s/1)(1/s) = s/s = 1/1 = 1, thus «(S) C (S~1A)*,

If p: A — B is a ring homomorphism with ¢(S) C B*, then ¢ = 7 o, where 7 is
defined by 7(a/s) = ¢(a)p(s)~L. If 7: ST*A — B is any ring homomorphism that satisfies
o = 7ot then p(a)p(s) | = m((@)m(e(s)) ! = n(e(a)(s) 1) = m((a/1)(1/s)) = 7(a/s).
so 7 is unique.

In the case of interest to us, A is actually an integral domain, in which case (a, s) ~ (b, t)
if and only if at — bs = 0 (we can always take u = 1 in the equivalence relation (1) above),
and we can then identify S~'A with a subring of the fraction field of A (which we note is
the localization of A with respect to S = A), and if T' is a multiplicative subset A that
contains S, then S™tA C T—1A.

When A is an integral domain the map ¢: A — S™1 A is injective, allowing us to identify
A with its image ¢(A) € S7'A (in general, ¢ is injective if and only if S contains no zero
divisors). When A is an integral domain we may thus view S~'A as an intermediate ring
that lies between A and its fraction field: A C S~1A C Frac A.

2.2 Ideals in localizations of rings

If o: A — B is a ring homomorphism and b is a B-ideal, then ¢ ~!(b) is an A-ideal called
the contraction of b to A and sometimes denoted b when A is a subring of B and ¢ is
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the inclusion map we simply have b¢ = b N A. If a is an A-ideal, in general ¢(a) is not a
B-ideal; but we can instead consider the B-ideal generated by ¢(a), the extension of a to B,
sometimes denoted a®.

In the case of interest to us, A is an integral domain, B = S~ A is the localization of A
with respect to some multiplicative set S, and ¢ = ¢ is injective, so we view A as a subring
of B. We then have

a*=aB:=(ab:a € a,b€ B). (2)

We clearly have a C ¢~ ((p(a))) = a® and b = (p(¢~1(b))) C b; one might ask whether
these inclusions are equalities. In general the first is not: if B = S~'A and a N S # 0 then
a® = aB = B and a*° = BN A are both unit ideals, but we may still have a C A. However
when B = S~ A the second inclusion is an equality; see [1, Prop. 11.19] or [2, Prop. 3.11]
for a short proof. We also note the following theorem.

Theorem 2.1. Let S be a multiplicative subset of an integral domain A. There is a one-
to-one correspondence between the prime ideals of S™'A and the primes ideals of A that do
not intersect S given by the inverse maps q — qN A and p — pS—LA.

Proof. See |1, Cor. 11.20] or |2, Prop. 3.11.iv]|. O

Remark 2.2. An immediate consequence of (2) is that if a1,...,a, € A generate a as an
A-ideal, then they also generate a® = aB as a B-ideal. As noted above, when B = S~!'A
we have b = b, so every B-ideal is of the form a® (take a = b°). It follows that if A is
noetherian then so are all its localizations, and if A is a PID then so are all of its localizations.

An important special case of localization occurs when p is a prime ideal in an integral
domain A, and S = A — p (the complement of the set p in the set A). In this case it is
customary to denote S™!'A by

Ay :={a/b:ac A b¢gp}/ ~, (3)

and call it the localization of A at p. The prime ideals of A, are then in bijection with the
prime ideals of A that lie in p. It follows that pA, is the unique maximal ideal of A, and
A, is therefore a local ring (whence the term localization).

Warning 2.3. The notation in (3) makes it tempting to assume that if a/b is an element
of Frac A, then a/b € A, if and only if b ¢ p. This is not necessarily true! As an element
of Frac A, the notation “a/b" represents an equivalence class; if a/b = a//V with b’ ¢ A,,
then in fact a/b = a//V € Ay. As a trivial example, take A = Z, p = (3), a/b = 9/3 and
a’ /b = 3/1. You may object that we should write a/b in lowest terms, but when A is not a
unique factorization domain it is not clear what this means.

Example 2.4. For a field k, let A = k[z] and p = (z — 2). Then
Ap = {f € k() : f is defined at 2}.

The ring A is a PID, so A, is a PID with a unique nonzero maximal ideal (the ideal pAy),
hence a DVR. Its maximal ideal is

pAy = {f € k(z) : f(2) = 0}.

The valuation on the field k(x) = Frac A corresponding to the valuation ring A, measures
the order of vanishing of functions f € k(x) at 2. The residue field is A, /pA, ~ k, and the
quotient map A, — A,/pA, sends f to f(2).
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Example 2.5. Let p € Z be a prime. Then Z,y = {a/b: a,b € Z,ptb}. As in the previous
example, Z is a PID and Z, is a DVR; the valuation on Q is the p-adic valuation. The
residue field is Z,)/pZ,) =~ F, and the quotient map Z,) — F) is reduction modulo p.

2.3 Localization of modules

The concept of localization generalizes immediately to modules. As above, let A be a
commutative ring, let S a multiplicative subset of A, and let M be an A-module. The
localization S~'M of M with respect to S is an S~!A-module equipped with an A-module
homomorphism ¢: M — S™'M with the universal property that if N is an S~!A-module
and p: M — N is an A-module homomorphism, then ¢ factors uniquely through S='M
(via ¢). Note that in this definition we are viewing S~!A-modules as A-modules via the
canonical homomorphism A — S~ A that is part of the definition of S™'A. Our definition
of S7'M reduces to the definition of S~'A in the case M = A.

The explicit construction of S~'M is exactly the same as S~ A, one takes the quotient
of the S~*A-module M x S modulo the same equivalence relation as in (1):

(a,s) ~ (b,t) & Ju € S such that (at — bs)u = 0,

where a and b now denote elements of M, and ¢(a) := a/1 as before. Alternatively, one can
define S™'M := M ®4 S~ A (see [2, Prop. 3.5] for a proof that this is equivalent). In other
words, ST'M is the base change of M from A to S™'A; we will discuss base change more
generally in later lectures.

The map ¢: M — S™1M is injective if and only if the map M —> M is injective for
every s € S. This is a strong condition that does not hold in general, even when A is an
integral domain (the annihilator of M may be non-trivial), but it applies to all the cases we
care about. In particular, if A lies in a field K (in which case A must be an integral domain
whose fraction field lies in K') and M is an A-module that is contained in a K-vector space.
In this setting multiplication by any nonzero s € A is injective and we can view M as an
A-submodule of any of its localizations S~ M.

We will mostly be interested in the case S = A — p, where p is a prime ideal of A, in
which case we write M, for S~IM, just as we write A, for S—1A.

Proposition 2.6. Let A be a subring of a field K, and let M be an A-module contained in
a K-vector space V' (equivalently, for which the map M — M ®4 K is injective).! Then

M:ﬂMm:ﬂMp,
m p

where m ranges over the maximal ideals of A, p ranges over the prime ideals of A, and the
intersections take place in V.

Proof. The fact that M C [, My is immediate. Now suppose = € (),, M and consider the
A-ideal a :={a € A : ax € M}. For each maximal ideal m we can write x = m/s for some
m € M and s € A —m; we then have st € M and s € a, but s € m, so a € m. It follows
that a must be the unit ideal, so 1 € aand z =1-x € M; thus Nw, My C M.

We now note that each M, contains some My, (since each p is contained in some m), and
every maximal ideal is prime, so Ny My = Ny M. O

'The image is a tensor product of A-modules that is also a K-vector space. We need the natural map to
be injective in order to embed M in it. Note that V necessarily contains a subspace isomorphic to M ®4 K.
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An important special case of this proposition occurs when K = FracA and V = K, in
which case M is an A-submodule of K. Every ideal I of A is an A-submodule of K, and
can thus be localized as above. The localization of I (as an A-module) at a prime ideal p
of A is the same thing as the extension of I (as an A-ideal) to the localization of A at p. In
other words,

I,={i/s:iel,sec A-p}={ia/s:icl,ac A,sc A—p} =1A,.
We also have the following corollary of Proposition 2.6.

Corollary 2.7. Let A be an integral domain. Every ideal I of A (including I = A) is equal
to the intersection of its localizations at the mazimal ideals of A, and also to the intersection
of its localizations at the prime ideals of A.

Example 2.8. If A =Z then Z =, Z) in Q.

Proposition 2.6 and Corollary 2.7 are powerful tools, because they allow us work in local
rings (rings with just one maximal ideal), which often simplifies matters considerably. For
example, to prove that an ideal I in an integral domain A satisfies a certain property, it is
enough to show that this property holds for all its localizations I, at prime ideals p and is
preserved under intersections. We now want to consider rings A that satisfy some further
assumptions that make its localizations become even easier to work with.

2.4 Dedekind domains

Proposition 2.9. Let A be a noetherian domain. The following are equivalent:

(i) For every nonzero prime ideal p C A the local ring Ay is a DVR.
(ii) The ring A is integrally closed and dim A < 1.

Proof. If A is a field then (i) and (ii) both hold, so let us assume that A is not a field, and
put K := Frac A. We first show that (i) implies (ii). Recall that dim A is the supremum
of the length of all chains of prime ideals. It follows from Theorem 2.1 that every chain
of prime ideals (0) C p1 € -+ C p,, extends to a corresponding chain in A, of the same
length; conversely, every chain in A, contracts to a chain in A of the same length. Thus

dim A = sup{dim A, : p € Spec A} =1,

since every A, is either a DVR (p # (0)), in which case dim A, = 1, or a field (p = (0)),
in which case dim A, = 0. Any x € K that is integral over A is integral over every A,
(since they all contain A), and the A, are integrally closed, since they are DVRs or fields.
So x € [, Ay = A, and therefore A is integrally closed, which shows (ii).

To show that (ii) implies (i), we first show that the following properties are all inherited
by localizations of a ring: (1) no zero divisors, (2) noetherian, (3) dimension at most one,
(4) integrally closed. (1) is obvious, (2) was noted in Remark 2.2, and (3) follows from
Theorem 2.1 since, as argued above, we have dim A, < dim A. To show (4), suppose € K
is integral over A,. Then
nt oy

aj aq
+o+—z4+—=0
Sn—1 S1 S0

"+
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for some ag,...,a,—1 € A and sq,...,8,—1 € A —p. Multiplying both sides by s™, where
§ = 89 -+8Sp—1 € 5, shows that sx is integral over A, hence an element of A, since A is
integrally closed. But then sxz/s = x is an element of Ay, so A, is integrally closed as
claimed.

Thus (ii) implies that every Ay is an integrally closed noetherian local domain of dimen-
sion at most 1, and for p # (0) we must have dim A, = 1. Thus for every nonzero prime ideal
p, the ring A, is an integrally closed noetherian local domain of dimension 1, and therefore
a DVR, by Theorem 1.16. O

Definition 2.10. A noetherian domain satisfying either of the equivalent properties of
Proposition 2.9 is called a Dedekind domain.

Corollary 2.11. Every PID is a Dedekind domain. In particular, Z is a Dedekind domain,
as is k[x] for any field k.

Remark 2.12. Every PID is both a UFD and a Dedekind domain. Not every UFD is a
Dedekind domain (consider k[z,y|, for any field k), and not every Dedekind domain is a
UFD (consider Z[v/—13], in which (1 + v/—13)(1 —+/—13) =2 -7 = 14). However (as we
shall see), every ring that is both a UFD and a Dedekind domain is a PID.

One of our first goals in this course is to prove that ring of integers of number fields
and coordinate rings of global function fields are Dedekind domains. More precisely, we will
prove that if A is a Dedekind domain and L is a finite separable extension of its fraction
field, then the integral closure of A in L is a Dedekind domain. This includes the two main
cases of interest to us, in which either A = Z and L is a number field, or A = F,[t] and L is
a global function field. Recall from Lecture 1 that number fields and global function fields
are the two types of global fields (as we will prove in later lectures).

2.5 Fractional ideals

Throughout this subsection, A is a noetherian domain (not necessarily a Dedekind domain)
and K is its fraction field.

Definition 2.13. A fractional ideal of a noetherian domain A is a finitely generated A-
submodule of its fraction field.

Fractional ideals generalize the notion of an ideal: when A is noetherian the ideals of
A are precisely the finitely generated A-submodules of A, and when A is also a domain we
can extend this notion to its fraction field. Every ideal of A is also a fractional ideal of A,
but fractional ideals are typically not ideals because they need not be contained in A. Some
authors use the term integral ideal to distinguish the fractional ideals that lie in A (and are
thus ideals) but we will not use this terminology.

Lemma 2.14. Let A be a noetherian domain with fraction field K, and let I C K be an
A-module. Then I is finitely generated if and only if al C A for some nonzero a € A.

Proof. For the forward implication, if r1/s1,...,7,/s, generate I as an A-module, then
al C A fora=s;---8,. Conversely, if al C A, then al is an ideal, hence finitely generated
(since A is noetherian), and if a4, ..., a, generate al then a;/a,...,a,/a generate I. O
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Remark 2.15. Lemma 2.14 gives an alternative definition of fractional ideals that can be
extended to domains that are not necessarily noetherian; they are A-submodules I of K for
which there exists a nonzero 7 € A such that v C A. When A is noetherian this coincides
with our definition above.

Corollary 2.16. Every fractional ideal of A can be written in the form %I, for some nonzero
a € A and ideal I.

Definition 2.17. A fractional ideal of A is principal if it is generated by one element, that
is, it has the form zA for some z € K. We will also use the notation (z) = zA to denote
the principal fractional ideal generated by x € K.

As with ideals, we can add and multiply fractional ideals:
I+J:=(+j:iel,jel)), 1J:=(Gj:iel,jed).

Here the notation (S) means the A-module generated by S C K. As with ideals, we
actually have I+ J ={i+j:i € I,j € J}, but the ideal I.J is typically not the same as set
{ij:1 €1,j € J}, it consists of all finite sums of elements in this set. We also have a new
operation, corresponding to division. For any fractional ideals I, J with J nonzero, the set

(I:J)={zeK:xJ I}

is called a colon ideal. Some texts refer to (I : J) as the ideal quotient of I by J, but note
that it is not a quotient of A-modules (for example, (Z : Z) = Z but Z/Z = {0}).

We do not assume I C J (or J C I), the definition makes sense for any fractional
ideals I and J with J nonzero.? If I = (z) and J = (y) are principal fractional ideals then
(I:J)=(x/y), so colon ideals can be viewed as a generalization of division in K*.

Lemma 2.18. Let I and J be fractional ideals of a noetherian domain A with J nonzero.

Then (I : J) is a fractional ideal of A.

Proof. Tt is clear from the definition that (I : J) is closed under addition and multiplication
by elements of A (since I is), so (I : J) is an A-module of the fraction field of A. To
show that (I : J) is finitely generated, we first suppose that I,J C A are ideals. For
any nonzero j € J C A we have j(I : J) € I C A, so (I : J) is finitely generated,
by Lemma 2.14. For the general case, choose a and b so that al C A and bJ C A via
Lemma 2.14. Then (I : J) = (abl : abJ) with abl,abJ C A, which we have already shown
is finitely generated. O

Definition 2.19. A fractional ideal I is invertible if I.J = A for some fractional ideal J.

Inverses are unique when they exist: if [J = A =1J" then J=JA=JIJ =AJ =J'.
We may use 17! to denote the inverse of a fractional ideal I when it exists.

Lemma 2.20. A fractional ideal I of A is invertible if and only if I(A : I) = A (in which
case (A : 1) is its inverse).

Before proving the lemma, note that I(A : I) C A always holds, since for y € I and
x € (A:I) we have zy € I C A, by the definition of (A : I). The lemma states that this
inclusion is an equality precisely when [ is invertible.

2The definition still makes sense when J is the zero ideal, but (I : (0)) = K will typically not be finitely
generated as an A-module, hence not a fractional ideal.
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Proof. Suppose [ is invertible, with I.J = A. Then j1 C Aforall j € J,s0 J C (A: ), and
A=1JCIA:I)C A sol(A:I)=A. O

In the next lecture we will prove that in a Dedekind domain every nonzero fractional
ideal is invertible, but let us first note that this is not true in general.

Example 2.21. Consider the subring A := Z+ 2iZ of the Gaussian integers (with i2 = —1).
The set I := 2ZJ[i] is a non-invertible A-ideal (even though it is an invertible Z[i]-ideal);
indeed, we have (A : ) =7Z[i| and I(A: 1I) = 2Z[i] C A.

2.6 Invertible fractional ideals and the ideal class group

In this section A is a noetherian domain (not necessarily a Dedekind domain) and K is its
fraction field. Recall that a fractional ideal of A is a finitely generated A-submodule of K,
and if I and J are fractional ideals, so is the colon ideal

(I:J)={zxeK:aJ I},

and we say that a fractional ideal I is invertible if IJ = A for some fractional ideal J. The
definition of (A : I) implies I(A : I) C A, and Lemma 2.20 implies that [ is invertible
precisely when this inclusion is an equality, in which case the inverse of I is (A : I).

Ideal multiplication is commutative and associative, thus the set of nonzero fractional
ideals of a noetherian domain form an abelian monoid under multiplication with A = (1) as
the identity. It follows that the subset of invertible fractional ideals is an abelian group.

Definition 2.22. The ideal group T of a noetherian domain A is the group of invertible
fractional ideals. Note that, despite the name, elements of Z4 need not be ideals.

Every nonzero principal fractional ideal (x) is invertible (since (z)~! = (z7!)), and a
product of principal fractional ideals is principal (since (z)(y) = (zy)), as is the unit ideal
(1), thus the set of nonzero principal fractional ideals P4 is a subgroup of Zy4.

Definition 2.23. Let A be a noetherian domain. The quotient cl(A) := Z4/P4 is the ideal
class group of A; it is also called the Picard group of A and denoted Pic(A).3

Example 2.24. If A is a DVR with uniformizer 7 then its nonzero fractional ideals are the
principal fractional ideals (7™) with n € Z (including n < 0). We have (7™)(7") = (7™*"),
thus the ideal group of A is isomorphic to Z (under addition). In this case P4 = Z4 and
the ideal class group cl(A) is trivial.

Remark 2.25. A Dedekind domain is a UFD if and only if its ideal class group is trivial
(we will prove this in the next lecture), thus cl(4) may be viewed as a measure of how
far A is from being a UFD. More generally, the ideal class group of an integrally closed
noetherian domain A is trivial when A is a UFD, and the converse holds if one replaces
the ideal class group with the divisor class group. One defines a divisor as an equivalence
class of fractional ideals modulo the equivalence relation I ~ J < (A : 1) = (A: J), and
in an integrally closed noetherian domain A (or more generally, a Krull domain), the set

3In general, the Picard group of a commutative ring A as the group of isomorphism classes of A-modules
that are invertible under tensor product (equivalently, projective modules of rank one). When A is a
noetherian domain, the Picard group of A is canonically isomorphic to the ideal class group of A and the
two notions may be used interchangeably.
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of divisors forms a group that contains principal divisors as a subgroup; the divisor class
group is defined as the quotient, and it is trivial if and only if A is a UFD (this holds more
generally for any Krull domain, see [5, Thm. 8.34]). In a Dedekind domain, fractional ideals
are always distinct as divisors and every nonzero fractional ideal is invertible, so the ideal
class group and divisor class group coincide.?
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3 Properties of Dedekind domains

In the previous lecture we defined a Dedekind domain as a noetherian domain A that satisfies
either of the following equivalent conditions:

e the localizations of A at its nonzero prime ideals are all discrete valuation rings;

e A is integrally closed and has dimension at most one.

In this lecture we will establish several additional properties enjoyed by Dedekind domains,
the most significant of which is unique factorization of ideals. As we noted last time,
Dedekind domains are typically not unique factorization domains (the only exceptions are
principal ideal domains), but ideals can be uniquely factored into prime ideals.

3.1 Invertible ideals in Dedekind domains

Our first goal is prove that every nonzero fractional ideal in a Dedekind domain is invertible.
We will use the fact that arithmetic of fractional ideals behaves well under localization.

Lemma 3.1. Let I and J be fractional ideals of a noetherian domain A, and let p be a
prime ideal of A. Then I, and J, are fractional ideals of Ay, as are

I+ Tp=T+Jy,  U)p=1DLdy,  (:J)y=:Jp)
The same applies if we localize with respect to any multiplicative subset S of A.

Proof. I, = I'A, is a finitely generated Ap-module (since I is a finitely generated A-module;
see Remark 2.2), hence a fractional ideal of Ay, and similarly for J,. We have

where we use the distributive law in K to get (I + J)A, = I A, + JA,. We also have
(L T)p = (L) Ay = Iy,

since (IJ)A, C I,J, obviously holds and by writing fractions over a common denominator
we can see that I,J, C (IJ)A, also holds. Finally

I:J)p={zeK:aJCIl}y={vecK:aJ, Cl}=:Jp).

For the last statement, note that no part of our proof depends on the fact that we localized
with respect to a multiplicative set of the from A — p. O

Theorem 3.2. Let I be a fractional ideal of a noetherian domain A. Then I is invertible
if and only if its localization at every maximal ideal of A is invertible, equivalently, if and
only if its localization at every prime ideal of A is invertible.

Proof. Suppose [ is invertible. Then I(A : I) = A, and for any maximal ideal m we have
Inn(Am : Iy) = A, by Lemma 3.1, so I is also invertible.

Now suppose I, is invertible for every maximal ideal m; then In(Aw : In) = An for
every maximal ideal m. Applying Lemma 3.1 and Proposition 2.6 yields

IA:D) =(IA: D= VIn(An : In) = ) An = 4,
m m m
so I is invertible. The same proof works for prime ideals. ]
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Corollary 3.3. In a Dedekind domain every nonzero fractional ideal is invertible.

Proof. If A is Dedekind then all of its localizations at maximal ideals are DVRs, hence PIDs,
and in a PID every nonzero fractional ideal is invertible. It follows from Theorem 3.2 that
every nonzero fractional ideal of A is invertible. ]

An integral domain in which every nonzero ideal is invertible is a Dedekind domain (see
Problem Set 2), so this gives another way to define Dedekind domains. Let us also note an
equivalent condition that will be useful in later lectures.

Lemma 3.4. A nonzero fractional ideal I in a noetherian local domain A is invertible if
and only if it is principal.

Proof. If I is principal then it is invertible, so we only need to show the converse. Let I be
an invertible fractional ideal, and let m be the maximal ideal of A. We have II~! = A, so
Z?:l a;b; = 1 for some a; € I and b; € I™', and each a;b; lies in II=' = A. One of the
products a;b;, say a1b;, must be a unit, otherwise the sum would not be a unit (note that
A=mU A* since A is a local ring). For every = € I we have a1b1z € (a1), since bjx € A
(because z € I and by € I71). It follows that = (a1b1) taibix € (a1), since (a1b1)~! € A,
so we have I C (a;) C I, which shows that I = (a;) is principal. O

Corollary 3.5. A nonzero fractional ideal in a noetherian domain A is invertible if and
only if it is locally principal, that is, its localization at every maximal ideal of A is principal.

3.2 Unique factorization of ideals in Dedekind domains

We are now ready to prove the main result of this lecture, that every nonzero ideal in a
Dedekind domain has a unique factorization into prime ideals. As a first step we need to
show that every ideal is contained in only finitely many prime ideals.

Lemma 3.6. Let A be a Dedekind domain and let a € A be nonzero. The set of prime ideals
that contain a is finite.

Proof. Consider the following subsets S and T of the ideal group Z4:
S:={I€Zy:(a) CICA}
T:={I€Zy:ACIC (a)fl}.

The sets S and T are both non-empty (they contain A) and partially ordered by inclusion.
The elements of S are all ideals, and we have bijections

(,01:5—>T QOQZT—>S
I 171 I al

with ¢ order-reversing and o order-preserving. The composition ¢ := @g 0 7 is thus an
order-reversing permutation of S. Since A is noetherian, the set S satisfies the ascending
chain condition: every chain Iy C Iy C I3 C --- of ideals in S is eventually constant. By
applying our order-reversing permutation ¢ we see that S also satisfies the descending chain
condition: every chain Iy O Iy D I3 O --- of ideals in S is eventually constant.

Now if a lies in infinitely many distinct prime ideals pq, po, p3, . . ., then

pr2piNp22piNpaNps 2 ---
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is a descending chain of ideals in S that must stabilize. Thus for n sufficiently large we have
P1---Pn— gplm"'mpnfl =p1N---Npy C pp.

The prime ideal p,, contains the product p;---p,—1, so it must contain one of the factors
P1, -+ ,Pn—1 (this is what it means for an ideal to be prime). But this contradicts dim A < 1:
we cannot have a chain of prime ideals (0) € p; C p,, of length 2 in A. O

Corollary 3.7. Let I be a nonzero ideal of a Dedekind domain A. The number of prime
ideals of A that contain I is finite.

Proof. Apply Lemma 3.6 to any nonzero a € I. O

Example 3.8. The Dedekind domain A = C[t] contains uncountably many nonzero prime
ideals p, = (t — r), one for each r € C. But any nonzero f € C[t] lies in only finitely many
of them, namely, the p, for which f(r) = 0; equivalently, f has finitely many roots.

Let p be a nonzero prime ideal in a Dedekind domain A with fraction field K, let 7 be a
uniformizer for the discrete valuation ring Ay, and let I be a nonzero fractional ideal of A.
The localization I is a nonzero fractional ideal of Ay, hence of the form (7") for some n € Z
that does not depend on the choice of 7w (note that n may be negative). We now extend the
valuation vy: K — Z U {oo} to fractional ideals by defining vy (/) := n and v,((0)) := oo;
for any x € K we have vy((z)) = vy(x).

The map vp: Ty — Z is a group homomorphism: if I, = (7™) and J, = (7") then

(L) = Ly Jp = (7")(7") = (Wmm),

so vp(IJ) = m+n =wvy(I)+vy(J). It is order-reversing with respect to the partial ordering
on 74 by inclusion and the total order on Z: for any I,J € Z4, if I C J then vp(I) > vy(J).

Lemma 3.9. Let p be a nonzero prime ideal in a Dedekind domain A. If I is an ideal of A
then vy(I) = 0 if and only if p does not contain I. In particular, if q is any nonzero prime
ideal different from p then vq(p) = vp(q) = 0.

Proof. If I C p then v,(I) > vy(p) = 1 is nonzero. If I Z p then pick a € I —p and note that
0 =vy(a) > vp(I) > vy(A) =0, since (a) € I C A. The prime ideals p and g are nonzero,
hence maximal (since dim A < 1), so neither contains the other and vy(p) = vp(q) =0. O

Corollary 3.10. Let A be a Dedekind domain with fraction field K. For each nonzero
fractional ideal I we have vy(I) = 0 for all but finitely many prime ideals p. In particular,
if v € K* then vy(x) =0 for all but finitely many p.

Proof. For I C A this follows from Corollary 3.7 and Lemma 3.9. For I € Alet I = %J
with a € A and J C A. Then vp(I) = vp(J) — vp(a) = 0 — 0 = 0 for all but finitely many
prime ideals p. This holds in particular for I = (x), for any x € K*. O

We are now ready to prove our main theorem.

Theorem 3.11. Let A be a Dedekind domain. The ideal group Ta of A is the free abelian
group generated by its nonzero prime ideals p. The isomorphism

IAz@Z
p
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is given by the inverse maps
I'— (...,v(]),...)
Hpep — (., ep, )
p

Proof. Corollary 3.10 implies that the first map is well defined (the vector associated to
I € T4 has only finitely many nonzero entries and is thus an element of the direct sum). For
each nonzero prime ideal p, the maps I — v,(I) and e, — p* are group homomorphisms,
and it follows that the maps in the theorem are both group homomorphisms. To see that
the first map is injective, note that if v,(I) = vy(J) then I, = J,, and if this holds for
every p then I = Nyl, = NyJy, = J, by Corollary 2.7. To see that it is surjective, note that
Lemma 3.9 implies that for any vector (..., ep,...) in the image we have

. (Hpe») S epun(h) o
p

p

which implies that Hp p® is the pre-image of (..., ep,...); it also shows that the second map
is the inverse of the first map. O

Remark 3.12. When A is a DVR, the isomorphism given by Theorem 3.11 is just the
discrete valuation map vp: Iy — 7, where p is the unique maximal ideal of A.

Corollary 3.13. In a Dedekind domain every nonzero fractional ideal I has a unique fac-
torization I = Hp p () into nonzero prime ideals p.*

Remark 3.14. Every integral domain with unique ideal factorization is a Dedekind domain
(see Problem Set 2).

The isomorphism of Theorem 3.11 allows us to reinterpret the operations we have defined
on fractional ideals. If I = Hp p® and J = Hp p/v are nonzero fractional ideals then

IJ s Hpep—"_fp’

(1:0) =T,
I+J=]]pminerd) = ged(1, ),
InJ=]]pmh) =lem(I, ),

and for all I, J € 74 we have
IJ=INnJ)(I+J).

A key consequence of unique factorization is that I C J if and only if e, > f, for all p;
this implies that J contains I if and only if J divides I. Recall that in any commutative
ring, if J divides I (i.e. JH = I for some ideal H) then J contains I (the elements of I are
H-linear, hence A-linear, combinations of elements of J and so lie in J), whence the slogan
to divide is to contain. In a Dedekind domain the converse is also true: to contain is to
divide. This leads to another characterization of Dedekind domains (see Problem Set 2).

"We view A = I1, pvr () = 11, p° = (1) as an (empty) product of prime ideals.
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Given that inclusion and divisibility are equivalent in a Dedekind domain, we may view
I+ J as the greatest common divisor of I and J (it is the smallest ideal that contains, hence
divides, both I and J), and I N J as the least common multiple of I and J (it is the largest
ideal contained in, hence divisible by, both I and J).?

We also note that

z €l < (z) CI <= vy(z) > e, for all p,
(where I =[], p® as above), and therefore
I ={z €K :uvy(zx)> e, for all p}.
We have I C A if and only if e, > 0 for all p.

Corollary 3.15. A Dedekind domain is a UFD if and only if it is a PID, equivalently, if
and only if its class group is trivial.

Proof. Every PID is a UFD, so we only need to prove the reverse implication. The fact
that we have unique factorization of ideals implies that it is enough to show that every
prime ideal is principal. Let p be a nonzero prime ideal in a Dedekind domain A that is
also a UFD, let a € p nonzero, and let a = py --- p, be the unique factorization of a into
irreducible elements. Now p contains and therefore divides (a) = (p1)--- (pn), so p divides
(and therefore contains) some (p;), which is necessarily a prime ideal (in a UFD, irreducible
elements generate prime ideals). But A has dimension one, so we must have p = (p;). O

3.3 Representing ideals in a Dedekind domain

Most Dedekind domains are not PIDs, so a typical Dedekind domain will contain ideals
that require more than one generator. But it turns out that two generators always suffice,
and we can even pick one of them arbitrarily. To prove this we need the following lemma.
Recall that two A-ideals I and J are said to be relatively prime, or coprime, if [ +J = A;
equivalently, ged(Z, J) = (1).

Lemma 3.16. Let A be a Dedekind domain and let I and I' be nonzero ideals. There exists
an ideal J coprime to I' such that 1.J is principal.

Proof. Let p1, ..., pn be the nonzero prime ideals dividing I’ (a finite list, by Corollary 3.7).
For 1 <14 < n define the ideal a; :==p1 -+ - p;—1p;+1 - - - pn and choose a; € I so that

a; € a;1 and a; € pil.

Note that a;I Np;I C a,1 because vy, (a; I Np;I) = vy, (pil) > vy, (I) = vy, (a;I), so such an a;
exists. Each a; is necessarily nonzero, and satisfies vy, (a;) = vy, (I) since

vpi(ai) > vPi(aiI) = Up; (I) and Upz‘(ai) < Uy, (p%I) = Up; (I) +1,

and for j # i we have vy, (a;) > vy, (p;I) > vp,(I). We now define a = aj + --- + ay, so
that vy, (a) = vy, (a;) = vp,(I) for 1 < i < n (by the nonarchimedean triangle equality; see
Problem Set 1). We thus have vp(a) = vy (1) for all prime ideals p|I’.

Now (a) is contained in I and therefore divisible by I (since A is a Dedekind domain),
so (a) = IJ for some ideal J. For each prime ideal p|I” we have vp(J) = vp(a) — vp(I) = 0,
so J is coprime to I’, and I.J = (a) is principal as desired. ]

2Tt may seem strange at first glance that the greatest common divisor of I and .J is the smallest ideal
dividing I and J, but note that if A = Z then ged((a), (b)) = (ged(a, b)) for any a,b € Z, so the terminology
is consistent (note that bigger numbers generate smaller ideals).
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One can show that every integral domain satisfying Lemma 3.16 is a Dedekind domain
(see Problem Set 2).

Corollary 3.17 (Finite approximation). Let I be a nonzero fractional ideal in a Dedekind
domain A and let p1,...,pn be a finite set of nonzero prime ideals of A. Then I contains
an element x for which vy, (x) = vy, (I) for 1 <i <n.

Proof. Let I = %J with s € A and J an ideal. As in the proof of Lemma 3.16, we can
pick a € J so that vy, (a) = vy, (J) for 1 < i < n. If we now let £ = a/s then we have
Uy, () = vy, (a) — vy, (s) = vp, (J) — vy, (5) = vp,(I) for 1 < i < n as desired. O

Corollary 3.18. Let I be a nonzero ideal in a Dedekind domain A. The quotient ring A/
is a principal ideal ring (every ideal in A/I is principal).

Proof. Let ¢: A — A/I be the quotient map, let J be an (A/I)-ideal and let J := ¢~1(J)
be its inverse image in A; then I C .J, and J ~ J/I as (A/I)-modules. By Corollary 3.17 we
may choose a € J so that vp(a) = vy(J) for all nonzero prime ideals p|I. For every nonzero
prime ideal p we then have v, (J) < vy(f) and

min(vp(a), vy(1)) = vp(a) = vp(J)  ifpll,
vp((a) +1)=q P OF ’ ’ :

min vy (a), vy (1)) = vp(1) = 0 = vy(J) ifpf 1,
so (a) + I = J (here we are using unique factorization of ideals; in a Dedekind domain two
ideals with the same valuation at every nonzero prime ideal must be equal). If follows that

J~J/I=((a)+1)/I =¢((a)) = (¢(a)) is principal. O

The converse of Corollary 3.18 also holds; an integral domain whose quotients by nonzero
ideals are principal ideal rings is a Dedekind domain (see Problem Set 2).

Definition 3.19. A ring that has only finitely many maximal ideals is called semilocal.
Example 3.20. The ring Z3) N Zs) is semilocal, it has just two maximal ideals.
Corollary 3.21. Every semilocal Dedekind domain is a principal ideal domain.

Proof. 1If we let I’ be the product of all the prime ideals in A and apply Lemma 3.16 to any
ideal I we will necessarily have J = A and IJ = [ principal. O

Theorem 3.22. Let I be a nonzero ideal in a Dedekind domain A and let a € I be nonzero.
Then I = (a,b) for some b € I.

Proof. We have (a) C I, so I divides (a) and we have II' = (a) for some nonzero ideal I’.
By Lemma 3.16 there is an ideal J coprime to I’ such that I.J is principal, so I.J = (b) for
some b € I. We have ged((a), (b)) = ged(II',1J) = I, since ged(I’, J) = (1), and it follows
that I = (a,b). O

Theorem 3.22 gives us a convenient way to represent ideals I in the ring of integers of a
global field. We can always pick a € Z or a € [Fy[t]; we will see in later lectures that there is
a natural choice for a (the absolute norm of I). It also gives us yet another characterization
of Dedekind domains: they are precisely the integral domains for which Theorem 3.22 holds.

We end this section with a theorem that summarizes the various equivalent definitions
of a Dedekind domain that we have seen.
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Theorem 3.23. Let A be an integral domain. The following are equivalent:

o A is an integrally closed noetherian domain of dimension at most one.

o A is noetherian and its localizations at nonzero prime ideals are DVRs.
e Fwvery nonzero ideal in A is invertible.

e Fvery nonzero ideal in A is a (finite) product of prime ideals.

e A is noetherian and “to contain is to divide" holds for ideals in A.

o For every ideal I in A there is an ideal J in A such that 1J is principal.
e Bvery quotient of A by a nonzero ideal is a principal ideal ring.

e For every nonzero ideal I in A and nonzero a € I we have I = (a,b) for some b € I.

Proof. See Problem Set 2. O
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18.785 Number theory I Fall 2021
Lecture #4 09/20/2021

4 Etale algebras, norm and trace

4.1 Separability

In this section we briefly review some standard facts about separable and inseparable field
extensions that we will use repeatedly throughout the course. Those familiar with this
material should feel free to skim it. In this section K denotes any field, K is an algebraic
closure that we will typically choose to contain any extensions L/K under consideration,
and for any polynomial f = 3" a;2' € K[x] we use f' := > ia;x""! to denote the formal
derivative of f (this definition also applies when K is an arbitrary ring).

Definition 4.1. A polynomial f in K|z| is separable if (f, f’) = (1), that is, ged(f, f') is a
unit in Kx]. Otherwise f is inseparable.

If f is separable then it splits into distinct linear factors over over K, where it has deg f
distinct roots; this is sometimes used as an alternative definition. Note that the property of
separability is intrinsic to the polynomial f, it does not depend on the field we are working in;
in particular, if L/K is any field extension the separability of a polynomial f € K[x] C Lx]
does not depend on whether we view f as an element of K|x] or L|x].

Warning 4.2. Older texts (such as Bourbaki) define a polynomial in K [z] to be separable if
all of its irreducible factors are separable (under our definition); so (x—1)? is separable under
this older definition, but not under ours. This discrepancy does not change the definition of
separable elements or field extensions.

Definition 4.3. Let L/K be an algebraic field extension. An element « € L is separable over
K if it is the root of a separable polynomial in K[z] (in which case its minimal polynomial is
necessarily separable). The extension L/K is separable if every « € L is separable over K
otherwise it is inseparable.

Lemma 4.4. An irreducible polynomial f € K|[x] is inseparable if and only if f" = 0.

Proof. Let f € K[z] be irreducible; then f is nonzero and not a unit, so deg f > 0. If /' =0
then ged(f, f') = f ¢ K* and f is inseparable. If f is inseparable then g := ged(f, f') is a
nontrivial divisor of f and f’. This implies deg g = deg f, since f is irreducible, but then
deg [’ < deg f = deg g, so g cannot divide f’ unless f/ = 0. O

Corollary 4.5. Let f € K[z] be irreducible and let p > 0 be the characteristic of K. We
have f(z) = g(zP") for some irreducible separable g € K[z] and integer n > 0 that are
uniquely determined by f.

Proof. If f is separable the theorem holds with ¢ = f and n = 0; for uniqueness, note that
if p = 0 then p" # 0 if and only if n = 0, and if p > 0 and g(«P") is inseparable unless n = 0
because g(zP") = g/(xP")p"xP"~! = 0 (by the previous lemma). Otherwise f(z) :== Y f,a"
is inseparable and f’(x) = Y rf.2"~! = 0 (by the lemma), and this can occur only if p > 0
and f, = 0 for all » > 0 not divisible by p. So f = g(zP) for some (necessarily irreducible)
g € K[x]. If g is separable we are done; otherwise we proceed by induction. As above, the
uniqueness of g and n is guaranteed by the fact that g(zP")’ = 0 for all n > 0. O

Corollary 4.6. If char K = 0 then every algebraic extension of K is separable.
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Lemma 4.7. Let L = K(«) be an algebraic field extension contained in an algebraic closure
K of K and let f € K[z] be the minimal polynomial of o over K. Then

4 Hom (I, T) = #{6 € K+ f(8) =0} < [L: K],
with equality if and only if « is separable over K.

Proof. Each element of Homg (L, K) is uniquely determined by the image of o, which must
be a root $ of f(x) in K. The number of these roots is equal to [L : K] = deg f precisely
when f, and therefore «, is separable over K. O

Definition 4.8. Let L/K be a finite extension of fields. The separable degree of L/K is
[L: K]s :=#Homg (L, K).

The inseparable degree of f is
LK = [L: K]/[L: K],

We will see shortly that [L : K|, always divides [L : K], so [L : K|; is an integer (in fact a
power of the characteristic of K), but it follows immediately from our definition that

[L:K]=[L:K|L:K]J;.
holds regardless.

Theorem 4.9. Let L/K be an algebraic field extension. and let ¢ : K — Q be a homomor-
phism to an algebraically closed field Q). Then ¢ extends to a homomorphism ¢ : L — Q.

Proof. We use Zorn’s lemma. Define a partial ordering on the set F of pairs (F,¢p) for
which F/K is a subextension of L/K and ¢p: F — ) extends ¢k by defining

(F1,0r,) < (F2, ¢R,)

whenever F» contains F and ¢p, extends ¢p, . Given any totally ordered subset C of F, let
E be the field | J{F : (F,¢r) € C} and define ¢pp: E — Q by ¢p(z) = ¢pp(z) forc € FCE
(this does not depend on the choice of F' because C is totally ordered). Then (E, ¢g) is a
maximal element of C, and by Zorn’s lemma, F contains a maximal element (M, ¢pr).

We claim that M = L. If not, then pick & € L— M and consider the field F = M(«) C L
properly containing M, and extend ¢ps to pp: F' — € be letting ¢ (a) be any root of aips(f)
in Q, where f € MJz] is the minimal polynomial of o over M and ays(f) is the image of
f in Q[z] obtained by applying ¢as to each coefficient. Then (M, ¢ps) is strictly dominated
by (F, ¢r), contradicting its maximality. O

Lemma 4.10. Let L/F/K be a tower of finite extensions of fields and K be an algebraic
closure of K that contains L. Then

#Homg (L, K) = # Homg (F, K)# Homp(L, K).

Proof. The result is immediate when F' = K or L = F (the RHS is 1 times the LHS), so
we assume K C F' C L and decompose the extensions L/F and F/K into finite towers of
non-trivial simple extensions

K:KogKlggKm:F:ngKm—&—lg_,C._Kn:La
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where K; = K;_1(«;) for 1 <i <mn. To prove the lemma it suffices to show that

# Homp, (Kp, K) = [ [ #Homg,_, (K, K)
=1

for any tower of proper simple extensions Ko C K; C --- C K,,. We now consider the map

®: Homp (K, K) —» K"
P = (90(041)7 T ,(,D(Oén)).

This map ® is injective, since p: K, = Ko(aa,...,a,) — K is uniquely determined by the
images ¢(a),...¢(an), so it suffices to show that the image of ® has cardinality [[;", ks,
where h; = # Homp, ,(K;, K).

For any polynomial f € K[x] let 7(f) := {8 € K : f(3) = 0} be the set of its K-roots.
Each o € Autk (K) induces a bijection 7(f) — (o (f)) with #r(f) = #r(a(f)).

Let f; be the minimal polynomial of «; over K;_1. Lemma 4.7 implies h; = #r(f;), and
for any ¢ € Homg (K, K) we have h; = #r(¢(f;)), since Theorem 4.9 allows us to extend ¢
to an element of Homy (K, K) = Autg (K).

Let ¢g: K — K be the inclusion map. For each ¢ € Homg(K,, K) we may define
a compatible sequence of pairs (p;, 3;) with ¢; € Homg (K;, K) satisfying Pil,_, = Pi-1
and f; € r(p;—1(fi)) by putting ¢; = @)y, and B; = ¢(a;); note that (f1,. .., 3,) uniquely
determine ¢ and the sequence of pairs («;, 5;), so the set of such compatible sequences of pairs
is in bijection with the image of ®. We can construct such a compatible sequence by initially
choosing 81 € 7(f1) and letting ¢1 (o) = 1 uniquely determine ¢ € Homg (K7, K); there
are exactly hj choices for the pair (a, 51). To extend this sequence we choose 82 € r(p1(f2))
and let p2(a2) = B2 and g x, = %1 uniquely determine @y € Homp (K2, K). There are
exactly ha choices for the pair (ag, 52). Continuing in this fashion, we find there are exactly
[T h; sequences of pairs («;, 3;) corresponding to some ¢ € Hom (K, K). The image of
the map ® thus has cardinality [[;"; h; as desired. O

Corollary 4.11. Let L/F/K be a tower of finite extensions of fields. Then

[L:K|s=[L:Fs[F: K|

Proof. The first equality follows from the lemma and the second follows from the identities
[L:K|=[L:F][F:K]and [L: K|=[L:K|s[L: K];. O
Theorem 4.12. Let L/K be a finite extension of fields. The following are equivalent:

(a) L/K is separable;

(b) [L:K]s=I[L:K];
(c) L =K(«) for some a € L separable over K ;

) L~ K

(d [x]/(f) for some monic irreducible separable polynomial f € Klx].

Proof. The equivalence of (c) and (d) is immediate (let f be the minimal polynomial of «
and let o be the image of x in K[z]/(f)), and the equivalence of (b) and (c) is given by
Lemma 4.7. That (a) implies (c) is the PRIMITIVE ELEMENT THEOREM, see |2, §15.8] or
[3, §V.7.4] for a proof. It remains only to show that (c¢) implies (a).
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So let L = K(«) with « separable over K. For any 5 € L we can write L = K(f)(«a),
and we note that « is separable over K (f3), since its minimal polynomial over K () divides
it minimal polynomial over K, which is separable. Lemma 4.7 implies [L : K]s = [L : K]

and [L: K(8)]s = [L : K(B)] (since L = K(a) = K(B)(«)), and the equalities

[L: K] = [L: K@)K@): K]
[L: K]s = [L: K(B)]s[K(B) : K]

then imply [K(8) : K]s = [K(B) : K]. So f is separable over K (by Lemma 4.7). This
applies to every 8 € L, so L/K is separable and (a) holds. O

Corollary 4.13. Let L/K be a finite extension of fields. Then [L : K|y < [L : K] with
equality if and only if L/K is separable.

Proof. We have already established this for simple extensions, and otherwise we my decom-
pose L/K into a finite tower of simple extensions and proceed by induction on the number
of extensions, using the previous two corollaries at each step. ]

Corollary 4.14. Let L/F/K is a tower of finite extensions of fields. Then L/K is separable
if and only if both L/F and F/K separable.

Proof. The forward implication is immediate and the reverse implication follows from Corol-
laries 4.11 and 4.13. O

Corollary 4.15. Let L/F/K be a tower of algebraic field extensions. Then L/K is separable
if and only if both L/F and F/K are separable.

Proof. As in the previous corollary the forward implication is immediate. To prove the
reverse implication, we assume L/F and F/K are separable and show that every 5 € L is
separable over K. If 8 € F we are done, and if not we at least know that (3 is separable
over F'. Let M/K be the subextension of F//K generated by the coefficients of the minimal
polynomial f € F[z] of § over F. This is a finite separable extension of K, and M (/) is also
a finite separable extension of M, since the minimal polynomial of 5 over M(f) is f, which
is separable. By the previous corollary, M (/3), and therefore /3, is separable over K. ]

Corollary 4.16. Let L/K be an algebraic field extension, and let
F={a€L:a is separable over K}.

Then F' is a separable field extension of K.

Proof. This is clearly a field, since if @ and 8 are both separable over K then K(«) and
K (a, ) are separable extensions of K (by the previous corollary), thus every element of
K(a, ), including aff and a + 3, is separable over K and lies in F. The field F' is then
separable by construction. O

Definition 4.17. Let L/K be an algebraic field extension. The field F' in Corollary 4.16 is
the separable closure of K in L. When L is an algebraic closure of K it is simply called a
separable closure of K and denoted K5¢P.

When K has characteristic zero the notions of separable closure and algebraic closure
necessarily coincide. This holds more generally whenever K is a perfect field.
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Definition 4.18. A field K is perfect if every algebraic extension of K is separable.

All fields of characteristic zero are perfect. Perfect fields of positive characteristic are
characterized by the following property.

Theorem 4.19. A field K of characteristic p > 0 is perfect if and only if K = KP, that is,
every element of K is a pth power, equivalently, the map x — P is an automorphism.

Proof. If K # KP then for any a € K — KP? the polynomial 2P — « is irreducible and
the extension K[z]/(zP — «) is inseparable, implying that K is not perfect. Now suppose
K = KP and let f € K[z] be irreducible. By Corollary 4.5, we havef(x) = g(zP") for some
separable g € K[z] and n > 0. If n > 0 then

fla) = g(a?") = gla?")P,

where g is the polynomial obtained from g by replacing each coefficient with its pth root
(thus g(z)? = g(zP), since we are in characteristic p). But this contradicts the irreducibility
of f. Son =0 and f = g is separable. The fact that every irreducible polynomial in K[x]
is separable implies that every algebraic extension of K is separable, so K is perfect. O

Corollary 4.20. Every finite field is a perfect field.

Proof. If a field K has cardinality p™ then #K* = p™ — 1, thus a = a?" = (apn_l)p for all
«a € K and every element of K is a pth power. O

Definition 4.21. A field K is separably closed if K has no nontrivial finite separable ex-
tensions. Equivalently, K is equal to its separable closure in any algebraic closure of K.

Definition 4.22. An algebraic extension L/K is purely inseparable if [L : K] = 1.

Remark 4.23. The trivial extension K/K is both separable and purely inseparable (but
not inseparable!); conversely, an extension that is separable and purely inseparable is trivial.

Example 4.24. If K = Fy(t) and L = K[z]/(aP —t) = F,(t'/?), then L/K is a purely
inseparable extension of degree p.

Proposition 4.25. Let K be a field of characteristic p > 0. If L/ K is purely inseparable of
degree p then L = K(a'/?) ~ K[z]/(x? — a) for some a € K — KP.

Proof. Every a € L — K is inseparable over K, and by Corollary 4.5 its minimal polynomial
over K is of the form f(x) = g(«P) with f monic. We have 1 < degf < [L : K| = p, so
g(z) must be a monic polynomial of degree 1, which we can write as g(x) = x — a. Then
f(z) = 2P — a, and we must have a ¢ KP since f is irreducible (a difference of pth powers
can be factored). We have [L: K(a)] =1, s0 L = K(a) ~ K[z]|/(2P — a) as claimed. O

Theorem 4.26. Let L/K be an algebraic extension and let F' be the separable closure of K
in L. Then L/F is purely inseparable.

Proof. If L/K is separable then L = F the theorem holds, so we assume otherwise, in
which case the characteristic p of K must be nonzero. Fix an algebraic closure K of K that
contains L. Let « € L — F have minimal polynomial f over F'. Use Corollary 4.5 to write
f(z) = g(zP") with g € F[z] irreducible and separable, and n > 0. We must have deg g = 1,
since otherwise the roots of ¢ would be separable over F', and therefore over K, but not lie
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in in the separable closure F of K in L. Thus f(z) = 2P" — a for some a € F (since f is
monic and deg g = 1). Since we are in characteristic p > 0, we can factor f in F(a)[x] as

fr) = a7

There is thus only one F-homomorphism from F(a) to K. The same statement applies to
any extension of F' obtained by adjoining any set of elements of L (even an infinite set).
Therefore # Homp (L, K) = 1, s0 [L : F]s = 1 and L/F is purely inseparable. O

n n

— o = (z—a)"".

Corollary 4.27. Every algebraic extension L/K can be uniquely decomposed into a tower
of algebraic extensions L/F/K with F/K separable and L/F purely inseparable.

Proof. By Theorem 4.26, we can take F' to be the separable closure of K in L, and this is
the only possible choice, since we must have [L : F|; = 1. O

Corollary 4.28. The inseparable degree of any finite extension of fields is a power of the
characteristic.

Proof. This follows from the proof of Theorem 4.26. O

4.2 Etale algebras

We now want to generalize the notion of a separable field extension. By Theorem 4.12,
every finite separable extension L/K can be explicitly represented as L = Klz|/(f) for
some separable irreducible f € Klz|. If f is not irreducible then we no longer have a field,
but we do have a ring K[z]|/(f) that is also a K vector space, in which the ring multiplication
is compatible with scalar multiplication. In other words, L is a (unital) commutative K-
algebra whose elements are all separable over K. The notion of separability extends to
elements of a K-algebra (even non-commutative ones): an element is separable over K if
and only it is the root of some separable polynomial in K[z] (in which case its minimal
polynomial must be separable). Recall that the minimal polynomial of an element « of a
K-algebra A is the monic generator of the kernel of the K-algebra homomorphism K[z] — A
defined by x — «; note that if A is not a field, minimal polynomials need not be irreducible.

It follows from the Chinese remainder theorem that if f is separable then the K-algebra
Klz]/(f) is isomorphic to a direct product of finite separable extensions of K. Indeed, if
f = fi--- fn is the factorization of f into irreducibles in K[z] then

Kl K] Kl K]

where the isomorphism is both a ring isomorphism and a K-algebra isomorphism. The
separability of f implies that the f; are separable and the ideals (f;) are pairwise coprime
(this justifies our application of the Chinese remainder theorem). We thus obtain a K-
algebra that is isomorphic to finite product of separable field extensions Kx]/(f;) of K.
Algebras of this form are called étale algebras (or separable algebras).

Definition 4.29. Let K be a field. An étale K-algebra is a K-algebra L that is isomorphic
to a finite product of separable field extensions of K. The dimension of an étale K-algebra
is its dimension as a K-vector space. When this dimension is finite we say that L is a finite
étale K-algebra. A homomorphism of étale K-algebras is a homomorphism of K-algebras
(which means a ring homomorphism that commutes with scalar multiplication).
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Remark 4.30. One can define the notion of an étale A-algebra for any noetherian domain A
(we will consider this in a later lecture).

Example 4.31. If K is a separably closed field then every étale K-algebra A is isomorphic
to K™ = K x --- x K for some positive integer n (and therefore a finite étale K-algebra).

Etale algebras are semisimple algebras. Recall that a (not necessarily commutative) ring
R is simple if it is nonzero and has no nonzero proper (two-sided) ideals, and R is semisimple
if it is isomorphic to a nonempty finite product of simple rings [] R;.! A commutative ring
is simple if and only if it is a field, and semisimple if and only if it is isomorphic to a finite
product of fields; this applies in particular to commutative semisimple K-algebras. Every
étale K-algebra is thus semisimple (but the converse does not hold).

The ideals of a semisimple commutative ring R = [[}" | R; are easy to describe; each
corresponds to a subproduct. To see this, note that the projection maps R — R; are
surjective homomorphisms onto a simple ring, thus for any R-ideal I, its image in R; is
either the zero ideal or the whole ring (note that the image of an ideal under a surjective
ring homomorphism is an ideal). In particular, for each index i, either every (ri,...,m,) € I
has r; = 0 or some (r1,...,7,) € I has r; = 1; it follows that I is isomorphic to the product
of the R; for which I projects onto R;.

Proposition 4.32. Let A = [[ K; be a K-algebra written that is a product of field exten-
sions K;/K. Every surjective homomorphism ¢: A — B of K-algebras corresponds to the
projection of A on to a subproduct of its factors.

Proof. The ideal ker ¢ is a subproduct of [[ K;, thus A ~ kerp X imy and B = im g is
isomorphic to the complementary subproduct. O

Proposition 4.32 can be viewed as a generalization of the fact that every surjective
homomorphism of fields is an isomorphism.

Corollary 4.33. The decomposition of an étale algebra into field extensions is unique up to
permutation and isomorphisms of factors.

Proof. Let A be an étale K-algebra and suppose A is isomorphic (as a K-algebra) to two
products of field extensions of K, say

m n
HKZ' ~ A~ HL]-.
=1 j=1

Composing with isomorphisms yields surjective K-algebra homomorphisms m;: [[L; — K;
and 7j: [[ K; — Lj;. Proposition 4.32 then implies that each K; must be isomorphic to one
of the L; and each L; must be isomorphic to one of the K; (and m = n). O

Our main interest in étale algebras is that they naturally arise from (and are stable
under) base change, a notion we now recall.

Definition 4.34. Let ¢: A — B be a homomorphism of rings (so B is an A-module),
and let M be any A-module. The tensor product of A-modules M ® 4 B is a B-module
(with multiplication defined by b(m ®b') := m @ bt’) called the base change (or extension of
scalars) of M from A to B. If M is an A-algebra then its base change to B is a B-algebra.

!There are many equivalent (and a few inequivalent) definitions, but this is the simplest.
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We have already seen one example of base change: if M is an A-module and p is a prime
ideal of A then M, = M ®4 A, (this is another way to define the localization of a module).

Remark 4.35. Each ¢: A — B determines a functor from the category of A-modules to
the category of B-modules via base change. It has an adjoint functor called restriction of
scalars that converts a B-module M into an A-module by the rule am = ¢(a)m (if ¢ is
inclusion this amounts to restricting the scalar multiplication by B to the subring A).

The ring homomorphism ¢: A — B will often be an inclusion, in which case we have a
ring extension B/A (we may also take this view whenever ¢ is injective, which is necessarily
the case if A is a field). We are specifically interested in the case where B/A is a field
extension and M is a finite étale A-algebra.

Proposition 4.36. Suppose L is a finite étale K -algebra and K'/K is any field extension.
Then L @k K' is a finite étale K'-algebra of the same dimension as L.

Proof. Without loss of generality we assume that L is actually a field; if not L is a product
of fields and we can apply the following argument to each of its factors.

By Theorem 4.12, L ~ K|[x]/(f) for some separable f € K[z, and if f = fifa--- fin is
the factorization of f in K'[z], we have isomorphisms of K'-algebras

Lok K'~ K'[z]/(f) =~ HK'[wJ/(fi)a

in which each factor K'[x]/(f;) is a finite separable extension of K’ (as discussed above, this
follows from the CRT because f is separable). Thus L @ K' is a finite étale K’'-algebra,
and dimg L = deg f = dimg: K'[z]/(f), so the dimension is preserved. O

Example 4.37. Any finite dimensional real vector space V is a finite étale R-algebra (with
coordinate-wise multiplication with respect to some basis); the complex vector space V @g C
is then a finite étale C-algebra of the same dimension.

Note that even when an étale K-algebra L is a field, the base change L @ K’ will often
not be a field. For example, if K = Q and L # Q is a number field, then L ® g C will never
be a field, it will be isomorphic to a C-vector space of dimension [L : K] > 1.

Remark 4.38. In the proof of Proposition 4.36 we made essential use of the fact that the
elements of an étale K-algebra are separable. Indeed, the proposition does not hold if L is
a finite semisimple commutative K-algebra that contains an inseparable element.

Corollary 4.39. Let L ~ K(z]/(f) be a finite separable extension of a field K defined by
an irreducible separable polynomial f € K[z]. Let K'/K be any field extension, and let
f = fi- fm be the factorization of f into distinct irreducible polynomials f; € K'[x]. We
have an isomorphism of finite étale K'-algebras

Loy K = [[Kla)/(£)

where each K'[x]/(fi) is a finite separable field extension of K'.

Proof. This follows directly from the proof of Proposition 4.36. O
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The following proposition gives several equivalent characterizations of finite étale alge-
bras, including a converse to Corollary 4.39 (provided the field K is not too small). Recall
that an element a of a ring is nilpotent if o™ = 0 for some n, and a ring is reduced if it
contains no nonzero nilpotents.

Theorem 4.40. Let L be a commutative K -algebra of finite dimension and assume that the
dimension of L is less than the cardinality of K. The following are equivalent:

The implications (a) < (b) < (c) < (d) < (e) hold regardless of the dimension of L.

Proof. To show (a) = (b), let L = [[i"; K; with each K;/K separable, and consider o =
(ai1,...,a,) € L = [, K;. Each o; € K, is separable over K with separable minimal
polynomial f; € K[z], and « is a root of f :=lem{fi,..., f,}, which is separable (the LCM
of a finite set of separable polynomials is separable), thus « is separable.

To show (b) = (c), note that if & € L is nonzero and separable over K it cannot be
nilpotent (the minimal polynomial of a nonzero nilpotent is ™ for some n > 1 and is
therefore not separable), and separability is preserved under base change.

The equivalence (¢) < (d) follows from Lemma 4.42 below.

To show (d) = (a), we first note we can assume L is semisimple (take K’ = K), and it
suffices to treat the case where L is a field. By base-changing to the separable closure of K
in L, we can further reduce to the case that L/K is a purely inseparable field extension. If
L = K we are done. Otherwise we may pick an inseparable o € L, and, as in the proof of
Theorem 4.26, the minimal polynomial of o has the form f(x) = 2" — a for some a € K
and n > 1. Now consider

Yy=a®®l-1®a € Lk L

We have v # 0, since v ¢ K, but 77" =" @1 -1 =a®1—-1®a=0,s0 7 is a
nonzero nilpotent and L ® g L is not reduced, contradicting (c¢) < (d).

We have (e) = (a) form Corollary 4.39. For the converse, suppose L = [, L; with
each L;/K a finite separable extension of K. Pick a monic irreducible separable polynomial
fi(x) so that Ly ~ K[z]/(fi(z)), and then do the same for i = 2,...,n ensuring that each
polynomial f; we pick is not equal to f; for any ¢ < j. This can be achieved by replacing
fj(x) with fj(x + a) for some a € K* if necessary. Here we use the fact that there are at
least n distinct choices for a, under our assumption that the dimension of L is less than the
cardinality of K (note that if f(z) is irreducible then the polynomials f(x+a) are irreducible
and pairwise coprime as a ranges over K ). The polynomials fi,... f,, are then coprime and
separable, so their product f is separable and L = K[x]/(f), as desired. O

Remark 4.41. K-algebras of the form L = K[z]/(f(x)) are monogenic (generated by one
element). Theorem 4.40 implies that finite étale K-algebras are monogenic whenever the
base field K is big enough. This always holds if K is infinite, but if K is a finite field then
not every finite étale K-algebra is monogenic. The recent preprint [5] gives exact bounds
on the maximal number of generators needed for a finite étale K-algebra over a finite field.
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The following lemma is a standard exercise in commutative algebra that we include for
the sake of completeness.

Lemma 4.42. Let K be a field. A commutative K -algebra of finite dimension is semisimple
if and only if it is reduced.

Proof. If A is semisimple it is clearly reduced (otherwise we could project a nonzero nilpotent
of A to a nonzero nilpotent in a field); we only need to prove the converse. Every ideal of a
commutative K-algebra A is also a K-vector space; this implies that when dimg A is finite
A satisfies both the ascending and descending chain conditions and is therefore noetherian
and artinian. This implies that A has finitely many maximal ideals M, ... M, and that the
intersection of these ideals (the radical of A) is equal to the set of nilpotent elements of A
(the nilradical of A); see Exercises 19.12 and 19.13 in [1], for example.

Taking the product of the projection maps A — A/M; yields a surjective ring ho-
momorphism ¢: A — @ | A/M; from A to a product of fields. If A is reduced then
ker p = NM; = {0} and ¢ is an isomorphism, implying that A is semismiple. O

Proposition 4.43. Suppose L is a finite étale K-algebra and € is a separably closed field
extension of K. There is an isomorphism of finite étale Q2-algebras

LeogQ — H Q
c€Homg (L,Q)

that sends B ® 1 to the vector (o(5))s for each B € L.

Proof. We may reduce to the case that L = K[z]/(f) is a separable field extension, and
we may then factor f(z) = (z — 1) -+ (x — ) over Q, with the «; are distinct. We have
a bijection between Homg (K|[x]|/(f),2) and the set {a;}: each 0 € Homg (K|[z]/(f),Q)
is determined by o(z) € {«;}, and for each «;, the map = — «; determines a K-algebra
homomorphism o; € Hompg (K[z]/(f),Q). As in the proof of Proposition 4.36 we have
Q-algebra isomorphisms

) K (ﬂ L{ e

which map
@1z (ar,...,an) = (01(z),...,0n(2)).

The element x ® 1 generates L @k Q as an Q-algebra, and it follows that S ® 1 — (0(8))s
for every 8 € L. O

Remark 4.44. The proof of Proposition 4.43 does not require €2 to be separably closed. If
L ~ K[z]/(f) as in Theorem 4.40 (with f not necessarily irreducible), we can take Q to be
any extension of K that contains the splitting field of f.

Example 4.45. Let L/K = Q(i)/Q and 2 = C. We have Q(i) ~ Q[z]/(2? + 1) and

Q) _ .. Cl _ Chl _ Cl _.
@) T @iy T @y O C

Q(i) ®q C ~
As C-algebra isomorphisms, the corresponding maps are determined by

i®l—rle- o (z,2) = (i,—1i) — (i, —1).
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Taking the base change of Q(i) to C lets us see the two distinct embeddings of Q(¢) in C,
which are determined by the image of i. Note that Q(7) is canonically embedded in its base
change Q(i) ®g C to C via a — a ® 1. We have

1==(i®1)="1’=-101=—(11)

Thus as an isomorphism of C-algebras, the basis (1 ® 1,7 ® 1) for Q(i) ®g C is mapped to
the basis ((1, 1), (4, —z)) for C x C. For any («, 3) € C x C, the inverse image of

a+p a=pF,. .
- 1,1 -
@8 ="+ 2 L)
in Q(i) ® C under this isomorphism is
o+ a—03,. a+B . _ a—p
1®1 1)=1 .
y 1®)+——(®l)=10 ——+i® —

Now R/Q is an extension of rings, so we can also consider the base change of the Q-algebra
Q(i) to R. But note that R is not separably closed and in particular, it does not contain a
subfield isomorphic to Q(7), thus Proposition 4.43 does not apply. Indeed, as an R-module,
we have Q(i) ®g R ~ R?, but as an R-algebra, Q(i) ®g R ~ C % R2.

4.3 Norms and traces

We now introduce the norm and trace map associated to a finite free ring extension B/A.
These are often defined only for field extensions, but in fact the same definition works without
modification whenever B is a free A-module of finite rank. One can generalize further to
projective modules (with some restrictions), but we will not need this.

Definition 4.46. Let B/A be a (commutative) ring extension in which B is a free A-module
of finite rank. The (relative) norm Np,4(b) and trace Tp/4(b) of b (down to A) are the
determinant and trace of the A-linear multiplication-by-b map B — B defined by = — bz.

As a special case, note that if A is a field and B is a finite A-algebra (a field extension,
for example) then B is an A-vector space of finite dimension, hence a free A-module of finite
rank. In practice one computes the norm and trace by picking a basis for B as an A-module
and computing the matrix of the multiplication-by-b map with respect to this basis; this is
an n X n matrix with entries in A whose determinant and trace are basis independent.

It follows immediately from the definition that Ng,4 is multiplicative, Ty, 4 is additive,
we have group homomorphisms

NB/A:BX—>AX and TB/A:B—>A,
and if B;/A and By /A are two ring extensions that are free A-modules of finite rank then
NB,xBy/a(x) =Np,ja(x1)Np,ja(z2)  and  Tpxp,ya = Tp,ja(x1) + T, a(z2)
for all x = (z1,x2) € By X Bs.

Example 4.47. Consider A = R and B = C, which has the A-module basis (1,7). For
b = 2 4 3i the matrix of B XY B with respect to this basis can be written as (g _23), thus

: 2 -3
N(C/]R(Q + 32) = det <3 9 > = 13,

Te/m(2+ 3i) = tr @ ‘23> —4,
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Warning 4.48. In order to write down the matrix of an A-linear transformation B — B
with respect to basis for B as a free A-module of rank n, we not only need to pick a basis,
we need to decide whether to represent elements of B ~ A" as row vectors with linear
transformations acting via matrix multiplication on the right, or as column vectors with
linear transformations acting via matrix multiplication on the left. The latter convention is
often implicitly assumed in the literature (as in the example above), but the former is often
used in computer algebra systems (such as Magma).

We now verify that the norm and trace are well behaved under base change.

Lemma 4.49. Let B/A be ring extension with B free of rank n over A, and let p: A — A’
be a ring homomorphism. The base change B' = B®4 A’ of B to A’ is a free A'-module of
rank n, and for every b € B we have

©(Np/a(b)) =Npa(b@1)  and  ¢(Tp/a(b)) =Tp a(b@1).
Proof. Letb € B, let (b1, ...,by) be a basis for B as an A-module, and let M = (m;;) € A™*"

be the matrix of B % B with respect to this basis. Then (by ® 1,...,b, ® 1) is a basis for
B’ as an A’-module (thus B’ is free of rank n over A’) and M’ = (¢(m;;)) € A™*™ is the

matrix of B’ 2§ B’, and we have
(p(NB/A(b)) = go(detM) = detM' = NB’/A’(b® 1)
@(Tp/ad) =p(tr M) =tr M' =Np/ 4 (b® 1) o

Theorem 4.50. Let K be a field with separable closure Q) and let L be a finite étale K-
algebra. For all o € L we have

Nyxl) = [ ol@ ad Ty = Y o)
oc€Homg (L,Q) oc€Homg (L,Q)

Proof. Let n be the rank of L as a K-module. By the previous lemma and Proposition 4.43,
n
Nk (@) = Nzgeayal@®1) = Ngwjg(oi(a), ..., on(a)) = [ oi(@).
i=1

The isomorphism L ®x 2 — [[, Q2 = Q" of Prop. 4.43 sends a ® 1 to (o1(),...,on()).
Using the standard basis for 9", the matrix of multiplication-by-(o1 (), ..., o, (a)) is just
the diagonal matrix with o;(«) in the ith diagonal entry. Similarly,

n

Trk(a) = Treraela®1) = Tauqloi(a),...,on(@) =Y _ oi(a). O
i=1
The proof above demonstrates a useful trick: when working over a field that is not

algebraically /separably closed, base change to an algebraic/separable closure. This often
turns separable field extensions into étale algebras that are no longer fields.

Proposition 4.51. Let L/K be a (not necessarily separable) finite extension, let K be an
algebraic closure of K containing L. Let o € L* have minimal polynomial f € Kl[z| with
factorization f(x) = Hle(:c — ;) in K[z], and let e = [L : K(a)]. We have

d d
NL/K(O[):HOK,? and TL/K(CX):SZOQ‘.
=1 =1

In particular, if f(x) = Z?:o aix’, then Ny (o) = (—1)%ag and Tr/k(a) = —eaq 1.
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Proof. See Problem Set 2. O

Corollary 4.52. Let A be an integrally closed domain with fraction field K and let L/ K be
a finite extension. if o € L is integral over A then Ny /i (a) € A and Tp /i (a) € A.

Proof. This follows immediately from Propositions 1.28 and 4.51. O

Theorem 4.53 (TRANSITIVITY OF NORM AND TRACE). Let A C B C C be rings with C
free of finite rank over B and B free of finite rank over A. Then C' is free of finite rank over
A and

Nec/a =NpjaoNg/p and  Toja=Tpa0Tc/p.
Proof. See [3, §II1.9.4]. O
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5 Dedekind extensions

In this lecture we prove that the integral closure of a Dedekind domain in a finite extension
of its fraction field is also a Dedekind domain; this implies, in particular, that the ring of
integers of a number field is a Dedekind domain. We then consider the factorization of prime
ideals in Dedekind extensions.

5.1 Dual modules, pairings, and lattices

In this section we work in a more general setting, where A is any commutative (unital) ring.

Definition 5.1. Let A be a commutative ring and M an A-module. The dual module M
is the A-module Hom4 (M, A) with scalar multiplication (af)(m) = af(m), where a € A,
f € Homg(M,A), and m € M. If o: M — N is an A-module homomorphism, the dual
homomorphism ¢¥: NV — MV is defined by ¢V (g)(m) = g(p(m)), for g € NV and m € M.

It is easy to check that taking duals preserves identity maps and is compatible with
composition: if o1 : M — N and @2 : N — P are A-module homomorphisms, then
(p2¢01)Y = @Yy . We thus have a contravariant functor from the category of A-modules to
itself. This functor is compatible with (finite) direct sums, (M & N)V ~ MV & NV,

Lemma 5.2. Let A be a commutative ring. For all A-modules M and N the A-modules
(M@ N)Y and MY & NV are canonically isomorphic.

Proof. We have inverse A-module homomorphisms ¢ — (m +— ¢(m,0),n — ¢(0,n)) and

(¢,9) = ((m,n) = ¢(m) + (n)). M

If Ais a field and M is finitely generated, then M is a vector space of finite dimension,
MV is its dual space and we have MYV ~ M. In general not every A-module is isomorphic
to its double dual; those that are are said to be reflexive.

We have already seen examples of reflexive modules: every invertible fractional ideal is
isomorphic to the dual of its inverse, hence to its double dual, and is thus reflexive.

Proposition 5.3. Let A be an integral domain with fraction field K and let M be a nonzero
A-submodule of K. Then MY ~ (A: M) :={x € K : xM C A}; in particular, if M is an
invertible fractional ideal then MY ~ M~" and MYV ~ M.

Proof. For any = € (A : M) the map m +— xm is an A-linear map from M to A, hence an
element of MY, and this defines an A-module homomorphism ¢: (A : M) — MY, since the
map x +— (m — xm) is itself A-linear. Since M C K is a nonzero A-module, it contains
some nonzero a € A (if a/b € M, so is ba/b=a). If f € M"Y and m = b/c € M then

s =1 () =2 (1) = 25 (%) = st = L,

where we have used the fact that ajf(az/a3) = aaf(ai/az) for any ay,as,a3 € A with
ay/ag,as/as € M, by the A-linearity of f. It follows that f corresponds to multiplication
by = f(a)/a, which lies in (A : M) since xm = f(m) € A for all m € M. The map
f — f(a)/a defines an A-module homomorphism MY — (A : M) inverse to ¢, so ¢ is an
isomorphism. When M is an invertible fractional ideal we have MY ~ (A : M) = M~! by
Lemma 2.20, and M"Y ~ (M~1)~! = M follows. O
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Example 5.4. As a Z-module, we have Q¥ = {0} because there are no non-trivial Z-linear
homomorphisms from Q to Z; indeed, Q is a divisible group and Z contains no non-trivial
divisible subgroups. It follows that QY = {0} (but as Q-modules we have Q ~ QY ~ Q"V).
Similarly, the dual of any finite Z-module (any finite abelian group) is the zero module, as
is the double dual. More generally, if A is an integral domain every dual (and double dual)
A-module must be torsion free, but not all A-modules are torsion free.

One situation where we can recover many of the standard results that hold for vector
spaces of finite dimension (with essentially the same proofs), is when M is a free module of
finite rank. In particular, not only is M reflexive, we have M ~ M" (non-canonically) and
may explicitly construct a dual basis.

Theorem 5.5. Let A be a commutative ring and let M be a free A-module of rank n. Then
MY is also a free A-module of rank n, and each basis (e1, ..., e,) of M uniquely determines
a dual basis (eY,...e)) of MY with the property

1 i=j,
0 i#j.

Proof. If n =0 then M = MV = {0} and the theorem holds. Now assume n > 1 and fix an
A-basis e == (eq,...,e,) for M. For each a := (ay,...,a,) € A", define fo € M" by setting
fa(ei) = a; and extending A-linearly. The map a — f, gives an A-module homomorphism
A™ — MY with inverse f — (f(e1),..., f(en)) and is therefore an isomorphism. It follows
that MY ~ A™ is a free A-module of rank n.

Now let e} := f;, where i := (0,...,0,1,0,...,0) € A™ has a 1 in the ith position. Then

e (ej) = by = {

eV == (ef,...,e)) is a basis for MY, since (1,...,7n) is a basis for A", and €} (e;) = di;.
The basis eV is uniquely determined by e: it must be the image of (1,...,7) under the
isomorphism a — f, determined by e. O

Definition 5.6. Let A be a commutative ring and M an A-module. A (bilinear) pairing
on M is an A-linear map (-,-): M x M — A. Explicitly, this means that for all u,v,w € M
and A € A we have

(u+v,w) = (u,w) + (v, w),
(u, v+ w) = (u,v) + (u,w),
(A, v) = (u, Av) = XMu,v).
If (v,w) = (w,v) then (-,-) is symmetric, if (v,w) = —(w,v) then (-,-) is skew-symmetric,

and if (v,v) = 0 then (-, ) is alternating (the last two are equivalent provided char(A) # 2).
The pairing (-, -) induces an A-module homomorphism

o: M — MY

If ker o = {0} then (-, -) is nondegenerate, and if ¢ is an isomorphism then (-,-) is perfect.

Every perfect pairing is necessarily nondegenerate. If M is a vector space of finite
dimension the converse holds, but this is not true in general, not even for free modules of
finite rank: consider the pairing (x,y) := 2zy on Z, which is nondegenerate but not perfect.
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If M is a free A-module with basis (ej,...,e,) and (-,-) is a perfect pairing, we can
apply the inverse of the isomorphism ¢: M ——5 MY induced by the pairing to the dual

basis (e7,...,e,) given by Theorem 5.5 to obtain a basis (e],...,e},) for M that satisfies

(ef, e5) = 0ij.

When (-, ) is symmetric we can similarly recover (eq,...,e,) from (ef,..., e,

way. We record this fact in the following proposition.

) in the same

Proposition 5.7. Let A be a commutative ring and let M be a free A-module of rank n with
a perfect pairing (-,-). For each A-basis (e1,...,en) of M there is a unique basis (e}, ..., el)

’ren
for M such that (e}, e;) = &;j.

Proof. Existence follows from the discussion above: apply the inverse of the isomorphism
¢: V — VV induced by (-,-) to the dual basis (ey,...,e)) given by Theorem 5.5 to obtain
a basis (e],...,e}) for M with e, = ¢1(e}). We then have e = ¢(e!) = m — (e}, m) and

’r
(€h,e5) = plef)(ej) = e/ (e5) = 0y
for 1 < i,5 <mn. If (f{,...,f]) is another basis for M with the same property then for
cach ¢ we have (¢} — f/,e;) = d;j — d;; = 0 for every e;, and therefore (€] — f/,m) = 0 for all
m € M, but then €] — f/ € ker ¢ = {0}, since the perfect pairing (-, -) is nondegenerate, and
therefore f! = €] for each 4; uniqueness follows. O

Remark 5.8. In what follows the commutative ring A in Proposition 5.7 will typically
be a field K and the free A-module M will be a K-vector space that we will denote V.
We may then use A to denote a subring of K and M to denote an A-submodule of V. A
perfect paring (-,-) on the K-vector space V will typically not restrict to a perfect pairing
on the A-module M. For example, the perfect pairing (z,y) = zy on Q does not restrict
to a perfect pairing on the Z-module 27 because the induced map ¢: 2Z — 2Z" defined by
©(m) = (n — mn) is not surjective: the map = — /2 lies in 22V = Homy(2Z,Z) but it is
not in the image of ¢.

We now introduce the notion of a lattice in a vector space.

Definition 5.9. Let A be an integral domain with fraction field K and let V' be a K-vector
space of finite dimension. A (full) A-lattice in V is a finitely generated A-submodule M
of V that spans V as a K-vector space.

Remark 5.10. Some authors require A-lattices to be free A-modules. When A = Z (or any
PID) this is not a restriction because M is necessarily torsion-free (it lies in a vector space)
and any finitely generated torsion-free module over a PID is free (by the structure theorem
for finitely generated modules over a PID). But when A is not a PID, finitely generated
torsion-free A-modules will typically not be free. We do not want to exclude this case! In
particular if L/K is an extension of number fields the ring of integers O, will typically not
be a free Ox-module (even though it is a free Z-module, as we shall shortly prove), but we
still want to treat Op as an Og-lattice in L (this will be important in later lectures when
we define the different ideal Dy k).

Definition 5.11. Let A be a noetherian domain with fraction field K, and let V be a
K-vector space of finite dimension with a perfect pairing (-,-). If M is an A-lattice in V| its
dual lattice (with respect to the perfect pairing (-,-) on V') is the A-module

M*={x eV :(x,m)e Aforall me M}.
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It is clear that M™ is an A-submodule of V', but it is not clear that it is an A-lattice
in V' (it must be finitely generated and span V'), nor is it obvious that it is isomorphic to the
dual module MV. In order to justify the term dual lattice, let us now prove both facts. We
will need to use the hypothesis that A is noetherian, since in general the dual of a finitely
generated A-module need not be finitely generated. Notice that (-,-) is a perfect pairing on
the K-module V' that need not restrict to a perfect pairing on the A-module M.

Theorem 5.12. Let A be a noetherian domain with fraction field K, let V be a K-vector
space with a perfect pairing (-,-), and let M be an A-lattice in V. The dual lattice M* is an
A-lattice in V isomorphic to M.

Proof. Let e := (e1,...,ey) be a K-basis for V that lies in M, and let € = (¢],...,¢),) be
the unique K-basis for V' given by Proposition 5.7 that satisfies (e}, e;) = d;;.

To show that M™* spans V we write a finite set S of generators for M in terms of the
basis e with coefficients in K and let d be the product of all denominators that appear. We
claim that de’ lies in M*: for each e} and generator m € S, if we put m =3 jmje; then

(dej,m) = d{e}, 3> mjej) = d 32 myle), e5) = d 32 m;dij = dm; € A,

by our choice of d, and this implies de, € M*. Thus M* contains a basis de’ for V.
We now show M* is finitely generated. Let

N :={ae1+ - +anen:ay,...,a, € A} ~ A"

be the free A-submodule of M spanned by e. The A-module N contains a basis for V'
and is finitely generated, so it is an A-lattice in V. The K-basis € for V lies in N*,
since (ef,ej) = ;5 € A, and we claim it is an A-basis for N*. Given z € N*, if we
write = ) . x;€; then (x,e;) = z(€},e;) = x; lies in A, since z € N*, so x lies in the
A-span of €. It follows that N* is a free A-module of rank n, and in particular, a finitely
generated module over a noetherian ring and therefore a noetherian module (a module whose
submodules are all finitely generated); see [1, Thm. 16.19]. From the definition of the dual
lattice we have N C M = M™* C N*, so M* is a submodule of a noetherian module, hence
finitely generated.

We now show M* ~ M. We have an obvious A-module homomorphism ¢: M* — M"Y
given by z + (m + (x,m)), and the A-module homomorphism : MY — M* defined by
[ = >, flei)e] is the inverse of ¢. Indeed, for any = = >, z;¢, € M* we have

Ue@) = 3 e@)e)d = Y (medei = 3o 3 aylej el = 3 aiel =

and for any f € MY and each generator m =Y mje; for M we have
e (N))m) = (32, fle)e;) (m) = 32 o(f(ei)ef)(m) = 32, (f(ei)ef, 325 myej) = f(m),
which implies ¢(1(f)) = f and ¢! = 1; thus ¢ is an isomorphism from M* to M". O

Corollary 5.13. Let A be a noetherian domain with fraction field K. If My, My are A-
lattices in K -vector spaces Vi, Va with perfect pairings (-,-)1, (-,-)2 (resp.), then (-, )1+ (-, )2
defines a perfect pairing on V4 @ Vo and (M & N)* ~ M* & N*.

Proof. This follows from Lemma 5.2 and Theorem 5.12. O
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Corollary 5.14. Let A be a noetherian domain with fraction field K, let V be a K-vector
space with a perfect pairing (-,-), and let M be a free A-lattice in V' with A-basis (e1,...,ep).
The dual lattice M* is a free A-lattice in' V' that has a unique A-basis (€3, ..., e} ) that satisfies
(€7, ej) = dij-

Proof. This follows from the proof of Theorem 5.12 with N = M and e} = €. O

You might wonder whether M** = M for an A-lattice M in a vector space V. This
is false in general, but it is true when A is a Dedekind domain and we have a symmetric
perfect pairing on V. To prove this we first show that the dual lattice respects localization.

Lemma 5.15. Let A be a noetherian domain with fraction field K, let V be a K-vector
space of finite dimension with a perfect pairing (-,-), let M be an A-lattice in V', and let S
be a multiplicative subset of A. Then S™*M and S~'*M* are (S™'A)-lattices in V satisfying
(S~IM)* = S—1M*.

Proof. Tt is clear that S™'M are S~'M* are both S~!A-lattices: each contains a basis for
V (since M and M* do), and both are finitely generated as S~!A-modules (since M and
M* are finitely generated as A-modules).

Let myq,...m, be A-module generators for M (and therefore S~!'A-module generators
for S~1M). If x is an element of (S~'M)* then for each m; we have (x,m;) = a;/s; for some
a; € A and s; € S, and if we put s = s1--- s, then (sx,m;) € A for every m;, hence for all
m € M; thus sz € M* and x € S~'M*. Conversely, if + = y/s is an element of S~1M*
with y € M* and s € S, then (y,m;) € A for every m; and (x,m;) = (y,m;)/s € S71A for
every m;, hence for all m € S~1M, and it follows that = € (S~1M)*. O]

Proposition 5.16. Let A be a Dedekind domain with fraction field K, let V be a K-vector
space of finite dimension with a symmetric perfect pairing (-,-), and let M be an A-lattice
m V. Then M*™ = M.

Proof. By Proposition 2.6, it suffices to show (M**), = M, for each maximal ideal p of A.
By Lemma 5.15 we have (M**), = Mg*, so it is enough to show that the proposition holds
when A is replaced by one of its localizations A, (a DVR, since A is a Dedekind domain).
So let us assume that A is a DVR. Then A is a PID and M and M™* are both torsion-free
modules over a PID, hence free A-modules. So let us choose an A-basis (eq,...,ey,) for M,
and let (e},...,e};) be the unique dual A-basis for M* that satisfies (e}, e;) = 6;; (given

r n
by Corollary 5.14). If we now let (ej*,...,e"*) be the unique A-basis for M** that satisfies

(ej*,€;) = dij and note that (e;, ej) = d;; (since (-, -) is symmetric), by uniqueness, we must

have e;* = e; for all 4, and therefore M** = M. O

5.2 Extensions of Dedekind domains

Let A be a Dedekind domain with fraction field K, let L/K be a finite extension, and let
B be the integral closure of A in L. We wish to prove that B is a Dedekind domain, which
we will do by showing that it is an A-lattice in L; this will imply, in particular, that B is
finitely generated, which is really the only difficult thing to show. Let us first show that B
spans L as a vector space (and in fact L is its fraction field).

Proposition 5.17. Let A be a Dedekind domain with fraction field K, let L/K be a finite
extension, and let B be the integral closure of A in L. Every element of L can be written
as b/a with a € A and b € B. In particular, B spans L as a K-vector space and L is the

fraction field of B.
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Proof. Let € L. By multiplying the minimal polynomial of o in K[x] by the product of
the denominators of its coefficients, we obtain a polynomial in Afz]:

9(z) = ana" + ap_12" 1 + -+ + a17 + ao,

with a, # 0, that has « as a root. We can make this polynomial monic by replacing x with
x/a, and multiplying through by a”~! to obtain

n 2

a’n_lg(x/an) =z" + an—lxn_1 + anap_ox" " - nl

+a"2a1z + " Lag.

This is a monic polynomial with coefficients in A that has a,«a € L as a root. Therefore
ana € B, since B is the integral closure of A in L, and o = b/a,, for some b € B and a,, € A
as claimed. It follows that B generates L as a K-vector space (we have o = b - i with

i € K), and B C L C Frac B implies L = Frac B (no smaller field can contain B). O

Proposition 5.18. Let A be a Dedekind domain with fraction field K, let L/K be a finite
extension of fields, and let B be the integral closure of A in L. Then Ny k(b) € A and
Tr/k(b) € A for allb € B.

Proof. The minimal polynomial f = Z?:o a;x* € K|x] of b has coefficients in A, by Propo-
sition 1.28, and it then follows from Proposition 4.51 that Ny /x(b) = (—1)%ag € A and
Tr/k(b) = —eaq—1 € A (where e = [L : K(b)] € Z). O

Definition 5.19. Let B/A be a ring extension with B a free A-module of finite rank. The
trace pairing on B is the map B x B — A defined by

(z,y)B/a == Tpja(zy).

Theorem 5.20. Let L be a commutative K-algebra of finite dimension. The trace pairing
(-, -)L/K is a symmetric bilinear pairing. It is a perfect pairing if and only if L is a finite
étale K-algebra.

Proof. Bilinearity follows from the K-linearity of the trace map Ty, and symmetry is
immediate. The fact that L is a K-vector space implies that the trace pairing is perfect if
and only if it is nondegenerate.

If L is not reduced then the proposition holds, since it is not étale (by Theorem 4.40),
and the trace pairing is degenerate: for any nonzero nilpotent = the map y — 17, x(zy)
must be the zero map, since every zy is also nilpotent and the trace of any nilpotent element
z is zero (the matrix of the multiplication-by-z map is nilpotent, so its trace is zero).

We now assume L is reduced, hence semisimple (by Lemma 4.42) and thus a product
of fields. It suffices to consider the case that L is a field, since the trace pairing on a
product of field extensions is nondegenerate if and only if the trace pairing on each factor is
nondegenerate, and a product of field extensions is étale if and only if each factor is étale.

As proved on Problem Set 2, Ty is the zero map if and only if the field extension
L/K is inseparable. If Ty g is the zero map then the trace pairing is clearly degenerate,
and otherwise we may pick z € L for which Ty, /x(2) # 0. Then for every x € L* we have
(z,2/2)1)k = Tk (2) # 0, 80 T+ (z,y)1/K is not the zero map, and it follows that the
trace pairing is nondegenerate. O

Remark 5.21. Theorem 5.20 gives another equivalent definition of a finite étale K-algebra
in addition to the six listed in Theorem 4.40: a finite étale K-algebra is a commutative
K-algebra of finite dimension for which the trace pairing is a perfect pairing.
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We now assume that L/K is separable. For the next several lectures we will be working
in the following setting: A is a Dedekind domain with fraction field K, the extension L/K
is finite separable, and B is the integral closure of A in L (which we will shortly prove is a
Dedekind domain). As a convenient shorthand, we will write “assume AKLB" to indicate
that we are using this setup.

Proposition 5.22. Assume AKLB. Then B is an A-lattice in L, and in particular, B is
finitely generated as an A-module.

Proof. By Proposition 5.17, B spans L as a K-vector space, so it contains a basis (eg, ..., ey)
for L as a K-vector space. Let M C B be the A-span of (eq,...,e,). Then M is an A-lattice
in L contained in B, and it has a dual lattice M* that contains the A-module

B*:={z € L:(x,b)/x € Aforallbe B}.
Proposition 5.18 implies that B C B*, and we thus have inclusions
MCBCB"CM".

By Theorem 5.12, M™ is an A-lattice in L, hence finitely generated, hence noetherian. It
follows that its A-submodule B is finitely generated and thus an A-lattice in L. O

Remark 5.23. When L/K is inseparable, B need not be finitely generated as an A-module,
not even when A is a PID; see [2, Ex. 11, p. 205]. We used the separability hypothesis in
order to get a perfect pairing, which plays a crucial role in the proof of Theorem 5.12.

Lemma 5.24. Let B/A be an extension of domains with B integral over A, and let qo € q1
be primes of B. Then qoN A< q1 N A and dim A > dim B.

Proof. We first replace B with B/qo and replace A, qo, and q; with their images in B/qq
(the new B is integral over the new A, since the image of a monic polynomial in A[x] is a
monic polynomial in (A/(qo N A))[x]). Then qo = (0) and q; is a nonzero prime ideal. Let
« € q1 be nonzero. Its minimal polynomial " + a,_12" ' +- -+ ag over K has coefficients
in A (since a € q1 C B is integral over A), with agp # 0 (otherwise divide by z). We have
ag = —aja — -+ —a" € qp, thus 0 # ag € q1 N A. So g1 N A is not the zero ideal and
therefore properly contains qo N A = {0}. We can apply this result repeatedly to any chain
of distinct prime ideals in B to get a corresponding chain of distinct prime ideals in A. It
follows that dim A > dim B. O

Theorem 5.25. Let A be a Dedekind domain with fraction field K, let L/K be a finite
separable extension, and let B be the integral closure of A in L. Then B is a Dedekind
domain.

Proof. Recall that we defined a Dedekind domain as an integrally closed noetherian domain
of dimension at most one. Let us verify that each of these conditions holds:

e B is an integrally closed domain (by definition);
e B is finitely generated over the noetherian ring A (by Prop. 5.22), hence noetherian;
e B has dimension at most 1, since dim B < dim A < 1, by Lemma 5.24.

Thus B is a Dedekind domain. O
Remark 5.26. Theorem 5.25 holds without the assumption that L/K is separable. This

follows from the Krull-Akizuki Theorem, see [4, Thm. 11.7] or [3, §VII.2.5|, which is used
to prove that B is noetherian even when it is not finitely generated as an A-module.

Corollary 5.27. The ring of integers of a number field is a Dedekind domain.
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5.3 Splitting primes in Dedekind extensions

We continue in the AK LB setup, in which A is a Dedekind domain, K is its fraction field,
L/K is a finite separable! extension, and B is the integral closure of A, which we now know
is a Dedekind domain with fraction field L. As we proved in earlier lectures, every nonzero
ideal in a Dedekind domain can be uniquely factored into prime ideals. Understanding the
ideal structure of a Dedekind domain thus boils down to understanding its prime ideals. In
order to simplify the language, whenever we have a Dedekind domain A, by a prime of A
(or of its fraction field K), we always mean a nonzero prime ideal of A.

If A has dimension zero then so does B, in which case there are no primes to consider,
so we may as well assume dim A = 1, in which case dim B = 1 as well (if B is a field then
sois BN K = A). Henceforth our AK LB setup will include the assumption that A # K.

Given a prime p of A, we can consider the ideal pB it generates in B (its extension to B
under the inclusion map). The ideal pB need not be prime, but it can be uniquely factored
into nonzero prime ideals in the Dedekind domain B. We thus have

pB=]]a",
q

where q ranges over primes of B and the exponents eq > 0 are zero for all but finitely many
primes q. The primes q for which e; > 0 are said to lie over or above the prime ideal p.
As an abuse of notation, we will often write q|p to indicate this relationship (there is little
risk of confusion, the prime ideal p is maximal hence not divisible by any prime ideals of A
other than itself).

Lemma 5.28. Let A be a ring of dimension one contained in a Dedekind domain B. Let p
be a prime of A and let q be a prime of B. Then qlp if and only if qN A = p.

Proof. 1f q divides pB then it contains pB (to divide is to contain), and therefore q N A
contains pB N A which contains p; the ideal p is maximal and g N A # A (since 1 ¢ q), so
qN A =p. Conversely, if qN A = p then q = qB certainly contains (q N A)B = pB, and B
is a Dedekind domain, so q divides pB (in a Dedekind domain to contain is to divide). [

Lemma 5.28 implies that contraction gives us a surjective map Spec B — Spec A defined
by q — q N A; to see why it is surjective, note that (0) N A = (0), and if p is a nonzero
element of Spec A then pB is nonzero and not the unit ideal, and therefore divisible by at
least one q € Spec B. The fibers of this map are finite; we use {q|p} to denote the fiber
above a prime p of A.

The primes p of A are all maximal ideals (since dim A = 1), so each has an associated
residue field A/p, and similarly for primes q of B. If q lies above p then we may regard
the residue field B/q as a field extension of A/p: the kernel of the map A — B — B/q is
p = ANgq, and the induced map A/p = A/(qNA) — B/q is a ring homomorphism of fields,

hence injective.

Definition 5.29. Assume AKLB, and let p be a prime of A. The exponent eq in the

factorization pB = thj q° is the ramification index of q, and the degree f; = [B/q : A/p]

'Most of our proofs will not actually use the separability hypothesis (and even when they do, there may
be another way to prove the same result, as with Theorem 5.25). In order to simplify the presentation we
will use the separability assumption whenever it would be awkward not to. The cases we are most interested
in (extensions of local and global fields) are going to be separable in any event.
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of the corresponding residue field extension is the residue degree (or inertia degree) of q. In
situations where more than one extension of Dedekind domains is under consideration, we
may write eq/, for eq and f,/, for fq.

Lemma 5.30. Let A be a Dedekind domain with fraction field K, let M/L/K be a tower
of finite separable extension, and let B and C be the integral closures of A in L and M
respectively. Then C' is the integral closure of B in M, and if v is a prime of M lying above
a prime q of L lying above a prime p of K then ey, = ey/q€qp and fojp = fe/qfa/p-

Proof. 1t follows from Proposition 1.20 that the integral closure of B in M lies in C', and it
contains C, since A C B. We thus have a tower of Dedekind extensions C/B/A. If t|q|p then
the factorization of pC in C' refines the factorization of pB in B, S0 €/, = €/q€q/p, and the
residue field embedding A/p — C/v factors as A/p < B/q < C/v, 50 fesp = frjqfqe- O

Example 5.31. Let A :=7Z, with K :=Frac A = Q, and let L := Q(¢) with [L: K] = 2.
The prime (5) factors in B = Z[i] into two distinct prime ideals:

BZ[i] = (2 +1)(2 — 9).

The prime (2 + 7) has ramification index ep1; = 1, and ep_;) = 1 as well. The residue
field Z/(5) is isomorphic to the finite field F5, and we also have Z[i]/(2 + i) ~ F5 (this
can be determined by counting the Z[i]-lattice points in a fundamental parallelogram of the
sublattice (2 + 1) in Z[i]), so fo4s) = 1; we similarly have f,_; = 1.

The prime (7) remains prime in B = Z[i]; its prime factorization is simply

where the (7) on the RHS denotes a principal ideal in B (this is clear from context). The
ramification index of (7) is thus e;) = 1, but its residue field degree is f(7) = 2, because
Z)(7) ~F7, but Z[i]/(7) ~ Fs9 has dimension 2 has an F7-vector space.

The prime (2) factors as

2Z[i] = (14 i)?,

since (144)2 = (1+2i — 1) = (2i) = (2) (note that 7 is a unit). You might be thinking that
(2) = (1 +14)(1 — ) factors into distinct primes, but note that (1 +14) = —i(141¢) = (1 — ).
Thus e(144) = 2, and f(144) = 1 because Z/(2) ~ Fa ~ Z[i]/(1 +1).

Let us now compute the sum Zq‘p eqfq for each of the primes p we factored above:

Z eqfq=eqriyfury =2-1=2,

ql(2)

Z eqfa = e@rifiri Tee-pfe-n=1-1+1-1=2,
ql(5)

Z €qfq = 6(7)f(7) =1-2=2.

ql(7)

In all three cases we obtain 2 = [Q() : Q]; as we shall shortly prove, this is not an accident.

Example 5.32. Let A := R[z], with K = FracA = R(z), and let L = R(vz3 + 3z).
The integral closure of A in L is the Dedekind domain B = Rz, y]/(y* — 23 — 3z). Then
[L:K]=2.
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The prime (x — 1) factors in B into two distinct prime ideals:
(x—1)=(r—-1,y—2)(z— 1,y + 2) (since y* —4 = 2> + 3z —4 € (z — 1)).

We thus have e, 1, 9y = 1, and f,_1y—9) = [B/(z — 1,y —2) : A/(z — 1)] = [R: R] = 1.
Similarly, € _1,y12) =1 and f_1 442y = 1.

The prime (x + 1) remains prime in B (because y?> = —1 has no solutions in R), thus
ez41) = 1, and fzq1) = [B/(z+1): A/(z+1)]~[C:R]=2.

The prime (z) factors in B as

(x) = (z,9)%,

and we have e(, ) =2 and f(,,) = 1.

As in the previous example, } -, eqfq = [L : K] in every case:

Y eafi= a1y nfaiyin) T e ayinfo iy =1-1+1-1=2,

ql(z—1)
Z eqfq = e(ﬂ?-i-l)f(a;—i—l) =1-2=2.
q|(z+1)
Z eqfq = e(w,y)f(x,y) =2.1 = 2’
ql(z)

Before proving that thj eqfq = [L : K| always holds, let us consider the quotient ring
B/pB. The ring B/pB is typically not a field, so it is not a field extension of A/p, but it
is an A/p-algebra. This follows from the fact that B contains A and pB contains p: given
a€ A/pand T € B/pB, if we choose lifts a € A of a and = € B of = then az =az € B/pB
is the reduction of ax € b and does not depend on the choice of ¢ and z since any other
choices would be congruent modulo pB.

Lemma 5.33. Assume AKLB and let p be a prime of A. The dimension of B/pB as an
A/p-vector space is equal to the dimension of L as a K-vector space.

Proof. Let Ay == S7!A and By := S™!B be localizations of A and B (as A-modules), where
S = A—p. Then A, /pA, = S71A/(pS™1A) ~ A/p and B, /pBy, ~ S~'B/(pS~'B) ~ B/pB.
It follows that if the lemma is true when A is a DVR then it is true in general, so we may
assume that A is a DVR, and in particular, a PID.

By Proposition 5.22, B is finitely generated as an A module, and as an integral domain
containing A, it must be torsion free. It follows from the structure theorem for finitely
generated modules over a PID that B is free of finite rank over A. By Proposition 5.17, B
spans L as a K-vector space, so any A-basis for B is a K-basis for L. It follows that B has
rank n = [L : K] as a free A-module, that is, B ~ A™. We then have pB ~ pA™ = (pA)",
so B/pB ~ A"/(pA)" ~ (A/p)™ is a free A/p-module of dimension n. O

Example 5.34. Let A = Z, B = Z[i], and consider p = (2). We have pB = 27Z[i] = (1+1)?,
and B/pB = Z[i]/2Z]i] = Z[i]/(1 +i)? is an Fs-algebra of dimension 2 = [Q(i) : Q]. It
contains a nonzero nilpotent (the image of 7 + 1), so it is not a finite étale Fao-algebra. It is
a ring of cardinality 4 and characteristic 2 isomorphic to Fa[z]/(z?).

Theorem 5.35. Assume AKLB. For each prime p of A we have
Zeqfq =[L: K].

qlp
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Proof. We have
B/pB ~ [[B/q*
alp
Applying the previous proposition gives
[L:K]=[B/pB: Ay

= [B/q° : Afp]
qlp

= eq[B/a: A/p]
qlp

= Z eq.fq-
qlp

The second equality comes from the Chinese Remainder Theorem, and the third uses the
fact that B/q® has dimension eq as a B/g-vector space. Indeed, we have

g% = {z € B :yy(x) > eq},
and if 7 € q is a uniformizer for By (a generator for qB,; that we can force to lie in g
by clearing denominators), the images of (7% 7! ..., 7%~1) in B/q% are a B/qg-basis for
B/q; to see that these elements are linearly independent, note that any non-zero B/g-linear

combination can be lifted to an element of B with valuation strictly less than eq, which is
therefore not an element of q° (hence nonzero in B/q°). O

For each prime p of A, let g, := #{q|p} denote the cardinality of the fiber above p.

Corollary 5.36. Assume AKLB and let p be a prime of A. Then g, is an integer in the
interval [1,n], where n = [L : K|, as are eq and fq for each q|p.

We now define some standard terminology that we may use in the AK LB setting to
describe how a prime p of K splits in L (that is, for a nonzero prime ideal p of A, how the
ideal pB factors into nonzero prime ideals q of B).

Definition 5.37. Assume AK LB, let p be a prime of A.
o L/K is totally ramified at q if eq = [L : K] (equivalently, fy =1=g, = 1).
e L/K is unramified at q if e, = 1 and B/q is a separable extension of A/p.

e L/K is unramified above p if it is unramified at all q|p, equivalently, if B/pB is a finite
étale algebra over A/p.

When L/K is unramified above p we say that

e p remains inert in L if ¢ = pB is prime (equivalently, eq = gp = 1, and f; = [L : K]).

o p splits completely in L if g, = [L : K| (equivalently, eq = fq = 1 for all q|p).

In Example 5.34 above for the extension Q(7)/Q, the prime p = (2) is ramified and the
quotient ring B/pB is not an étale A/p algebra, even though the residue field A/p ~ Fy is
a perfect field (note that B/pB is not a field). But when A/p is a finite field (or any perfect
field), for any prime q|p the residue field B/q is necessarily a finite étale (A/p)-algebra, since
it must be a separable field extension, and in this case q is unramified whenever e; = 1. This
applies to our primary case of interest, where L/K is an extension of global fields. However,

we will occasionally want to consider Dedekind domains A whose residue fields need not be
perfect, in which case eq = 1 does not imply that q is unramified.
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6 Ideal norms and the Dedekind-Kummer theorem

In order to better understand how ideals split in Dedekind extensions we want to extend
our definition of the norm map to ideals. Recall that for a ring extension B/A in which B
is a free A-module of finite rank, we defined the norm map Np,4: B — A as

Np,a(b) := det(B =% B),

the determinant of the multiplication-by-b map with respect to an A-basis for B. If B is
a free A-module we could define the norm of a B-ideal to be the A-ideal generated by the
norms of its elements, but in the case we are most interested in (our “AKLB" setup) B is
typically not a free A-module (even though it is finitely generated as an A-module).

To get around this limitation, we introduce the notion of the module index, which we
will use to define the norm of an ideal. In the special case where B is a free A-module, the
norm of a B-ideal will be equal to the A-ideal generated by the norms of elements.

6.1 The module index

Our strategy is to define the norm of a B-ideal as the intersection of the norms of its
localizations at maximal ideals of A (note that B is an A-module, so we can view any ideal
of B as an A-module). Recall that by Proposition 2.6 any A-module M in a K-vector space
is equal to the intersection of its localizations at primes of A; this applies, in particular, to
ideals (and fractional ideals) of A and B. In order to do this we first define the module index
of two A-lattices, as originally introduced by Frohlich [3].

Recall that an A-lattice M in a K-vector space V is a finitely generated A-submodule
of V' that spans V' as a K-vector space (Definition 5.9). If M is a free A-module, then any
A-basis for M is also a K-basis for V, and we must have M ~ A" where n = dimg V. If A
is a Dedekind domain, even when M is not free, its localization M, at any prime p of A will
be a free Ay-module. This follows from the following facts: (a) Ay is a DVR and therefore a
PID, (b) M, is a torsion-free Ap-module, since it lies in a K-vector space and A, C K, and
(c) any finitely generated torsion-free module over a PID is free.

Definition 6.1. Let A be a Dedekind domain with fraction field K, let V be an n-
dimensional K-vector space, let M and N be A-lattices in V, and let p be a prime of A.
Then A, is a PID and we must have M, ~ A} ~ N,, as explained above. Choose an
Ap-module isomorphism ¢y : M, = Ny and let qu denote the unique K-linear map V. — V
extending ¢,. The linear map (ip is an isomorphism and therefore has nonzero determinant.
The module index [My, : Ny|a, is the principal fractional Ap-ideal generated by det gZ),J:

[My : Npla, := (det qu).

This ideal does not depend on our choice of ¢, because any other choice can be written
as ¢1¢p¢2 for some Ap-module automorphisms ¢: M, = M, and ¢2: N, A N, that
necessarily have unit determinants. The module index [M : N], is the A-module

[M : NJa = (\[Mp : Npla,,
p

where p ranges over primes of A and the intersection takes place in K. Each [Mj: Ny|4, is
an A-submodule of K (which need not be finitely generated), so their intersection is clearly
an A-submodule of K, but it is not immediately clear that it finitely generated (or nonzero).
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We claim that in fact [M : N]4 is a nonzero fractional ideal of A whose localizations
agree with all the local module indexes, that is for every prime p of A we have

(1 N]A)p = [My : Ny)a,.
This is obvious when M and N are free A-modules: fix a global A-module isomorphism
¢: M = N so that (det ¢), = (det ¢p) for all primes p (where ¢y is just the Ay-module iso-
morphism induced by ¢). To prove the general case we apply a standard “gluing" argument
that will be familiar to those who have studied algebraic geometry.

Proposition 6.2. Let A be a Dedekind domain with fraction field K and let M and N be
A-lattices in a K-vector space of finite dimension. The module index [M : N]4 is a nonzero

fractional ideal of A whose localization at each prime p of A is equal to the local module
index [My: Ny a, -

Proof. The finitely generated A-module M is locally free in the sense that the module M, is
a free Ap-module for every prime p. It follows from [2, Thm. 19.2] that there exist nonzero
ai,...,a, € A generating the unit ideal such that each M[1/a;] is a free A[1/a;]-module (here
M{1/a;] denotes the localization of M with respect to the multiplicative set {a]' : n € Z>0}).
We similarly have nonzero by,...,bs € A generating the unit ideal such that each N[1/b;]
is a free A[1/bj]-module. For any pair a; and b;, if we localize at the multiplicative set
Sij = {a"b] : m,n € Z>o} then Si;lM and SiglN will both be free SiglA—modules and we
will have

(EralE SiglN]Si;lA)p = [My : Nyla,.

for all primes p of A that do not contain either a; or b;, since we can fix a global Si; ! A-module
isomorphism ¢: Sl.;lM — SZ-;IN that induces Ay-module isomorphisms ¢, : M, — N, with
(det quS)p = (det QAS,J); note that if p contains either a; or b; then pSiglA is the unit ideal (not
a prime ideal of SiglA), thus [SiglM : S,;N]S;A is equal to the intersection My[M, : Ny]a,
over primes p that do not contain a; or b;.

We now observe that since the sets {a;} and {b;} both generate the unit ideal, for every
prime p there is a choice of a; and b; that do not lie in p. It follows that

[M : Nja =My : Nypla, =[[S5"' M : S;N]S;A.
p 4]
Moreover, [M : N]4 is a nonzero fractional ideal. To see this, let I;; :== [SiglM : Sz';lN]silA-
ij
Each I;; is a nonzero principal fractional Si;IA—ideal, and we can choose a single a € K*
so that each al;; is an Si;lA-ideal. The intersection of the al;; lies in ﬁijSiglA = A and is
thus an A-submodule of A, hence an ideal, and finitely generated because A is noetherian.
It follows that [M : N]4 is a fractional ideal of A, and it is nonzero, since it contains the

product of the generators of the I;;, for example. The localization of the intersection of a
finite set of A-modules is equal to the intersection of their localizations, thus

(1M 2 Ny = (Mgl 0 si;lN]S;lA)p = v ([s55" 0 : Si;lN]Si‘_le)p = [My : Nyla,

as claimed. ]
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Proposition 6.2 implies that the module index [M : N]4 is an element of the ideal
group Za. If M, N, P are A-lattices in V then

[M : NJo[N : Ply =[M : Pla, (1)

since for each prime p we can write any isomorphism M, = P, as a composition of iso-
morphisms M, = Ny = F,; we then note that the determinant map is multiplicative with
respect to composition and multiplication of fractional ideals is compatible with localization.
Taking P = M yields the identity

[M : NJA[N : Mg =[M: M]s=A, (2)

thus [M : N]4 and [N : M]4 are inverses in the ideal group Z4. We note that when N C M
the module index [M : N]4 C A is actually an ideal (not just a fractional ideal), since in
this case we can express a basis for IV, as Ap-linear combinations of a basis for M), and the
matrix for ¢, will then have entries (and determinant) in A,.

Remark 6.3. In the special case V = K, an A-lattice in V is simply a fractional ideal of A.
In this setting each module index [M : N]4 corresponds to a colon ideal

[M:Nja=(N:M). (3)

Note that the order of M and N is reversed. This unfortunate conflict of notation arises
from the fact that the module index is generalizing the notion of an index (for example,
[Z : 2Z)y = ([Z : 2Z]) = (2)), whereas colon ideals are generalizing the notion of a ratio
(for example, (Z : 27Z) = ((1) : (2)) = (1/2)). To see why (3) holds, let 7 be a uniformizer
for Ay. Then M, = (™) and N, = (7") for some m,n € Z, and we may take ¢, to be the
multiplication-by-7"~™ map. We then have

[My : Npla, = (det ¢p) = (x"7™) = (7"/7™) = (N, : My).
It follows from the remark that if M and N are nonzero fractional ideals of A then
M[M : NJg = M(N : M) =N.

(note we are using the fact that A is a Dedekind domain; we always have M(N : M) C N
but equality does not hold in general), and if N C M then I := [M : N]4 C Ais an ideal and
we have MI = N = NA and therefore M/N ~ A/I as quotients of A-modules. It follows
that I = {a € A: aM C N} is the annihilator of M /N, which is a cyclic A-module (has
a single generator), since A/I is clearly cyclic (generated by the image of 1). Conversely, if
we know that M /N ~ A/I for nonzero fractional ideals N C M, then we necessarily have
I =[M : N]4. The following theorem generalizes this observation.

Theorem 6.4. Let A be a Dedekind domain with fraction field K, and let N C M be A-
lattices in a K -vector space V' of dimension r for which the quotient module M /N is a direct
sum of cyclic A-modules:

M/N~A/L®---® A/,

where Iy, ..., I, are nonzero ideals of A. Then

M :Nly=1y-- I,
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Proof. Let p be a prime of A, let m be a uniformizer for Ay, and let e; = vp(I;) for 1 < j < n.
Pick a basis for M, and an isomorphism ¢,: M, — N, so that M,/N, = coker ¢,. The
matrix of ¢, is an r x r matrix over the PID A, with nonzero determinant. It therefore
has Smith normal form UDV, with U,V € GL,(4,) and D = diag(7®%, ..., 7%) for some
uniquely determined nonnegative integers d; < --- < d,. We then have

Ap/(7) @ - Ay /(7°") = M, /N, = coker ¢ ~ A, /(71) @ - @ Ay /(7).

It follows from the structure theorem for modules over a PID that the non-trivial summands
on each side are precisely the invariant factors of M, /Ny, possibly in different orders. We
therefore have 2?21 ej =y ._y d;, and applying the definition of the module index yields

[My : Nyla, = (det @) = (det D) = (x5 %) = (x2%) = (281) - (m5") = (I1 -+ L)p.

It follows that [M : N]a = Iy --- I, since the localizations ([M : N]a), = [M, : Np]4, and
(Iy - - - In)p coincide for every prime p. O
6.2 The ideal norm

In the AK LB setup the inclusion A C B induces a homomorphism of ideal groups:

IA—>IB
I—IB.

We wish define a homomorphism Np/4: Zp — Z4 in the reverse direction. As we proved in
the previous lecture, every fractional B-ideal I is an A-lattice in L, so let us consider

IB—>IA
I [B: 1],

Definition 6.5. Assume AKLB. The ideal norm Ng,s: Ip — Za is themap I — [B : I]4.
We extend Np/4 to the zero ideal by defining Ng,4((0)) = (0).

We now show that the ideal norm Np/, is compatible with the field norm N, /.
Proposition 6.6. Assume AKLB and let o € L. Then NB/A((a)) = (NL/K(Q)).

Proof. The case a = 0 is immediate, so assume « € L*. We have

Npja((@)) = [B: aBla=( By : aByla, = (det(L =5 L)) = (Np/k(@),
b

since each B, EalN aB, is an isomorphism of free Ap-modules that are Ay-lattices in L. O

Proposition 6.7. Assume AKLB. The map Np;s: Ip — Ly is a group homomorphism.

Proof. Let p be a maximal ideal of A. Then A, is a DVR and B, is a semilocal Dedekind
domain, hence a PID. Thus every element of Zp, is a principal ideal (a) for some o € L™,
and the previous proposition implies that Np_ /4,: Zp, — Za, is a group homomorphism,
since Ny g is. For any I, J € Ip we then have

Npja(1J) = ﬂNBp/Ap (IpJp) = ﬂNB,]/Ap (Ip)NB,/a,(Jp) = Np/a(I)Np/a(J). O
P P

18.785 Fall 2021, Lecture #6, Page 4



Corollary 6.8. Assume AKLB. For all I,J € I we have
[I:J]a=Npa(I"'J) = Nga((J : 1))

Proof. The second equality is immediate: (J : I) = I-!J (because B is a Dedekind domain).
The first follows from (1), (2), and the previous proposition. Indeed, we have

[[:J]a=[I:Bla[B:Jla=[B:1];'[B:Jla=Npua(I "YNgja(J) = Nga(I"'J). O

Corollary 6.9. Assume AKLB and let I be a fractional ideal of B. The ideal norm of 1
is the fractional ideal of A generated by the image of I under the field norm Ny r, that is,

Npa(l) = (NL/K(a) ac I).

Proof. Let J denote the RHS. For any nonzero prime p of A, the localization of the ideal
Npja(l) = [B : I]a at pis [By : Iy]la, = Np,/4,(Ip). The fractional ideal Np_ /4, (1) of Ay
is principal, so N, /4, (Iy) = J, follows from the proposition, and

NpjaI) =\ Np,ja, L) = (o = 7. O
p p

The corollary gives us an alternative definition of the ideal norm in terms of the field
norm. In view of this we extend our definition of the field norm Ny, to fractional ideals
of B, and we may write Ny (I) instead of Ng,4(I). We have the following pair of commu-
tative diagrams, in which the downward arrows map nonzero field elements to the principal
fractional ideals they generate. We know that composing the maps K* — L* — K* along
the top corresponds to exponentiation by n = [L : K] (see Problem Set 2); we now show
that this is also true for the composition of the bottom maps.

Np/k
K> «—— L% L —/— K~
@ |w Lo |@
I—~IB Np/a
IA Emm—d IB IB -— IA

Theorem 6.10. Assume AKLB and let q be a prime lying above p. Then NB/A(q) =pla,
where fq = [B/q: A/y] is the residue field degree of q.

Proof. The (A/p)-vector space B/q has dimension f; (by definition); as a quotient of A-
modules, we have B/q~ A/p@® ---@® A/p, an fq-fold direct sum of cyclic A-modules A/p,
and we may apply Theorem 6.4. Thus Ng/s(q) = [B:qla=p---p= pfa. O

Corollary 6.11. Assume AKLB. For I € T4 we have Ng/s(IB) = I", where n = [L : K].

Proof. Since N4 and I — IB are group homomorphisms, it suffices to consider the case
were I = p is a nonzero prime ideal. We then have

Npsa(B) = Npa | [Ta% | =[] Nojala)ee =[] peafs = pZapcolo = pm, O
alp alp alp
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6.3 The ideal norm in algebraic geometry

The maps i: Zy — Zp and Npss: Ip — Zx have a geometric interpretation that will
be familiar to those who have studied algebraic geometry: they are the pushforward and
pullback maps on divisors associated to the morphism of curves Y — X induced by the
inclusion A C B, where X = Spec A and Y = Spec B. For the benefit of those who have
not seen this before, let us briefly explain the connection (while glossing over some details).

Dedekind domains naturally arise in algebraic geometry as coordinate rings of smooth
curves (which for the sake of this discussion one can take to mean geometrically irreducible
algebraic varieties of dimension one with no singularities). In order to make this explicit,
let us fix a perfect field k£ and a polynomial f € k[z,y] that we will assume is irreducible in
k[z,y]. The ring A = k[x,y]/(f) is a noetherian domain of dimension 1, and if we further
assume that the algebraic variety X defined by f(z,y) = 0 has no singularities, then A
is also integrally closed and therefore a Dedekind domain.! We call A the coordinate ring
of X, denoted k[X], and its fraction field is the function field of X, denoted k(X).

Conversely, given a Dedekind domain A, we can regard X = Spec A as a smooth curve
whose closed points are the maximal ideals of A (all of Spec A except the zero ideal, which
is called the generic point). When the field of constants k is algebraically closed, Hilbert’s
Nullstellensatz gives a one-to-one correspondence between maximal ideals (z—xz, y—yo) and
points (2o, o) in the affine plane, but in general closed points correspond to Gal(k/k)-orbits
of k-points.

Recall that the ideal group Z, is isomorphic to the free abelian group generated by the
nonzero prime ideals p of A. The corresponding object in algebraic geometry is the divisor
group Div X, the free abelian group generated by the closed points P of X. The group
Div X is written additively, so its elements have the form D =Y npP with all but finitely
many of the integers np equal to 0.

A finite extension of Dedekind domains B/A induces a surjective morphism ¢: Y — X
of the corresponding curves X = Spec A and Y = Spec B. Primes q of B in the fiber above
a prime p of A correspond to closed points @ of Y in the fiber of ¢ above a closed point P
of X. The map Z4 — Zp defined by p — pB = qup g corresponds to the pullback map
¢*: Div X — DivY induced by ¢, which is defined by

¢*(P):= Y eqQ
#(Q)=P

where eg is the ramification index (one then extends Z-linearly: ¢* (> npP) =) np¢*(P)).
Geometrically we think of eg as the “multiplicity" of @ in the fiber above P, although eg
is typically defined algebraically as the ramification index of the prime ) in the Dedekind
extension B/A as we have done (alternatively, as we shall see in later lectures, it can be
defined in terms of valuations on k(X) and k(Y) associated to P and Q).

In the other direction, the norm map Np,4: Zp — Z4, which sends q to NB/A(q) = pla,
corresponds to pushforward map ¢,: DivY — Div X induced by ¢, which is defined by

:(Q) = fo(Q) = foP,

'If A is not integrally closed, we can replace it by its integral closure, thereby obtaining the normalization
of the curve X. One typically also takes the projective closure of X in order to obtain a complete curve;
this corresponds to considering all absolute values (places) of the function field of X, not just those arising
from primes. This distinction does not affect our discussion here but will become relevant in later lectures.
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where fg counts the number of k-points in the Gal(k/k)-orbit corresponding to the closed
point @, equivalently, the degree of the field extension of £ needed to split @ into fg distinct
closed points after base extension (here we are using our assumption that & is perfect). This
is precisely the residue field degree of @ as a prime in the Dedekind extension B/A. Note
that when k = k we always have fo =1 (so over algebraically closed fields one typically
omits fg from the pushforward map and the degree formula below).

If we compose the pushforward and pullback maps we obtain

60" (P) = Y eqfoP = deg(¢)P.
#(Q)=P

Here deg(¢) is the degree of the morphism ¢: Y — X, which is typically defined as the
degree of the function field extension [k(Y) : k(X)], but one can take the above formula as
an alternative definition (by Theorem 5.35). It is a weighted measure of the cardinality of
the fibers of ¢ that reflects both the ramification and degree of each closed point in the fiber
(and as a consequence, it is the same for every fiber and is an invariant of ¢).

6.4 The ideal norm in number fields

We now consider the special case A = Z, K = Q, where B = Oy is the ring of integers of
the number field L. In this situation we may simply write N in place of N4 and call it
the absolute norm. If q is a nonzero prime ideal of O then Theorem 6.10 implies

where p € Z is the unique prime in q N Z, and f is the degree of the finite field B/q as an
extension of F), ~ Z/pZ. The absolute norm

N(q) = [OL:q]z = ([OL:q])

is the principal ideal generated by the (necessarily finite) index [Of : q] € Z of q in Of, as
free Z-modules of equal rank; this is just the index of q in O as additive groups. More
generally, we have the following.

Proposition 6.12. Let L be a number field with ring of integers Op. For any nonzero
Or-ideal a we have N(a) = ([(’)L : a]). If b C a are nonzero fractional ideals of Op, then

[a:b]z = ([a:b]).

Proof. The ring O, is a free Z module of rank n := [L : Q]. It is free because it is torsion-free
and Z is a PID, and it has rank n because it contains a Q-basis for L, by Proposition 5.17.
The same is true of any nonzero fractional ideal of Op: it is a torsion-free Z-module, hence
free, and it has the same rank n as Op, because it contains some nonzero principal fractional
ideal aQyp: the fact that O, spans L implies that Oy, spans L, because the multiplication-
by-a map L *¢ L is an invertible Q-linear transformation.

Let us now fix Z-bases for O, and the nonzero Op-ideal a. Let & € Z™*" be the matrix
whose columns express each basis element for a in terms of our basis for Or. Multiplication
by ® defines a Z-module isomorphism from O, to a, since it maps our basis for Op, to our
basis for a. It follows that [Of : a]z = (det®): for every prime p € Z we can use the
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matrix @ to define a Z,)-module isomorphism ¢, : (Or)) — a(,) with det gZ;(p) = det ®
(any Z-basis for a free Z-module M is also a Z,)-basis for the free Z)-module M, ).

We now observe that the absolute value of the determinant of ® is equal to the index
of a in Oy indeed, if we identify O with Z" then |det ®| is the volume of a fundamental
parallelepiped for a, viewed as a sublattice of Z". We thus have

([Or - a]) = (det @) = [0, :a]z = N(a),

which proves the first claim.

For any a € L* we have [a:b] = [aa:ab] and [a : b]z = [aa: ab]z, so we can assume
without loss of generality that a and b are ideals in Op. We then have a tower of free
Z-modules b C a C Oy, and therefore

[Of :a][a:b] = [Of:b].
Replacing both sides with the Z-ideals they generate, we have
N(a) ([a: b]) — N(b),

and therefore ([a:b]) = N(a=!b) = [a:b]z, by Corollary 6.8, proving the second claim. [

Remark 6.13. Since Z is a principal ideal domain whose only units are +1, we can un-
ambiguously identify each fractional ideal with a positive rational number and view the
absolute norm N: Zp, — Tz as a homomorphism N: Zp, — QX from ideal group of Op, to
the multiplicative group of positive rational numbers. If we write N(a) in contexts where an
element of Z or Q (or R) is expected, it is always with this understanding. When a = (a) is
a nonzero principal fractional ideal we may also write N(a) := N((a)) = [N g(a)l; this is a
positive rational number, and for a € Op, a positive integer.

6.5 The Dedekind-Kummer theorem

We now give a theorem that provides a practical method for factoring primes in Dedekind
extensions. This result was proved by Dedekind for number fields, building on earlier work of
Kummer, but we will give a version that works for arbitrary extensions of Dedekind domains
B/A whose fraction fields are a finite separable extensions L/K (the AK LB setup).

The primitive element theorem implies when L/K is a finite separable extension we can
always write L = K(«) for some o € L, and in the AKLB setup we can assume « € B,
by Proposition 5.17. This does not imply that B = A[«]; indeed, it may very will happen
that there is no @ € B for which B = Afa]. Extensions L/K for which B = Ala] for some
« € B are said to be monogenic. This necessarily implies that B is a free A-module, hence
it has an integral basis {f1, ..., Fn} that is both an A-basis for B and a K-basis for L. But
monogenicity is a much stronger condition: it implies that B has an integral power basis,
one of the form {1,c,...,a" '}, When A = Z every B has an integral basis, but very
few have an integral power basis. Examples of monogenic extensions include quadratic and
cyclotomic number fields (as extensions of QQ); see Problem Set 3 for proofs of these facts
and some examples of non-monogenic number fields.

We will first prove the Dedekind-Kummer theorem assuming we have a monogenic ex-
tension; in the next section we will address the general case.
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Theorem 6.14 (DEDEKIND-KUMMER). Assume AKLB with L = K(a) and o € B. Let
f € Alz] be the minimal polynomial of c, let p be a prime of A, and let

f=g" g
be its factorization into monic irreducibles in (A/p)[z]. Let q; :== (p, gi(a)), where g; € Alx]
is any lift of g; in (A/p)[x] under the reduction map Alx] — (A/p)[z]. If B = Ala] then
pB=qi' a7,
is the prime factorization of pB in B and the residue field degree of q; is deg g;.
Before proving the theorem, let us give an example to illustrate its utility.

Example 6.15. Let A =7, K = Q, and L = Q({5), where a = (5 is a primitive 5th root
of unity with minimal polynomial f(z) = 2* + 23 + 22 + 2 + 1. Then B = O, = Z[(5] and
we can use the theorem to factor any prime of Z in Op:
(2): f(x) is irreducible modulo 2, so 27Z[(5] is prime and (2) is inert in Q((5).
(5): f(z) = (x—1)* mod 5, so 5Z[(5] = (5, (5 —1)* and (5) is totally ramified in Q((s).
(11): f(z) = (r —4)(z —9)(x — 5)(z — 3) mod 11, so

HNZ[G] = (11,¢5 — 4)(11, ¢ — 9)(11, ¢ — 5)(11, G — 3),
and (11) splits completely in Q((5).
(19): f(z) = (2® 4+ 5z + 1)(2? — 42 + 1) mod 19, so

L9Z[G5] = (19,63 + 5¢5 +1)(19, 63 — 4G5 + 1).

The four cases above cover every possible prime factorization pattern in the cyclotomic
extension Q((5)/Q (see Problem Set 3 for a proof).

Proof of the Dedekind-Kummer theorem. We have B = Ala] ~ Alz]/(f(x)) and therefore
B Ale] Alz] o _(A/p)e] (Afp)lz]

0 (pgile)  (f(@)p,0i(@)  (f2).5i(x)  (9ix))
The polynomial g;(z) is by assumption irreducible, thus (g;(x)) is a maximal ideal (because
(A/p)[z] is a UFD of dimension 1), so the quotient (A/p)[x]/(gi(z)) is a field; indeed, it is
an extension of the residue field A/p of degree deg g;. It follows that g; is a prime above p
with residue field degree fy, = deg g; as claimed.
The ideal [[, q;" = [1;(p, 9i(2)) = [1,(pB + (gi(x)))® is divisible by pB, since if we
expand the ideal product every term is clearly divisible by pB, including

H(gi(a)ei) = (f(a)) = (0) mod pB.

)

The g;(x) are distinct as elements of (A/p)[x]/(f(z)) ~ A[z]/(p, f(x)) ~ Ala]/pA[a], and
it follows that the g;(«) are distinct modulo pB. Therefore the prime ideals g; are distinct,
and we must then have e; > eq, and {q|p} C {q;} in order for [, q;" to be divisible by pB;
we already showed that each g; is a prime above p, so we must have {q;} = {q|p}. Now

Np/a (H in) = I Vp/a(ai) = JJ(pfoi)" = peidesd: = pieas = plbeK],

)

s0 > €ifq, = [L: K] =3, €qfq- We must have e; = eg, and the theorem follows. O
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We now want to remove the monogenic hypothesis from Theorem 6.14. We can always
write L = K («) for some a € B (since L/K is separable), but in general the ring Ala] may
be a proper subring of B. The relationship between A[a]| and B is characterized by the
conductor of the extension B/Aa].

6.6 The conductor of a ring

We first give the general definition then specialize to subrings of Dedekind domains.

Definition 6.16. Let S/R be an extension of commutative rings. The conductor of R in S
is the largest S-ideal that is also an R-ideal; equivalently, it is the largest ideal of .S contained
in R. It can be written as

c:={aeS:aSCR}={a€R:aSC R}
If R is an integral domain, the conductor of R is the conductor of R in its integral closure.

Example 6.17. The conductor of Z in Z[i] is (0). The conductor of Z[v/—3] in Z[(3] is
(2,14 +v/—3) (these may be viewed as generators over Z[y/—3| or Z[(3], or even just Z; note
that (2,1 + +/—3) = 2Z[(3] is principal in Z[(3] but not in Z[v/—3]).

We are interested in the case where R is a noetherian domain.

Lemma 6.18. Let R be a noetherian domain. The conductor of R in its integral closure S
is nonzero if and only if S is finitely generated as an R-module.

Proof. This is a special case of Lemma 2.14. O

Recall that we defined a fractional ideal of a noetherian domain R as a finitely generated
R-submodule of its fraction field. If R has nonzero conductor then its integral closure S is
a fractional ideal of R that is also a ring. This means we can write S as %I for some r € R
and R-ideal I, and the conductor ¢ is precisely the set of denominators r € R for which

1

S = I for some R-ideal I (note that the representation %I is far from unique).

6.7 Orders in Dedekind domains

We now introduce the notion of an order (in a Dedekind domain). This should not be
confused with the notion of a reflexive, transitive, antisymmetric relation on a set, rather it
is a literal translation of the German Ordnung, which refers to a ring of algebraic integers.

Definition 6.19. An order O is a noetherian domain of dimension one whose conductor is
nonzero, equivalently, whose integral closure is finitely generated as an O-module.?

Every Dedekind domain that is not a field is also an order. The integral closure of an
order is always a Dedekind domain, but not every ring whose integral closure is a Dedekind
domain is an order: as shown by Nagata [5, p. 212], one can construct noetherian domains of
dimension one with zero conductor. But in the case of interest to us the conductor is auto-
matically nonzero: in the AK LB setup B is finitely generated over A (by Proposition 5.22),
hence over every intermediate ring between A and B, including all those whose integral

2Not all authors require an order to have nonzero conductor (e.g. Neukirch [6, §1.12]), but nearly all of
the interesting theorems about orders require this assumption, so we include it in the definition.
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closure is B. In particular, if Aja] and B have the same fraction field (so L = K(«)), then
Ala] is an order in B (assuming B # L).

There is an alternative definition of an order that coincides with our definition in the
case of interest to us. Recall that an A-lattice in a K-vector space L is a finitely generated
A-submodule of L that spans L as a K-vector space.

Definition 6.20. Let A be a noetherian domain with fraction field K, and let L be a (not
necessarily commutative) K-algebra of finite dimension. An A-order in L is an A-lattice
that is also a ring.

Remark 6.21. In general the K-algebra L (and the order O) in Definition 6.20 need not
be commutative (even though A necessarily is). For example, the endomorphism ring of an
elliptic curve is isomorphic to a Z-order in a Q-algebra L of dimension 1, 2, or 4. This Z-
order is necessarily commutative in dimensions 1 and 2, where L is either Q or an imaginary
quadratic field, but it is non-commutative in dimension 4, where L is a quaternion algebra;
see Theorem 13.17 and Corollary 13.20 in |7].

Proposition 6.22. Assume AKLB and let O be a subring of L. Then O is an A-order
i L if and only if it is an order with integral closure B.

Proof. We first recall that under our AK LB assumption, dim A = 1, hence dim B = 1, since
A=BNK,and O C L is an A-module containing 1, so it contains A.

Suppose O is an A-order in L. Then O is an A-lattice, hence finitely generated as an
A-module, and therefore integral over A (see [1, Thm. 10.28|, for example). Thus O lies in
the integral closure B of A in L. The fraction field of O is a K-vector space spanning L,
hence equal to L, so O and B have the same fraction field and B is the integral closure of O.
Thus O is a domain of dimension 1 (since B is), and it is noetherian because it is a finitely
generated over the noetherian ring A. The integral closure B of O is finitely generated over
A, hence over O; therefore O is an order.

Now suppose O is an order with integral closure B. It is an A-submodule of the noethe-
rian A-module B, hence finitely generated over A. It contains a K-basis for L because L is
its fraction field (take any K-basis for L written as fractions over O and clear denominators).
Thus O is an A-lattice in L that is also a ring, hence it is an A-order in L. O

Remark 6.23. There may be subrings O of L that are orders but not A-orders in L, but
these do not have B as their integral closure. Consider A = B = Z, K = L = Q, and
O = Zy), for example. In this case O is a DVR, hence a Dedekind domain, hence an order,
but it is not an A-order in L, because it is not finitely generated over A. But its integral

closure is not B (indeed, O Z B).

Remark 6.24. An A-order in L is a maximal order if it is not properly contained in any
other A-order in L. When A is a Dedekind domain one can show that every A-order in L lies
in a maximal order. Maximal orders are not unique in general, but in the AK LB setup B
is the unique maximal order.

As with Dedekind domains, we call a nonzero prime ideal p in an order O a prime of O,
and if q is a prime of the integral closure B of O lying above p (dividing pB) then we may
write ¢|p to indicate this. As in the AK LB setup, we have q|p if and only if ¢ O = p, by
Lemma 5.28. The fact that B is integrally closed ensures that every prime p of O has at
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least one prime ¢ lying above it (this is a standard fact of commutative algebra). We thus
have a surjective map

Spec B — Spec O
q—qnoO

If a prime q of B contains the conductor ¢, then so does p = qN O (since ¢ € O), and
conversely. It follows that the map is Spec B — Spec O is still well-defined if we restrict to
primes that do not contain ¢. In B we can factor ¢ into a product of powers of finitely many
primes q; it follows that only finitely many primes p of O contain c.

Proposition 6.25. In any order O, only finitely many primes contain the conductor.

We now show that when we restrict to primes that do not contain the conductor the
map Spec B — Spec O becomes a bijection.

Lemma 6.26. Let O be an order with integral closure B and conductor ¢ and let p be a
prime of O not containing ¢. Then pB is prime of B.

Proof. Let q be a prime of B lying above p, so that p = ¢ N O, and pick an element s € ¢
not in p (and hence not in q). Claim: O, = B,. To see that O, C By, note that if a/b € O,
with a € O and b € O —p, then b € B —q, so a/b € B;. Conversely, if a/b € By with a € B
and b € B — q then sa € O and sb € O — p, so (sa)/(sb) = a/b € Op; here we have used
that sB C O (since s € ¢) and sb & q (since s,b & q), so sb & p.

We now note that ¢'|p = By = Op = By = ¢ = q, so there is only one prime q lying
above p. It follows that pB = q° for some e > 1, and we claim that e = 1. Indeed, we must
have pO, = qB, (this is the unique maximal ideal of the local ring O, = By written in two
different ways), so q°Bq = qB; and therefore e = 1. O

Corollary 6.27. Let O be an order with integral closure B and conductor ¢. The restriction
of the map Spec B — Spec O defined by q — q N O to prime ideals not containing ¢ is a
bijection with inverse p — pB.

We now note several conditions on primes of O that are equivalent to not containing the
conductor; these notably include the property of being invertible.

Theorem 6.28. Let O be an order with integral closure B and conductor ¢, and let p be a
prime of O. The following are equivalent:

(a) p does not contain c;
(b) O={weB:apCp};
(¢) p is invertible;
(d) Oy is a DVR;
(e) pOy is principal.

If any of these equivalent properties hold, then pB is a prime of B.

Proof. See Problem Set 3. O
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Remark 6.29. Orders in Dedekind domains also have a geometric interpretation. If O is an
order, the curve X = Spec O will have a singularity at each closed point P corresponding to
a maximal ideal of O that contains the conductor. Taking the integral closure B of O yields
a smooth curve Y = Spec B with the same function field as X and a morphism Y — X that
looks like a bijection above non-singular points (a dominant morphism of degree 1). The
curve Y is called the normalization of X.

Recall that two ideals I and J in a ring A are said to be relatively prime or coprime
if I +J = A; we may also say that I is prime to J. When A is a noetherian domain this
is equivalent to requiring that I, 4+ J, = A, for every prime ideal p of A; this follows from
Proposition 2.6 and Lemma 3.1. For prime ideals p that do not contain J, we have J, = Ay,
in which case I, + J, = A, certainly holds, so we only need to consider the case where p
contains J. In this case J, is contained in pAy, and I, + J, = A, if and only if I, € pA,, in
which case I, = Ay, equivalently, TA, = A,. This leads to the following definition.

Definition 6.30. Let A be a noetherian domain and let J be an ideal of A. A fractional
ideal I of A is prime to J if IA, = A, for all prime ideals p that contain J. The set of
invertible fractional ideals prime to J is denoted Ij; it is a subgroup of the ideal group Z 4.

To check that Ij is in fact a subgroup, we note that if p is any prime containing J then
then IllgAp = IQAp = Ap.

Theorem 6.31. Let O be an order with integral closure B. Let ¢ be any ideal of B contained
in the conductor of O. The map q — q N O induces a group isomorphism from Ly to I¢,
and both groups are isomorphic to the free abelian group generated by their prime ideals. In
particular, every fractional ideal of O prime to the conductor has a unique factorization into
prime ideals [] ps* which matches the factorization IB = []q5" with p; = q, N O.

Proof. The B-ideal ¢ lies in the conductor of O and is therefore also an O-ideal, so the
subgroups If, and Z;, are well defined and the map q — qN O gives a bijection between the
sets of prime ideals contained in these subgroups, by Corollary 6.27; the theorem follows. [

We now return to the AKLB setup. Let O be an order in B with conductor ¢. For
example, we could take O = Ao, where L = K(«a) with @ € B, as in the Dedekind-
Kummer Theorem. Theorem 6.31 implies that we can determine how primes of A split in B
by looking at their factorizations in O, provided we restrict to primes p that do not contain
¢ N A. This restriction ensures that the primes q of B and ¢’ = ¢ N O lying above p are all
prime to ¢ and hence to the conductor, so the factorizations of pB and pO will match up.
In order to complete the picture, we now show that the residue field degrees of the primes
in these factorizations also match.

Proposition 6.32. Assume AKLB and let O be an order with integral closure B. Let
¢ = (¢ N A)B, where ¢ is the conductor of O. Then O is an A-lattice in L and the
restrictions of the norm maps N4 and No/4 to Iy and I, commute with the isomorphism
T5 — I, defined by q — qN O. If q is a prime of B that does not contain ¢ and ¢’ = gqN O

and p = qN A, then Np/a(q) = Noya(a') = p/s and [B/q : Afp] = [0/q’ : A/p].

Proof. We first note that (¢ N A)O C ¢, soc= (¢ NA)B C B =7/, thus ¢ is contained in
the conductor of @. That O is an A-lattice in L follows from Proposition 6.22. Let q be a
prime of B that does not contain ¢, and define ' :== qN O and p := qN A. If p’ is any prime
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of A other than p, then the localization of q at p’ contains B and the localization of q’ at p’
contains O (pick a € p — p’ and note that a/a = 1 lies in both ¢ and ¢'); we thus have

Npa(a)y = [Bp“qp’]Apf = [By 5Bp/]Apf = Ay =[Oy ¢Op’]Ap/ = [Op“q;/]APr = Noya(d)y

For the prime p we proceed as in the proof of Lemma 6.26 and pick s € (¢ A) —p. We
then find that By, = O, and q, = q;, and therefore

NB/A(CI)p = [Bpwlp}Ap = [qu;ﬂAp = NO/A(q/)P'

Thus Npg/a(q)p = Npya(q')y for all primes p of A, and

Npa(a) = MpyNp/a(d@)p = NpNosa(d')y = Nojald').

The proof that Np,4(q) = pfa in Theorem 6.10 does not depend on the fact that B is

a Dedekind domain and applies equally to the order O. Thus Ngp /A(q’ ) = pffl’, where
[ =10/q" : A/p]. We therefore have fy = fqand [B/q:A/p] =[O/q : A/p] as claimed. O

Corollary 6.33. The assumption B = Ala] in the Dedekind-Kummer theorem can be re-
placed with the assumption that pB is prime to the conductor of Ala] in B.

Remark 6.34. In the special case where A = Z and L = Q(«) is a number field generated
by an algebraic integer «, for any prime number p, the ideal pOy is prime to the conductor
of Ala] if and only if p does not divide the index n of A[a] in Of, as we now explain. The
conductor ¢ is an Op-ideal with absolute norm [Of, : ¢, and it is also an A[a]-ideal, hence
contained in Afa], so [Of : ¢ = [Or : Ala]][A]a] : ¢] is divisible by n = [Of, : A[a]]. If p|n
then p|[Of : ¢] and pOr, must have a prime of Of, above p that divides ¢. Conversely if pOr,
is not prime to ¢ then there is a prime q of Op above p that divides ¢, and it follows that
p =[O : q] divides [Of, : ], hence p divides either Of,: A[a]] or [A[a]:¢]. The latter cannot
hold because it would imply that q is an Afa]-ideal, hence divisible by the conductor ¢ (and
therefore equal to ¢), but then [Of : ¢] = [Of : q] and [Of, : A[a]] = 1 which is impossible
when A[a] has nontrivial conductor ¢ = q.

Remark 6.35. For number fields L = Q[z]/(z" + az™ + b) with m/|n, the article [4] gives
a precise characterization of the primes p dividing [Of, : A[a]] (equivalently, dividing the
conductor of Ala], as argued above), including necessary and sufficient criteria for L to be
monogenic.

Remark 6.36. In Lecture 12 we will define the discriminant of an A-order, and for orders of
the form A[a] this is just the principal A-ideal generated by the discriminant of the minimal
polynomial f € A[z] of a. In Problem Set 6 you will prove that this discriminant is equal
to the product of the norm of the conductor of A[a] and the discriminant of the A-order B.
An immediate practical consequence is that the Dedekind-Kummer theorem always holds
for primes p of A that do not contain the discriminant of f, equivalently, primes for which
the reduction of f modulo p is separable, which is useful because it is an easy condition to
check. But we should note that this sufficient condition is not necessary.
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7 Galois extensions, Frobenius elements, and the Artin map

In our standard AK LB setup, A is a Dedekind domain with fraction field K, and L/K is a
finite separable extension of its fraction field (and B is the integral closure of A in L, also a
Dedekind domain). We now consider the case where L/K is also normal, hence Galois, and
let G := Gal(L/K) to denote the Galois group; we will use AKX LBG to denote this setup.

7.1 Splitting primes in Galois extensions

We begin by showing that the Galois group G acts on the ideal group Zp (the invertible,
equivalently, nonzero, fractional ideals of B) and that this action is compatible with the
group structure of Zg. More precisely, Zp is a left G-module.

Definition 7.1. Let G be a group. A left G-module is an abelian group M equipped
with a left G-action that commutes with its group operation; in additive notation we have
o(a+0b) =o(a)+o(b) for all 0 € G and a,b € M. One similarly defines a right G-module
as an abelian group with a right G-action that commutes with the group operation.

Theorem 7.2. Assume AKLBG. For each fractional ideal I of B and o € G define
o(l)={o(x):zel}.

The set o(I) is a fractional ideal of B, and this defines a group action on Ip that makes it
a left G-module. Moreover, the restriction of this action to Spec B makes it a G-set.

Proof. We first show that o(B) = B for all 0 € G. Each b € B is integral over A, hence
f(b) = 0 for some monic polynomial f € Alx], and we have

so o(b) is also integral over A, hence an element of B, since B is the integral closure of A
in L. This proves o(B) C B, and the same argument shows o0~ (B) C B, hence B C o(B)
and therefore o(B) = B as claimed.

Each 0 € G = Gal(L/K) is a field automorphism of L and thus commutes with addition
and multiplication. It follows that if I C L is a finitely generated B-module (a fractional
ideal) then o([) is a finitely generated o(B)-module, and o(B) = B, so o(I) is a finitely
generated B-module, hence a fractional ideal as claimed. We clearly have o((0)) = (0) for
all o € G, so G permutes Zg, the group of nonzero fractional ideals. We also have

(or)(I) = {(o7)(2) s w € I} ={o(r(x)) :x € I} = {o(y) : y € T(I)} = o(7(1)),

and the identity clearly acts trivially, so we have a left G-action on Zp.

Nowlet I,J € Ig and 0 € G. Each x € IJ has the form x = a1b1+- - -+a,b, witha; € T
and b; € J, and o(x) = o(ay)o(br) + -+ o(an)o(by) € o(I)o(J). Thus o(IJ) C o(I)o(J),
and applying the same argument to o(I),o(J), and o~! implies o~ (o(I)o(J)) C IJ and
therefore o(I)o(J) C o(I1J). Thus o(IJ) = o(I)o(J) for all I,J € Zp, implying that Zp is
a left G-module.

Let p be a prime of B and let o(p) = qf'---q% be the unique factorization of o(p)
in B. Applying o~! to both sides yields p = o7 1(q1)¢* --- 07 1(q,)°", and therefore n = 1
and e; = 1, since p is prime, thus o(p) = ¢y is prime and the G-action on Zp restricts to a
G-action on MaxSpec B, and on Spec B, since G fixes {(0)} = Spec B — MaxSpec B. O

Lecture by Andrew V. Sutherland



Recall that by a prime of A (or K) we mean a nonzero prime ideal of A, and similarly
for B (and L), and for any prime p of A we use {q|p} to denote the set of primes q that
lie above p (equivalently, for which p = A N q); in other words, {q|p} is the fiber of the
contraction map MaxSpec B — MaxSpec A above p.

Corollary 7.3. Assume AKLBG. For each prime p of A the group G acts transitively
on the set {q|p}; in other words, the orbits of the G-action on Spec B are the fibers of the
contraction map Spec B — Spec A.

Proof. Consider any o € G. For q|p we have pB C q and o(pB) C o(q), so a(q)|p (note
o(pB) = pB and in a Dedekind domain, to contain is to divide). Thus {q|p} is closed under
the action of GG, we just need to show that it consists of a single orbit.

Let {qlp} = {g1,...,9»} and suppose that q; and g2 lie in distinct G-orbits. The

primes (71, . .., (, are maximal ideals, hence pairwise coprime, so by the CRT we have a ring
isomorphism
B B B
~M— X e X —,
qi1---qn q1 n

and we may choose b € B such that b= 0mod q2 and b = 1 mod o~!(qy) for all o € G (by
hypothesis, o(q2) # q1 for all o € G, since qy, g2 lie in different G-orbits). Then b € qo and

Nk (b) = H o(b) = 1 mod qq,
oeG

hence Ny /i (b) € AN gL =p. But Ny g (b) € N/ (q2) = pfa2 C p, a contradiction. O

As shown in the proof of Theorem 7.2, we have o(B) = B for all ¢ € G = Gal(L/K),
thus each o0 € G restricts to a ring automorphism of B that fixes every element of the
subring A = B N K, and thus every element of any prime p of A. It follows that ¢ induces
an isomorphism of residue field extensions & € Hom 4 ,,(B/q, B/o(q)) defined by 7(z +q) ==

o(x) + o(q) for z € B, which we may more compactly write as 6(Z) := o(x) (but note that
the Z and o(x) are elements of different residue fields).

Corollary 7.4. Assume AKLBG and let p be a prime of A. The residue field degrees
fq = [B/q:A/p] are the same for every q|p, as are the ramification indices eq == vq(pB).

Proof. For each o € G we have an isomorphism of the residue fields B/q and B/o(q) that
fixes A/p, so they clearly have the same degree fq = f,(q), and G acts transitively on {q|p},
by Corollary 7.3, so the function q — f; must be constant on {q|p}.

For each o € G we also have o(p) = p and o(B) = B, so o(pB) = pB, and for each qlp,

eq = vq(pB) = v4(c(pB)) = vq (0 (H t6">) = V4 (H U(t)e‘> = v, (H teo_l(t>> = €,-1(q)-
tp tlp tlp
The transitivity of the G-action on {q|p} again implies that q — e is constant on {q|p}. O

Corollary 7.4 implies that whenever L/K is Galois, we may unambiguously write e,
and f, instead of e and fy; recall that we previously defined g, := #{q|p}.

Corollary 7.5. Assume AKLBG. For each prime p of A we have ey fpg, = [L: K].

Proof. This follows immediately from Theorem 5.35 and Corollary 7.4. O
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Example 7.6. Assume AKLBG. When n := [L: K] is prime there are just three ways a
prime p of A can split in B:

e ¢, =n and f, = gy = 1, in which case p is totally ramified in L;
e fy, =n and e, = gy = 1, in which case p remains inert in L if B/pB is finite étale;

e g, =n and e, = f, = 1, in which case p splits completely in L if B/pB is finite étale.

Recall from Definition 5.37 that we only defined the terms “remains inert” and “splits com-
pletely” for unramified primes, which includes the condition that all the residue field exten-
sions B/q of A/p are separable, equivalently, that B/pB is finite étale over A/p. This will
automatically hold in the primary case of interest to us, where the residue field A/p is finite,
hence perfect, and all residue field extensions are separable.

7.2 Decomposition and inertia groups

Definition 7.7. Assume AKLBG. For each prime q of B the decomposition group Dy (also
denoted Dq(L/K)) is the stabilizer of q in G.

Lemma 7.8. Assume AKLBG and let p be a prime of A. The decomposition groups Dy
for q|p are all conjugate in G, with #Dq = ey fy and [G : Dg| = gy.

Proof. Points in an orbit of group action have conjugate stabilizers, so the Dy for g|p are all
conjugate, by Corollary 7.3. The orbit-stabilizer theorem implies [G': Dq] = #{q[p} = g,.
We have #G = [L: K| = ey fogp, by Corollary 7.5, so #Dq = #G/[G:Dg| = ey fp. O

Let us now consider a particular prime q|p of B (by writing q|p we define p as g N A).
As noted above, each o € G induces a residue field isomorphism ¢ € Hom 4 /,(B/q, B/o(q)).

For o € Dy, we have o(q) = q, in which case & € Auty,,(B/q). Moreover, the map o + @
defines a group homomorphism 74: Dy — Aut4,,(B/q), since for any x € B we have

o7(z) = 07(z) = o(7(x)) = a(7(z)) = o(7(2)).

Note that B/q need not be a Galois extension of A/p even when L is a Galois extension
of K, which is why we write Aut4,,(B/q) and not Gal((B/q)/(A/p)).

Proposition 7.9. Assume AKLBG and let q|p be a prime of B. The group homomorphism
mq: Dq — Auty,,(B/q) defined by o +— & is surjective and B/q is normal over A/p.

Proof. Let F be the separable closure of A/p in B/q and for b € F, pick b € B such that
b= bmod q and b =0 mod c1(q) (so o(b) = 0 mod q) for all o € G — Dg; the CRT implies
that such an b exists, since for o € G — Dy the ideals q and o(q) are distinct and therefore
coprime (since they are maximal ideals). Now define

g@) =[] (v = o)) € Ala],

oceG

and let g denote the image of g in (A/p)[x]. Observe that b is the root of a polynomial
g € (A/p)[z] that splits completely in (B/q)[z], and our choice of b was arbitrary, so this
applies to every b € F'X. It follows that F is a normal (hence Galois) extension of A/p, and
we have Gal(F/(A/p)) ~ Auty,,(B/q), since F is the separable closure of A/p in B/q.
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For each 0 € G — Dy we have G(b) = 0 , so 0 is a root of g(x) with multiplicity at
least m = #(G — Dy), and the remaining roots are 5(b) for o € Dy, all of which are
Gal(F/(A/p))-conjugates of b. It follows that g(z)/z™ divides a power of the minimal
polynomial f(z) of b, but f(x) is irreducible in (A/p)[z], so g(z)/x™ is a power of f(z)
and every Gal(F/(A/p))-conjugate of b has the form &(b) for some o € Dy. Applying this
to b chosen so that F' = (A/p)(b) (by the primitive element theorem) shows that the map
mq: Dy — Auty ), (B/q) ~ Gal(F/(A/p)) is surjective.

To show that B/q is a normal extension of A/p we proceed as we did for F': for each
b € B define g € Alx] and g € (A/p)[z] as above to show that every b € B/q is the root of

a polynomial in (A/p)[z] that splits completely in (B/q)[z]. O

Definition 7.10. Assume AK LBG, and let q|p be a prime of B. The kernel of the surjective
homomorphism 7q: Dy — Aut4,,(B/q) is the inertia group Iy of q.

Corollary 7.11. Assume AKLBG and let q|p be a prime of B. We have an exact sequence

1 — Iy — Dg — Auty(B/q) — 1,

and #1q = ep[B/q : A/pl;.

We have shown that the residue field B/q is always a normal extension of the residue
field A/p. Let us now suppose that it is also separable, hence Galois; this holds, for example,
if A/p is a perfect field, and in particular, whenever A/p is a finite field. We then have

Dq/Iq =~ Auty(B/q) = Gal((B/q)/(A/p))-

Proposition 7.12. Assume AKLBG, let q|p be a prime of B, and suppose B/q is a sepa-
rable extension of A/p. We have a tower of field extensions K C LPs C Ls C L with

ep = [L: L1) = #1I;
fo = [L7: LP9) = #Dy/#1;
gp = [L" : K] = #{qlp}.

The fields LPs and L' are the decomposition field and inertia field associated to q.

Proof. The third equality follows immediately from Lemma 7.8. The second follows from
Proposition 7.9 and the separability of (B/q)/(A/p), since Dq/Iq ~ Gal((B/q)/(A/p)) has
cardinality f, = [B/q:A/p]. We then have [L : LP1] = #D, = e, f, and #Dq/#I; = f,, s0
#1, = ep, so the first equality also holds. ]

We now consider an intermediate field E lying between K and L. Let us fix a prime q|p
of B, and let qg = qN E, so that q|qp and qg|p, and let us use Gq(L/K) = Aut 4 ,(B/q),
Gq(L/E) = Aut(pnp)/q,(B/4), Gap(E/K) = Auty,((B N E)/qg) to denote the auto-
morphism groups of the residue field extensions associated to the tower K C F C L. We
use the notation Dy(L/E) to denote the decomposition group of q relative to the extension
L/E (note that L/E is Galois since L/K 1is), and similarly define Dy(L/K), as well as
I;(L/E) and I4(L/K). In the case that E/K is also Galois, we similarly use Dy, (E/K) and
I, (E/K) to denote the decomposition and inertia group of qr (subgroups of Gal(E/K)).
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Proposition 7.13. Assume AKLBG, let E be an intermediate field between K and L.
Let q be a prime of B and let qg = qNE andp =qN K. Then

I,(L/E) =1,(L/K) N Gal(L/FE) and Dy(L/E) = Dq(L/K)NGal(L/E).
If E/K is Galois, then we have the following commutative diagram of exact sequences:

1 1 1

1 —— I4(L/E) —— I4(L/K) —— Iq,(E/K) —— 1

~

1 —— D¢(L/E) —— D4(L/K) —— D¢, (E/K) —— 1

1 —— G4y(L/E) —— G4(L/K) —— Gq,(E/K) —— 1

aE

1 1 1

Proof. Note that Dy(L/E) C Gal(L/E) C Gal(L/K). An element o of Gal(L/K) lies in
Dy(L/E) if and only if it fixes E (hence lies in Gal(L/E)) and satisfies o(q) = g (hence
lies in Dq(L/K)), which proves the first claim. For the second claim, the restriction of
7q(L/K): Dy(L/K) = G4(L/K) to Dq(L/E) is the map mq(L/E): Dy(L/E) — Gq4(L/E),
hence the kernels agree after intersecting with Gal(L/E).

The exactness of the columns follows from Corollary 7.11; we now argue exactness of
the rows. Each row corresponds to an inclusion followed by a restriction in which the
inclusion is precisely the kernel of the restriction (for the first two rows this follows from the
two claims proved above and for the third row it follows from the main theorem of Galois
theory); exactness at the first two groups in each row follows. Surjectivity of the restriction
maps follows from the bijection used in the proof of Lemma 4.10. We have a bijection
Hompg (L, ) — Hompg(L, ) x Homg (EF, Q) whose second factor is restriction, and we may
view this as a bijection ¢: Gal(L/K) — Gal(L/E) x Gal(E/K). If o € Gal(E/K) stabilizes
qe then ¢~!(1,0) € Gal(L/K) stabilizes q and restricts to o; this implies surjectivity of
the restriction maps in the first two rows, and for the third we replace L/E/K with the
corresponding tower of residue field extensions (and forget about stabilizing qg).

We now argue commutativity of the four corner squares which suffices to prove the
commutativity of the enitre diagram. The upper left square commutes because all the maps
are inclusions. The upper right square commutes because inclusion and restriction commute.
The lower left square commutes because the horizontal maps are inclusions and the vertical
maps coincide on Dy(L/E). The lower right square commutes because the horizontal maps
are restrictions and the vertical maps agree after restriction to E. O

Corollary 7.14. Assume AKLBG, let E be an intermediate field between K and L. Let q
be a prime of B and let qg = qNE andp=qN K. Then

® eq,p = 1ifand only if E C La, and
® cop/p = Jaw/p =1 if and only if E C LPa,

where Iy and Dq are the inertia and decomposition groups of q.
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Proof. Proposition 7.13 implies I4(L/E) = I4(L/K) N Gal(L/E), and for F = L1, we have
I,(L/F) =14(L/K) = Gal(L/F'). We also have Gal(L/EF) = Gal(L/E) N Gal(L/F'), so

I,(L/E) = I,(L/K) N Gal(L/E) = Gal(L/F) N Gal(L/EF) = Gal(L/EF) = I,(L/EF).

Now eq/q, = #I4(L/E) = #I4(L/EF) = eq/q,, is equal to eq/,, = #I14(L/F) if and
only if £ C F. The first claim in the corollary follows, since I(L/F) = I4(L/K) implies
€q/qr = €q/p Which implies ey, =1, since €q/q,.€q,/p = €q/p, by Lemma 5.30.

The proof of the second claim follows mutatis mutandis: replace Iq by Dq and ey, by
€q/aq/z throughout. O

In our AKLBG setup, for any prime p of K we let I, and D, denote the subgroups
of G = Gal(L/K) generated by the inertia groups I; and the decomposition groups Dy of
the primes q|p, respectively. These are the inertia and decomposition groups of p. The
corresponding inertia field L™ and decomposition field LP% are Galois extensions of K that
are characterized by the following corollary.

Corollary 7.15. Assume AKLBG and let p be a prime of K. The fields L™ and LP» are
Galois extensions of K, and for any intermediate field E we have eq, , = 1 for all qg|p if
and only if E C L', and Cqp/p = fau/p = 1 for all qglp if and only if £ C LP».

When A/p is a perfect field, the inertia field is the largest subfield of L in which p is
unramified, and the decomposition field is the largest subfield in which p splits completely.

Proof. The fact that G acts transitively on {q|p} means that I, is generated by a complete
set of conjugate subgroups I; and is therefore stable under conjugation, hence normal, and
similarly for D,. It follows that the corresponding fixed fields are Galois extensions of K.
The rest of the corollary follows immediately from Corollary 7.14. O

7.3 Frobenius elements

We now add the further assumption that the residue fields A/p (and therefore B/q) are
finite for all primes p of K.! This holds, for example, whenever K is a global field (a finite
extension of Q or Fy(t)). In this situation B/q is necessarily a Galois extension of A/p
(we don’t need Proposition 7.9 for this, finite extensions of finite fields are always Galois).
Indeed, recall that every finite extension of a finite field F has a cyclic Galois group generated
by the #F-power Frobenius automorphism x — 27,

In order to simplify the notation, when working with finite residue fields we may write
Fq := B/qand F, := A/p; these are finite fields of p-power order, where p is the characteristic
of F, (and of IFy). Note that the field K (and L) need not have characteristic p (consider the
case of number fields), but if the characteristic of K is positive then it must be p (consider
the homomorphism A — A/p from the integral domain A to the field A/p).

Let q|p be a prime of B. Corollary 7.11 gives us an exact sequence

1 — I, — Dq =% Gal(F,/F,) — 1.

If p (equivalently, q) is unramified, then e, = e; = 1 and I is trivial. In this case we have
an isomorphism
mq: Dg — Gal(Fq/Fy).

'There exist Dedekind domains A (PIDs even) with a mixture of finite and infinite residue fields; see [1].

18.785 Fall 2021, Lecture #7, Page 6


https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec5.pdf#theorem.2.30
https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec7.pdf#theorem.2.11

The Galois group Gal(Fy/Fy) is the cyclic group of order f, = [Fy:F,] generated by the
Frobenius automorphism
x> 7,

Note that the cardinality of the finite field F, is necessarily a power of its characteristic p.
If K =Q and p = (p) is a prime of Z, then F, = Z/pZ is the field with p elements, but in
general the field F, need not be a prime field (consider K = Q(i) and p = (7)).

Definition 7.16. Assume AK LBG with finite residue fields and q|p unramified. The inverse
image of the Frobenius automorphism of Gal(Fy/F,) under mq : Dy — Gal(Fy/F,) is the
Frobenius element oq € Dy C G (also called the Frobenius substitution [2, §8]).

Proposition 7.17. Assume AKLBG with finite residue fields and qlp unramified. The
Frobenius element oq is the unique o € G such that for all x € B we have

o(z) = 7% mod q.

Proof. Clearly o4 has this property, we just need to show uniqueness. Suppose o € G
has the desired property. For any x € q we have 2 = 0 mod q, and o(z) = 27" mod q
implies o(xz) = 0 mod q, so o(z) € q; it follows that o(q) = q, and therefore o € Dy. The
isomorphism mq: Dg — Gal(Fy/F,) maps both ¢ and o4 to the Frobenius automorphism
x — z#% 5o we must have o = oq. O

Proposition 7.18. Assume AK LBG with finite residue fields and q|p unramified. For all
q'|p the Frobenius elements oq and oy are conjugate in G.

Proof. By Corollary 7.3, G acts transitively on {q|p}, so let 7 € G be such that q’ = 7(q).
For any x € B we have

where we applied 7 to both sides in the second line and replaced by 7-!(z) in the fourth
line. The uniqueness of oy given by Proposition 7.17 implies o4 = TO'qT_l. O

Definition 7.19. Assume AK LBG with finite residue fields and g|p unramified. The con-
jugacy class of the Frobenius element oy € G is the Frobenius class of p, denoted Frob,.

It is common to abuse terminology and refer to Frob, as a Frobenius element o, € G
representing its conjugacy class (so o, = o4 for some q|p); there is little risk of confusion so
long as we remember that oy is only determined up to conjugacy (which usually governs all
the properties we care about). There is, however, one situation where this terminology is
entirely correct. If G is abelian then each conjugacy classes consists of a single element, in
which we case Frob, = {0 : q|p} is a singleton set and there is a unique choice for o, (note
that #{oq : q|p} = 1 does not imply #{q|p} = 1; the map q — o4 is need not be injective).
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7.4 Artin symbols

There is another notation commonly used to denote Frobenius elements that includes the
field extension in the notation.

Definition 7.20. Assume AKLBG with finite residue fields. For each unramified prime q
of L we define the Artin symbol
(5
= 0y.
q

Proposition 7.21. Assume AKLBG with finite residue fields and q|p unramified. Then p

splits completely if and only if (L/TK) =1.

Proof. This follows directly from the definitions: if p splits completely then e, f, = 1 and
Dy = (0q) = {1}. Conversely, if Dy = (0q) = {1} then e, f, = 1 and p splits completely. []

We will see later in the course that the extension L/K is completely determined by the
set of primes p that split completely in L. Thus in some sense the Artin symbol captures
the essential structure of L/K.

Proposition 7.22. Assume AKLBG with finite residue fields and let q|p be unramified.
Let E be an intermediate field between K and L, and define qp .= qN E. Then

(58)- ()"

and if E/K is Galois then (Eq/—EK) is the restriction of <L/TK> to E.

Proof. For the first claim, note that #[F;, = (#]Fp)[FqE:]FP]. The second claim follows from
the commutativity of the lower right square in the commutative diagram of Proposition 7.13:
the Frobenius automorphism z +— z#% of Gal(Fy,, /Fy) is the restriction of the Frobenius
automorphism z — 27 of Gal(Fy/F,) to Fy,. O

When L/K is abelian, the Artin symbol takes the same value for all gq|p and we may
instead write
(5°)
—— | =0y,
p

In this setting we now view the Artin symbol as a function mapping unramified primes p to
Frobenius elements o, € G. We wish to extend this map to a multiplicative homomorphism
from the ideal group Z4 to the Galois group G = Gal(L/K), but ramified primes q|p cause
problems: the homomorphism mq: Dy — Gal(IF;/F}) is not a bijection when p is ramified
(it has nontrivial kernel I, of order eq =€, > 1).

For any set S of primes of A, let I;z denote the subgroup of Z4 generated by the primes
of A that do not lie in S (a free abelian group).

Definition 7.23. Let A be a Dedekind domain with finite residue fields. Let L be a finite
abelian extension of K = Frac A, and let S be the set of primes of A that ramify in L. The
Artin map is the homomorphism

<L/K> .75 & Gal(L/K)

ﬁp? = ﬁ <L/K
i=1 i1\ P

3
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Remark 7.24. We will prove in later lectures that the set S of ramified primes is finite,
but the definition makes sense in any case.

One of the main results of class field theory is that the Artin map is surjective (this is
part of what is known as Artin reciprocity). This is a deep theorem that we are not yet
ready to prove, but we can verify that it holds in some simple examples.

Example 7.25 (Quadratic fields). Let K = Q and L = Q(v/d) for some square-free integer
d # 1. Then Gal(L/K) has order 2 and is certainly abelian. As you proved on Problem
Set 2, the only ramified primes p = (p) of A =Z are those that divide the discriminant

d if d=1mod 4,

D = dise(L/K) =
isc(L/K) {4d it d # 1 mod 4.

If we identify Gal(L/K) with the multiplicative group {£1}, then

() (499)- ()=

where (%) is the Kronecker symbol. For odd primes p J D we have

(D) _J+1 if D is a nonzero square modulo p,
P —1 if D is not a square modulo p,

and for p = 2 not dividing D (in which case D = d = 1 mod 4) we have

<D> _J+1 if D=1modS8,
2) |-1 if D=5mod8.

The cyclotomic extensions Q(¢,)/Q provide another interesting example that you will
have an opportunity to explore on Problem Set 4.
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8 Complete fields and valuation rings

In order to make further progress in our investigation of how primes split in our AKLB
setup, and in particular, to determine the primes of K that ramify in L, we introduce a new
tool that allows us to “localize" fields. We have seen how useful it can be to localize the
Dedekind domain A at a prime ideal p: this yields a discrete valuation ring Ay, a principal
ideal domain with exactly one nonzero prime ideal, which is much easier to study than A,
and from Proposition 2.6 we know that the localizations of A at prime ideals collectively
determine the structure of A.

Localizing A does not change its fraction field K. But there is an operation we can
perform on K that is analogous to localizing A: we can construct the completion of K with
respect to one of its absolute values. When K is a global field, this yields a local field, a
term that we will define in the next lecture. At first glance taking completions might seem
to make things more complicated, but as with localization, it simplifies matters by allowing
us to focus on a single prime, and moreover, work in a complete field.

We begin by briefly reviewing some standard background material on completions, topo-
logical rings, and inverse limits.

8.1 Completions
Recall that an absolute value on a field K is a function | |: K — R>¢ for which
1. |z| = 0 if and only if z = 0;
2. |yl = [=[lyl;
3. |z +yl < lal + |yl
If in addition the stronger condition
4. |z +y| < max(|z], [y])

holds, then | | is nonarchimedean. This definition does not depend on the fact that K is a
field, K could be any ring, but absolute values can exist only when K is an integral domains,
since a,b # 0 = |al, |b| # 0 = |ab| = |a||b] # 0 = ab # 0; of course an absolute value on an
integral domain extends to an absolute value on its fraction field, but it will be convenient
to consider absolute values on integral domains as well as fields.

For a more general notion, we can instead consider a metric on a set X, which we recall
is a function d: X x X — R>( that satisfies

1. d(z,y) = 0 if and only if x = y;
2. d(z,y) = d(y, z);
3. d(w,2) < d(z,y) +d(y, 2).

A metric that also satisfies
4. d(z,z) < max(d(z,y),d(y,2))

is an ultrametric and is said to be nonarchimedean. Every absolute value on a ring induces
a metric d(x,y) = |z — y|, but not every metric on a ring is induced by an absolute value.
The metric d defines a topology on X generated by open balls

Bop(z) :={y € X :d(z,y) <r}.

Lecture by Andrew V. Sutherland


https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec2.pdf#theorem.2.6

with r € Ryg and ¢ € X, and we call X a metric space. It is a Hausdorff space, since
distinct z, y € X have disjoint open neighborhoods B, (z) and B<,(y) (take r = d(x,y)/2),
and we note that each closed ball

Ber(z) :={y € X :d(z,y) <r}
is a closed set, since its complement is the union of B (4(z4)—r)(y) over y € X — B<,(z).

Definition 8.1. Let X be a metric space. A sequence (z;,) of elements of X converges (to x)
if there is an # € X such that for every e > 0 there is an N € Z~¢ such that d(z,,z) < € for
all n > N; the limit z is necessarily unique. The sequence (x,) is Cauchy if for every e > 0
there is an N € Zs¢ such that d(z,,x,) < € for all m,n > N. Every convergent sequence
is Cauchy, but the converse need not hold. A metric space in which every Cauchy sequence
converges is said to be complete.

When X is an integral domain with an absolute value | | that makes it a complete metric
space we say that X is complete with respect to | |. Which sequences converge and which
sequences are Cauchy depends very much on the absolute value | | that we use; for example,
every integral domain is complete with respect to its trivial absolute value, since then every
Cauchy sequence must be eventually constant and obviously converges. Equivalent absolute
values necessarily agree on which sequences are convergent and which are Cauchy, so if an
integral domain is complete with respect to an absolute value it is complete with respect to
all equivalent absolute values.

Definition 8.2. An abelian group G is a topological group if it is a topological space in
which the map G x G — G defined by (g,h) — g + h and the map G — G defined by
g — —g are both continuous (here G x G has the product topology). A commutative ring R
is a topological ring if it is a topological space in which the maps R x R — R defined
by (r,s) — r+ s and (r,s) — rs are both continuous; the additive group of R is then a
topological group, since (—1,s) — —s is continuous, but the unit group R* need not be a
topological group, in general. A field K is a topological field if it is a topological ring whose
unit group is a topological group.

If R is a ring with an absolute value then it is a topological ring under the induced
topology, and its unit group is also a topological group ; in particular, if R is a field with an
absolute value, then it is a topological field under the induced topology. These facts follow
from the triangle inequality and the multiplicative property of an absolute value.

Definition 8.3. Let X be a metric space. Cauchy sequences (x,,) and (y,) are equivalent if
d(zpn,yn) — 0 as n — oo; this defines an equivalence relation on the set of Cauchy sequences
in X and we use [(x,)] to denote the equivalence class of (x,,). The completion of X is the
metric space X whose elements are equivalence classes of Cauchy sequences with the metric

d([(zn)], [(yn)]) = lim_d(zn, yn)

n—oo

(this limit exists and depends only on the equivalence classes of (z,) and (y,)). We may
canonically embed X in its completion X via the map =z — & = [(x, z,...)].
When X is a topological ring we extend the ring operations to X a ring by defining

[(@n)] + [(yn)] = [(2n +ya)] - and  [(2)][(yn)] = [(@nyn)];

18.785 Fall 2021, Lecture #8, Page 2



the additive and multiplicative identities 0 := 0 and 1 := 1. When the metric on X is
induced by an absolute value | |, we extend | | to an absolute value on X via

1(@a)])| = lim_ |z,

This limit exists and depends only on the equivalence of (x,), as one can show using the
triangle inequality and the fact that (z,) is Cauchy and R is complete. When X is a field
with a metric induced by an absolute value, the completion X is also a field (this is false
in general, see Problem Set 4 for a counter example). Indeed, given [(x,)] # 0, we can
choose (z,,) with z,, # 0 for all n, and use the multiplicative property of the absolute value
(combined with the triangle inequality), to show that (1/z,) is Cauchy. We then have
[(@a)] = [(1/zn)], since [(@)][(1/za)] = [(1,1,..)] = 1.

If | | arises from a discrete valuation v on K (meaning |z| = ¢*®) for some ¢ € (0,1)),
we extend v to a discrete valuation on X by defining

v([(z)]) = lim v(z,) € Z,
n—oo

for [(z,)] # 0 and v(0) := co. Note that for [(z,)] # 0 the sequence (v(z,)) is eventually
constant (so the limit is an integer), and we have |[(z,,)]| = ¢v{(#=)]),

8.1.1 Topological fields with an absolute value

Proposition 8.4. Let K be a ﬁeld with an absolute value | | viewed as a topological field
under the induced topology, and let K be the completion K. The field K is complete, and has
the following universal property: every embedding of K as a topological field into a complete
field L can be uniquely extended to an embedding of K into L which is an isomorphism
whenever K is dense in L. Up to a canonical isomorphism, K is the unique topological field
with this property.

Proof. See Problem Set 4. O

The proposition implies that the completion of K is (isomorphic to) itself, since we can
apply the universal property of the completion of K to the trivial embedding K - K.
Completing a field that is already complete has no effect. In particular, the completion of K
with respect to the trivial absolute value is K, since every field is complete with respect to
the trivial absolute value.

Two absolute values on the same field induce the same topology if and only if they are
equivalent; this follows from the WEAK APPROXIMATION THEOREM.

Theorem 8.5 (WEAK APPROXIMATION). Let K be a field and let |- |1,...,]|-|n be pairwise
inequivalent nontrivial absolute values on K. Letaq,...,a, € K andleteq,. .., €, be positive
real numbers. Then there exists an x € K such that |x — a;|; < € for 1 <i <n.

Proof. See Problem Set 4. O

Corollary 8.6. Let K be a field with absolute values | |1 and | |o. The induced topologies
on K coincide if and only if | |1 and | |2 are equivalent.

Proof. See Problem Set 4. O
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The topology induced by a nonarchimedean absolute value has some features that may
be counterintuitive to the uninitiated. In particular, every open ball is also closed, so
the closure of B.,(z) is not B<,(z) unless these two sets are already equal, which need
not be the case since the map | |: K — Rx>¢ need not be surjective; indeed, it will have
discrete image if | | arises from a discrete valuation. This means that is entirely possible
to have Be,(z) = Bes(z) for r # s; indeed this occurs uncountably often when | | arises
from a discrete valuation. The reader may wish to verify that the following hold in any
nonarchimedean metric space X:

Every point in an open ball is a center: B.,(y) = B<,(x) for all y € B, (x).
Any pair of open balls are either disjoint or concentric (have a common center).
Every open ball is closed and every closed ball is open.

W

X is totally disconnected: every pair of distinct points have disjoint open neighbor-
hoods whose union is the whole space (every connected component is a point).

For any topological space X, the continuity of a map f: X x X — X implies that for
every fixed x € X the maps X — X defined by y — f(z,y) and y — f(y,z) are continuous,
since each is the composition f o ¢ of f with the continuous map ¢: X — X x X defined by
y — (z,y) and y — (y, x), respectively. For an additive topological group G this means that
every translation-by-h map g — ¢ + h is a homeomorphism, since it is continuous and has
a continuous inverse (translate by —h); in particular, translates of open sets are open and
translates of closed sets are closed. Thus in order to understand the topology of a topological
group, we can focus on neighborhoods of the identity; a base of open neighborhoods about
the identity determines the entire topology. It also means that any topological property of
a subgroup (such as being open, closed, or compact) applies to all of its cosets.

If K is the completion of a field K with respect to an absolute value | |, then K is a
topological field with the topology induced by | |, and the subspace topology on K C K is
the same as the topology on K induced by | |. By construction, K is dense in I?; indeed,
K is precisely the set of limit points of K. More generally, every open ball B.,(z) in K is
dense in the corresponding open ball B.,(Z) in K.

8.1.2 Inverse limits

Inverse limits are a general construction that can be applied in any category with products,
but we will only be concerned with inverse limits in familiar categories such as groups, rings,
and topological spaces, all of which are concrete categories whose objects can be defined as
sets (more formally, concrete categories admit a faithful functor to the category of sets),
which allows many concepts to be defined more concretely.

Definition 8.7. A directed set is a set I with a relation “<" that is reflexive (i < ), anti-
symmetric (1 < j < i =14 = j), and transitive (i < j < k = ¢ < k), in which every finite
subset has an upper bound (in particular, I is non-empty).

Definition 8.8. An inverse system (projective system) in a category is a family of objects
{X; :i € I} indexed by a directed set I and a family of morphisms {f;;: X; + X; : i < j}
(note the direction) such that each f;; is the identity and fij, = fij o fjr forall i < j < k1

!Some (but not all) authors reserve the term projective system for cases where the f;; are epimorphisms.
This distinction is not relevant to us, as our inverse systems will all use epimorphisms (surjections, in fact).
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Definition 8.9. Let (Xj, fi;) be an inverse system in a concrete category with products.
The inverse limit (or projective limit) of (X;, f;;) is the object

X =lim X; = {:n e [ X : @i = fij(x;) for all i <j} c I x

el i€l

(whenever such an object X exists in the category). The restrictions m;: X — X; of the
projections [[ X; — X; satisfy m; = fij o m; for i < j.

The object X = @Xi has the universal property that if Y is another object with
morphisms v;: Y — X; that satisfy ¢; = f;; 01); for i < j, then there is a unique morphism
Y — X for which all of the diagrams

>~.<

w

eg_

>

AN

Xé—X

commute (this universal property defines an inverse limit in any category with products).

As with other categorical constructions satisfying (or defined by) universal properties,
uniqueness is guaranteed, but existence is not. However, in any concrete category for which
the faithful functor to the category of sets has a left adjoint, inverse limits necessarily exist;
this applies to all the categories we shall consider, including the categories of groups, rings,
and topological spaces, all of which admit a “free object functor” from the category of sets.

Proposition 8.10. Let (X, fij) be an inverse system of Hausdorff topological spaces. Then
= l'ngi is a closed subset of [| X;, and if the X; are compact then X is compact.

Proof. The set X is the intersection of the sets Yj; == {x € [[ X; : z; = fij(x;)} with i < j,
each of which can be written as Y;; = Hkﬁ’j X x Z;j, where Z;; is the preimage of the
diagonal A; == {(x;,x;) : z; € X;} C X; x X; under the continuous map X; x X; — X; x X
defined by (z;,z;) — (i, fij(x;)). Each A; is closed in X; x X; (because X; is Hausdorff),
so each Z;; is closed in X; x X, and each Yj; is closed in [ Xi; it follows that X is a closed
subset of [[ X;. By Tychonoff’s theorem [1, Thm.I1.9.5.3], if the X; are compact then so is
their product [[ X;, in which case the closed subset X is also compact. ]

8.2 Valuation rings in complete fields

We now want to specialize to absolute values induced by a discrete valuation v: K* — Z.

If we pick a positive real number ¢ < 1 and define |z|, := ¢*® for z € K* and [0|, == 0

then we obtain a nontrivial nonarchimedean absolute value | |,. Different choices of ¢ yield

equivalent absolute values and thus do not change the topology induced by | |» or the

completion K, == K of K with respect to | |[v. We will see later that there is a canonical

choice for ¢ when the residue field k of the valuation ring of K is finite (one takes ¢ = 1/#k).
It follows from our discussion that the valuation ring

Ay ={r e Ky:v(x) >0} ={zr e K, : |z|, <1}
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is a closed (and therefore open) ball in K,; indeed, it is the closure of the valuation ring
of K inside K,. The fact that A, is closed subset of a complete topological space implies
that it is complete.

The fraction field of A, is K, since for z € K, — A, we have |z|, > 1, which implies
|lz7!] < 1 and 27! € A, so rather than defining A, as the valuation ring of K, we could
define A, as the completion of A with respect to | |, and define K, as its fraction field.

We now give another characterization of A, as an inverse limit.

Proposition 8.11. Let K be a field with absolute value | |, induced by a discrete valua-
tion v, let A be the valuation ring of K, and let @ be a uniformizer. The valuation ring of
the completion K, of K with respect to | |, is a complete discrete valuation ring A, with
uniformizer w, and we have an isomorphism of topological rings

. A
A, ~ @TFHA'

n—o0

The first statement in the proposition is clear, since as noted above, A, is a complete
DVR, and 7 is a uniformizer because v extends to a discrete valuation on A, with v(7) = 1.

Before proving the non-trivial part of the proposition, let us check that we understand
the topology of the inverse limit X = mn A/m™A. The valuation ring A is a closed ball
B<1(0) (and an open set) in the nonarchimedean metric space K, and this also applies to
each of the sets 7™ A (they are closed balls of radius ¢” about 0). Each quotient A/7™A
therefore has the discrete topology, since the inverse image of any point under the quotient
map is a coset of the open subgroup 7™ A. The inverse limit X is a subspace of the product
space [[,, A/m" A, whose basic open sets project onto A/n" A for all but finitely many factors
(by definition of the product topology).

It follows that every basic open U C X is the inverse image (under the canonical pro-
jection maps given by the inverse limit construction) of an open subset of A/7"™ A for some
m > 1; all open sets are unions of these basic open sets. And since A/7™ A has the discrete
topology, its basic open sets are points, which are cosets a + 7™ A for some a € A. Thus
we can assume U = [[ U, where each U, is the image of a + 7™ A under the quotient map
A— A/n"A.

We can alternatively describe the topology on X in terms of an absolute value: for
nonzero r = (z,) € X = @A/W”A, let v(x) be the least n > 0 for which z,4+1 # 0, and
define |z, == ¢"®). If we embed A in X in the obvious way, a — (a,a,a,...), the absolute
value on X restricts to the absolute value | |, on A, and the subspace topology A inherits
from X is the same as that induced by | |,. The open sets of X are unions of open balls
B, (a), where we can always choose a € A (because A is dense in X). If we let m > 0 be
the least integer for which ¢™ < r, where ¢ € (0,1) is the constant for which || = ¢'(®) for
all x € A, then B.,(a) corresponds to a coset a + 7" A as above.

In fact, since we are working with topological groups (whose topology is necessarily
invariant under translation), we can assume ¢ = 0 and restrict our attention to trivial
cosets, the subgroups 7™ A, which form a basis of open neighborhoods of the identity.

Let us now prove the proposition.

Proof. The ring A, is complete and contains A. For each n > 1 we define a homomorphism
of topological rings ¢, : A, — A/n"™A as follows: for each a = [(a;)] let ¢, (a) be the limit
of the eventually constant sequence (@;) of images of a; in A/(7™) (this map is necessarily
continuous because A/7™ A has the discrete topology). We thus obtain an infinite sequence
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of surjective morphisms of topological rings ¢,,: A, — A/n"™ A that are compatible with the
projection maps from 1&114/ " A: for all m < n and any a € A, the image of ¢,(a) in
A/m™A is ¢m(a). The universal property of the inverse limit yields a surjective morphism
of topological rings ¢: A, — l'glA/ﬂ"A. Now note that

ker ¢ = (] 7" A, = {0}, (1)

n>1

so ¢ is injective and therefore a ring isomorphism. To show that ¢ is an isomorphism of
topological rings (and in particular, a homeomorphism) we need to verify that the inverse
ring isomorphism is continuous, equivalently, that ¢ is an open map. This is obviously true,
since ¢ maps each open set 7 A, in A, to the open set of ££n A/ A corresponding to 1 A,
and these form a basis of open neighborhoods of the identity. O

Remark 8.12. Given any ring R with an ideal I, one can define the I-adic completion of R
as the inverse limit of topological rings l&ln R/I™, where each R/I™ is given the discrete
topology. Proposition 8.11 shows that when R is a DVR with maximal ideal m, taking the
completion of R with respect to the absolute value | | is the same thing as taking the
m-adic completion. This is not true in general. In particular, the m-adic completion of a
(not necessarily discrete) valuation ring R with respect to its maximal ideal m need not
be complete (either in the sense of Definition 8.1 or in the sense of being isomorphic to its
m-adic completion). The key issue that arises is that the kernel in (1) need not be trivial;
indeed, if m? = m (which can happen) it certainly won’t be. This problem does not occur
for valuation rings that are noetherian, but these are necessarily DVRs.

Example 8.13. Let K = Q and let v, be the p-adic valuation for some prime p and let
|z|, = p~v»(@) denote the corresponding absolute value. The completion of Q with respect
to | |p is the field Q, of p-adic numbers. The valuation ring of Q corresponding to v, is the
local ring Z,). Taking m = p as our uniformizer, we get

T () 7
~ lim ~ ] ~ 7
L an( &1 P Z D>

n—oo n—oo

the ring of p-adic integers (note that this example gives two equivalent definitions of Z,).

Example 8.14. Let K = F,(t) be the rational function field over a finite field F, and let
vy be the t-adic valuation and let |z|; :== ¢~ "*(*) be the corresponding absolute value. with
uniformizer 7 = ¢t. The completion of F,(t) with respect to | |; is isomorphic to the field
F,((t)) of Laurent series over F,. The valuation ring of F,(t) with respect to v is the local
ring F,[t] () consisting of rational functions whose denominators have nonzero constant term.
Taking 7w = ¢ as our uniformizer, we get

. F [ﬂ Q)

~ . q ~ .

F,]
7 1]

~ Fo[[¢]],

n—oo n—oo
where [F[[t] denotes the power series ring over F.

Example 8.15. The isomorphism Z, ~ l&nZ/ p"Z gives us a canonical way to represent
elements of Z,: we can write a € Z, as a sequence (a,) with a,4+1 = a, mod p", where each
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ap, € Z/p™Z is uniquely represented by an integer in [0, p" — 1]. In Z7, for example:

2=(2,2222,..)
2002 = (0, 42, 287, 2002, 2002, . ...)
—2 = (5,47, 341, 2399, 16805, . ...)
(4,25,172,1201, 8404, . . .)

(3,10, 108, 2166, 4567 . ..
(4,39,235,235,12240.. . )

271 =
V2 =
= (4,46,95,1124, 15530, . . .)

4
V2= (4

While this representation is canonical, it is also redundant. The value of a,, constrains
the value of a,1 to just p possible values among the p"*! elements of Z/p"'Z, namely,
those that are congruent to a, modulo p™. We can always write an+1 = @, + p"b, for some
b, € [0,p — 1], namely, b, = (ap+1 — ay)/p".

Definition 8.16. Let a = (ay,) be a p-adic integer with each a,, uniquely represented by an
integer in € [0,p" — 1]. The sequence (bg, b1, b2, ...) with by = a1 and b, = (an+1 — ayn)/p"
is called the p-adic expansion of a.

Proposition 8.17. Every element of Z, has a unique p-adic expansion and every sequence
(bo, b1, b2, ...) of integers in [0,p — 1] is the p-adic expansion of an element of Z,,.

Proof. This follows immediately from the definition: we can recover (a,) from its p-adic
expansion (bg, by, be,...) via a1 = by and a,4+1 = a, + pby, for all n > 1. O

Thus we have a bijection between Z, and the set of all sequences of integers in [0, p — 1]
indexed by the nonnegative integers.

Example 8.18. We have the following p-adic expansion in Zr:

2 = (2,0,0,0,0,0,0,0,0,0,...)
2002 = (0,6,5,5,0,0,0,0,0,0,...)
—-2=(5,6,6,6,6,6,6,6,6,6,...)
271 =(4,3,3,3,3,3,3,3,3,3,...)
571=(3,1,4,5,2,1,4,5,2,1,...)
/3 {(3,1,2,6,1,2,1,2,4,6...)
(4,5,4,0,5,4,5,4,2,0...)

V2 =(4,6,1,3,6,4,3,5,4,6...)

You can easily recreate these examples (and many more) in Sage. To create the ring of
7-adic integers, use Zp (7). By default Sage uses 20 digits of p-adic precision, but you can
change this to n digits using Zp (p, n).
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Performing arithmetic in Z,, using p-adic expansions is straight-forward. One computes a
sum of p-adic expansions (bg, by, ...)+(co, c1, . ..) by adding digits mod p and carrying to the
right (don’t forget to carry!). Multiplication corresponds to computing products of formal
power series in p, e.g. (D bp,p™) (3. cnp™), and can be performed by hand (or in Sage) using
the standard schoolbook algorithm for multiplying integers represented in base 10, except
now one works in base p. For more background on p-adic numbers, see (2, 3, 4, 5].

8.3 Extending valuations

Recall from Lecture 3 that each prime p of a Dedekind domain A determines a discrete
valuation (a surjective homomorphism) v,: Zy — Z that assigns to a nonzero fractional

ideal I the exponent n, appearing in the unique factorization of I = [[p™ into prime
ideals; equivalently, v,(I) is the unique integer n for which A, = p"A,. This induces a
discrete valuation vy(x) := vp(xA) on the fraction field K, and a corresponding absolute

value |z], := ¢*(®) (with 0 < ¢ < 1). In the AKLB setup, where L/K is a finite separable
extension and B is the integral closure of A in L, the primes q|p of B similarly give rise to
discrete valuations vg on L, each of which restricts to a valuation on K, but this valuation
need not be equal to v,. We want to understand how the discrete valuations vq relate to .

Definition 8.19. Let L/K be a finite separable extension, and let v and w be discrete
valuations on K and L respectively. If w, = ev for some e € Z, then we say that w
extends v with indez e.

Theorem 8.20. Assume AKLB and let p be a prime of A. For each prime q|p, the discrete
valuation vy extends vy, with index eq, and every discrete valuation on L that extends vy arises
in this way. In other words, the map q — vq gives a bijection from {q|p} to the set of discrete
valuations of L that extend vy.

Proof. For each prime q|p we have vq(pB) = eq (by definition of the ramification index eq),
while vg(p’B) = 0 for all primes p’ # p of A (since q lies above only the prime p = q N A).
If I =[], (p")™" is any nonzero fractional ideal of A then

vg(IB) = vq H(pl)np'B = vg(p"* B) = vq(pB)nyp = eqnp = equp(1),
p/

50 vq(x) = vq(xB) = equp(xA) = equp(x) for all x € K*; thus vq extends v, with index eq.

If g and q’ are two distinct primes above p, then neither contains the other and for any
x € q—q we have vg(x) > 0 > vy (z), thus vq # vy and the map g — vy is injective.

Let w be a discrete valuation on L that extends v, with index e, let W = {z € L :
w(z) > 0} be the associated DVR, and let m = {x € L : w(z) > 0} be its maximal ideal.
Since w),, = evy, the discrete valuation w is nonnegative on 4 = {r € K : w(z) > 0}
therefore A C W, and elements of A with nonzero valuation are precisely the elements of p,
thus p = m N A. The discrete valuation ring W is integrally closed in its fraction field L, so
B CW. Let ¢ =mnN B. Then q is prime (since m is), and p =mN A = qN A, so q lies over
p. The ring W contains By and is contained in Frac By = L. But there are no intermediate
rings between a DVR and its fraction field, so W = By and w = vq (and e = eg). O
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9 Local fields and Hensel’s lemmas

In this lecture we introduce the notion of a local field; these are precisely the fields that arise
as completions of a global field (finite extensions of Q or Fy(t)), but they can be defined in
a more intrinsic way. In later lectures we will see that global fields can also be defined in a
more intrinsic way, as fields whose completions are local fields and which admit a suitable
product formula.

9.1 Local fields

Definition 9.1. A local field is a field with a nontrivial absolute value | | that is locally
compact under the topology induced by | |.

Recall that a topological space is locally compact if every point has a compact neighbor-
hood.! The topology induced by | | is given by the metric d(z,y) := |z —y|. A metric space
is locally compact if and only if every point lies in a compact closed ball.

Example 9.2. Under the standard archimedean absolute value both R and C are local
fields but Q is not. Indeed no closed ball in Q is compact, since it is missing limit points
(all irrational real numbers), and in a metric space a compact set must contains all its limit
points. Finite fields are not local fields because they have no nontrivial absolute values.

Our first goal is to classify local fields by showing that they are precisely the fields we get
by completing a global field. As in the previous lecture, we use B, (x) = {y : |y — x| < r}
to denote the open ball of radius r € Rsg about z, and B<,(z) = {y : |[y—x| < r} to denote
a closed ball. Open balls are always open sets and closed balls are always closed sets, but
in a nonarchimedean metric space, open balls are both open and closed, as are closed balls.

Remark 9.3. For nonarchimedean metric spaces whose metric is induced by a discrete
valuation, every open ball of radius r is also a closed ball of some radius s < r, but we need
not have s = r; in particular, the closure of B.,(x) (which is already closed) need not be
equal to B<,(x), it could be strictly contained in B<,(z). The key point is that not every
r € R>( actually arises as a distance, only countably many do.

Lemma 9.4. Let K be a field with a nontrivial absolute value | |. Then K is a local field if
and only if every (equivalently, any) closed ball in K is compact.

Proof. Suppose K is a local field. Then 0 € K lies in a compact neighborhood that contains
a closed ball B<4(0) which is compact. Let us fix a € K* with |a] > 1 (such an « exists
because | | is nontrivial). The map x — «x is continuous and | | is multiplicative, so
B<|ans(0) is compact for every n € Zsq (recall that the continuous image of a compact
set is compact). We thus have compact balls about 0 of arbitrarily large radii, implying
that every closed ball B<,(0) is a closed subset of a compact set, hence compact. For every
z € K the translation map x — x + z is continuous, so every closed ball B<,(z) is compact.
This proves the forward implication, and the reverse implication follows immediately from
the definition of local compactness. For the parenthetical, replace B<4(0) in the argument
above by any closed ball. O

Corollary 9.5. Let K be a local field with nontrivial absolute value | |. Then K is complete.

"Weaker definitions of locally compact are sometimes used, but they all imply this one, and for Hausdorff
spaces these weaker definitions are all equivalent to the one given here.
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Proof. Suppose not. Then there is a Cauchy sequence (z,) in K that converges to a limit
z € K — K. Pick N € Zsg so that |z, — x| < 1/2 for all n > N (here we are using the
extension of | | to K), and consider the closed ball S := B<i(zy) in K, which is compact
by Lemma 9.4. The Cauchy sequence (z,),>n in S has a convergent subsequence whose
limit lies in S C K, since S is compact and therefore sequentially compact (because K is a
metric space). But this limit must be equal to = ¢ K, a contradiction. O

Proposition 9.6. Let K be a field with absolute value | |, induced by a discrete valuation v
with valuation ring A and uniformizer w. Then K is a local field if and only if K is complete

and the residue field A/mA is finite.

Proof. If K is a local field then K is complete, by Corollary 9.5, and the valuation ring
A={zeK:v(zx)>0}={zre K:|z|, <1} = B<(0)

is a closed ball, hence compact, by Lemma 9.4. The cosets x + wA of the subgroup 74 C A
are open balls B<1(z), since y € = + wA if and only if |z — y|, < |r|, < 1. The collection
{z+mA: 2z € A} of cosets of mA is an open cover of A by disjoint sets which must be finite,
since A is compact; thus A/7A is finite.

Now suppose that K is complete and A/7A is finite. The valuation ring A C K is also
complete, and Proposition 8.11 gives an isomorphism of topological rings

~ ) A
A:A:%nﬂ_nA

Each quotient A/7™A is finite, since A/mA is finite, and therefore compact; it follows that
the inverse limit, and therefore A, is compact, by Proposition 8.10. Lemma 9.4 implies that
K is a local field, since it contains a compact closed ball B<;(0) = A and | |, is nontrivial
(recall that discrete valuations surject onto Z and are thus non-trivial by definition). O

Corollary 9.7. Let L be a global field with a nontrivial absolute value | |,. Then the
completion L, of L with respect to | |, is a local field.

Proof. Let L/K be a finite extension with K = Q or K = Fy(t) and A = Z or A = F[t],
so that K = FracA. Then A is a Dedekind domain, as is its integral closure B in L, by
Theorem 5.25 (and Remark 5.26 in the case that L/K is inseparable).?

If | |, is archimedean, then K = Q and the completion of L with respect to | |, must
contain the completion of Q with respect to the restriction of | |, to @, which must be
isomorphic to R (as shown on Problem Set 1, every archimedean absolute value on Q is
equivalent to the usual Euclidean absolute value). Thus L, is a finite extension of R and
must be isomorphic to either R or C (as a topological field), both of which are local fields.

We now assume that | |, is nonarchimedean. We claim that in this case | |, is induced
by a discrete valuation. Let C' := {x € L : |z|, < 1} be the valuation ring of L with respect
to | |y, and let m :== {z € L : |z|, < 1} be its maximal ideal, which is nonzero because | |,
is nontrivial. The restriction of | |, to K is a nonarchimedean absolute value, and from the
classification of absolute values on Q and FF,(t) proved on Problem Set 1, we can assume it
is induced by a discrete valuation on A; in particular, |z|, < 1 for all x € A, and therefore

2In fact, we can always choose K so that L/K is separable: if L has positive characteristic p, let Fq be
the algebraic closure of F,, in L, choose a separating transcendental element ¢, and put K = Fq(t). Such a ¢
exists because Fy is perfect and L/F, is finitely generated, see [3, Thm. 7.20].
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A C C. Like all valuation rings (discrete or not), C'is integrally closed in its fraction field L,
and C contains A, so C contains B, since B is the integral closure of A in L. The ideal
g = m N B is maximal, and the DVR By lies in ' and must equal C, since there are no
intermediate rings between a DVR and its fraction field (we cannot have C' = L because C'
is not a field). It follows that the absolute value induced by vq is equivalent to | |,, since
they have the same valuation rings. By choosing 0 < ¢ < 1 appropriately, we can assume
that | - |, = ¢"1() is induced by vq, which proves the claim.

The residue field By/qB, ~ B/q is finite, since B/q is a finite extension of the finite field
A/p, where p = qN A. If we now consider the completion L, with valuation ring B,, we can
take any uniformizer = for ¢ C B C B, as a uniformizer for B,, and we have

B By By _ By

qg 9By 7By 7B,

so B, /7m B, is finite. Thus L, is a complete field with an absolute value induced by a discrete
valuation and finite residue field, and therefore a local field, by Proposition 9.6. ]

In order to classify all local fields we require the following result from topology (here
nondiscrete simply means that not every set is open).

Proposition 9.8. A locally compact topological vector space over a nondiscrete locally com-
pact field has finite dimension.

Proof. See |4, Prop. 4-13.iv]. O

Theorem 9.9. Let L be a local field. If L is archimedean then it is isomorphic to R or C;
otherwise, L is isomorphic to a finite extension of Qp, or Fq((2)).

Proof. Let L be a local field with nontrivial absolute value | |; then L is complete, by
Corollary 9.5. If L has characteristic zero then the prime field of L is Q, and L contains
the completion of Q with respect to the restriction of | | to Q. By Ostrowski’s theorem, the
restriction of | | to Q is equivalent to either the standard archimedean absolute value, in
which case the completion is R, or it is equivalent to a p-adic absolute value, in which case
the completion is Q, (which, by definition, is the completion of Q with respect to the p-adic
absolute value). Thus L contains a subfield K isomorphic to R or to Q, for some prime p.

If L has positive characteristic p then the prime field of L is ), and L must contain a
transcendental element s, since no algebraic extension of IF, has a nontrivial absolute value
(if || > 1 for some algebraic a € L, then the restriction of | | to the finite field F,(«) is
nontrivial, but this is impossible). It follows that L contains Fj(s) and therefore contains
the completion of IF,(s) with respect to | |. Every completion of F,(s) is isomorphic to
F,((t)) for some g a power of p and t transcendental over F, (see Problem Set 5). Thus L
contains a subfield K isomorphic to Fy((t)).

If K is archimedean then K = R is a local field, and if K is nonarchimedean then
K =Q, or K =TF4((t)) is a complete field with a discrete valuation and finite residue field,
hence a local field by Proposition 9.6. The field K is therefore locally compact, and it is
nondiscrete because its absolute value is nontrivial. Proposition 9.8 implies that L has finite
degree over K. If K is archimedean then K = R, and L must be R or C; otherwise, L is a
finite extension of Q, or Fy((t)) as claimed. O
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9.2 Hensel’s lemmas

Definition 9.10. Let R be a (commutative) ring, and let f(z) = Y fiz' € R[z] be a
polynomial. The (formal) derivative f' of f is the polynomial f'(z) := Y ifiz*~! € R[z].

Note that the canonical ring homomorphism Z — R defined by 1 +— 1 allows us to view
the integers i = 1+1+---41 as elements of R (the map Z — R will be injective only when
R has characteristic zero, but it is well defined in any case). It is easy to verify that for all
a,b € R and f,g € R[z] the formal derivative satisfies the usual identities:

(af +bg) = af' + bq', (linearity)
(f9) =Fg+[d, (Leibniz rule)
(fog) = (fog)d, (chain rule)

When the characteristic of R is positive, we may have deg f’ < deg f — 1. Indeed, if R has
characteristic p > 0 and g(x) = f(2P) for some f € R[z], then ¢’ = f'(2P)paP~1 = 0.

Lemma 9.11. Let R be a ring, let f = fix* € R[z] be a polynomial, and let a € R. Then
f(z) = fa) + f'(a)(z — a) + g(z)(x — a)* for a unique g € R[z].
Proof. We have

1

-

fa) = St - @) = flat - =55 Y (!

i>0 >0 0<j<i

@+ 35 Y ()t

i>1 0<j<i
@+ @+ Y <])<x>
1>2 0<5<i—2

= f(a) + f'(a)(z — @) + g(2)(z - a)?,

where g(z) = 2i22 fi Zogjgz'—Q (;.)aj(:c —a)=277 € Rx]. O

Remark 9.12. The lemma can be viewed as giving the first two terms of a formal Taylor
expansion of f(x) about a. Note that the binomial coefficients (;) are integers, hence well
defined elements of R under the canonical homomorphism Z — R, even when j! is divisible
by the characteristic of R. In the usual Taylor expansion

© (i)(g |
fa) =3 W oy
1=0

7

used in characteristic zero, if f is a polynomial then f (i)(a) is necessarily a multiple of i!, so
f@(a)/i! is always a well defined element of R, even in positive characteristic.

Corollary 9.13. Let R be a ring, f € R[z], and a € R. Then f(a) = f'(a) = 0 if and only
if a is (at least) a double root of f, that is, f(z) = (z — a)?g(x) for some g € R|x].

Definition 9.14. Let f € R[x] be a polynomial over a ring R and let a € R. If f(a) =0
and f’(a) # 0 then a is a simple root of f.
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If R is aring and I is an R-ideal, by a lift of an element 7 of the quotient R/I, we mean
a preimage of 7 under the quotient map R — R/I.

Lemma 9.15 (HENSEL'S LEMMA I). Let A be a complete DVR with mazimal ideal p and
residue field k :== A/p. Suppose f € Alzx] is a monic polynomial whose reduction to k[z] has
a simple root a € k. Then a can be lifted to a root of f in A.

Proof. We work in the fraction field K of A. Let ag be any lift of a to A; the element ag
is not necessarily a root of f, but it is a root modulo p. We will show that ag is the first
term of a Cauchy sequence (a,,) in which each a,, is a root of f modulo p?". To simplify the
notation we fix 0 < ¢ < 1 and define the absolute value | - | := ¢*{). The fact that a is a
simple root implies that f(ag) € p but f'(ag) & p, so |f(ao)] < c¢ <1 and |f'(ap)] = 1. We
now define

|f(ao)]

€:W<1

In what follows we will only use € < 1, which will allow our proof to work in cases where a
is not necessarily a simple root (in particular, we won’t assume |f’(ag)| = 1).
For each n > 0 we define

Qp41 = Ap — f(an)/f/(an)'

We will prove by induction on n that

(a) Jan] <1 (an € A);
(b) |an —ap| <e< 1 (an, = ap mod p, so ay, is a lift of a);
(©) |f'(an)| = 1f"(ap)] (with (d) this ensures f'(ap)|f(an), $0 ant1 is well defined);

(d) |f(an)| < €| f(ag)|? (|f(an)| and therefore f(ay) converges rapidly to 0).

The case n = 0 is clear. We now assume (a), (b), (c¢), (d) for n and prove them for n + 1:
(a) lans1—an| = [f(an)/f'(an)] < €[ f'(a0)*/]f'(a0)| = €| f'(a0)| < €", by (c) and (d),

therefore |ap41| = |an+1 — an + an| < max(|an+1 — anl,|an|) < 1, by (a).

(B) |ans1 — a0l < max(|ans1 — anl, |an — ao|) < max(e?”, €) = € (as above and using (b)).
(c¢) Applying Lemma 9.11 to f'(x) at a, and substituting a,11 for x yields

flan) f(an) )2

f'(an) flan))

where we have used ap+1 — an, = —f(an)/f'(an). We have f”(a,),g(ant1) € A, so

" (an)l, l9(ans1)| <1, and [f(an)/f"(an)] = |f(an)|/|f'(a0)| < €"|f'(a0)], by (d), so

the absolute values of the last two terms on the RHS are strictly smaller than the first
term |f'(an)| = |f'(a0)|. Therefore | f'(ant1)| = [f'(an)| = [f'(a0)l
(d) Applying Lemma 9.11 to f(x) at a, and substituting a,; for x yields

_ o flan) fla)\* flan) \?
Fanin) = fan) = £lan) S5 4 hlani) (125 ) = hlani) (22 )

for some h € Az]. We have |h(an4+1)| < 1, so (c¢) and (d) imply

[f(ansn) < [F(an)P/1f (an)* = | £(an)*/1f (a0)* < €| (a0

which completes our inductive proof.

f/(an-i-l) = fl(an) - f//(an)

+glan) (
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We have |ap4+1 — ap| < 2" 5 0asn — oo, and for a nonarchimedean absolute value
this implies that (a,) is Cauchy. Thus a := lim,_, a, € A, since A is complete. We have
f(a) = limy, o0 f(an) = 0, so a is a root of f, and |a — ag| = lim, 00 |ay, — ag|] < 1, so
a = ag mod p is a lift of a. O

Our proof of Lemma 9.15 did not actually use the assumption that f is monic, nor did
it actually require @ to be a simple root. Let us record the (apparently stronger) form of
Hensel’s lemma that what we actually proved.

Lemma 9.16 (HENSEL'S LEMMA II). Let A be a complete DVR. Let f € Alz], and suppose
ag € A satisfies

|f(a0)| < |f(a0)?
(so in particular, f'(ap) divides f(ag)), and for n > 0 define

Ap+1 = Qp — f(an)/f/(an)-

The sequence (ay,) is well-defined and converges to the unique root a € A of f for which

la — aol < €:=|f(ao)l/[f (a0)|*.
Moreover, |f(an)| < €2*|f"(ao)|* for all n > 0.

Lemma 9.16 can be viewed as a nonarchimedean version of Newton’s method for finding
(or more closely approximating) a root of a polynomial given an initial approximation. Like
Newton’s method, the recurrence in Lemma 9.16 converges quadratically, meaning that we
double the precision of our approximation with each iteration. But Lemma 9.16 is better
than Newton’s method, for two reasons: (1) in the most common scenario the residue field
is finite, which makes finding an initial approximation very easy, and (2) once we have an
initial approximation with € < 1, convergence is guaranteed.

Remark 9.17. In Lemmas 9.15 and 9.16 it is not actually necessary for A to be complete
(or an integral domain). A local ring A for which Lemma 9.15 holds is called a henselian
ring (this is a definition). One can show that Lemma 9.16 necessarily also holds in any
henselian ring, as do many other forms of “Hensel’s Lemma", including Lemma 9.19 below.
In general, any condition that holds for a local ring if and only if it is a henselian ring may
be called “Hensel’s Lemma'"; see [5, Lemma 10.148.3] for more than a dozen candidates.
One can define the henselization of a noetherian local ring R as the minimal extension of
R that is henselian (as usual, it is minimal in the sense of satisfying a universal property,
and this forces it to be unique up to isomorphism). When R is a DVR its henselization is
simply RNK 5P where K is the fraction field of R. Loosely speaking, in henselian rings,
Cauchy sequences that converge (in the completion) to the root of a polynomial are required
to converge, but not every Cauchy sequence needs to converge.

Example 9.18. Let A = Z5 and f(z) = 22 — 6 € Zs[z]. Then f(z) = 2% — 1 € Fs[z] has
a =1 as a simple root. By Lemma 9.15 there is a unique a € Z5 such that a> — 6 = 0 and
a =1 mod 5. We could also have chosen a = —1, which would give another distinct root of
f(z), which must be —a. Thus Zs contains two distinct square roots of 6.

Now let A = Zy and f(x) = 22 —17. Then f(z) = 22> — 1 = (x — 1)? has no simple roots
(note f' = 0). But if we let ap = 1, then f(ag) = —16 and |f(ag)| = 1/16, while f'(ag) = 2
and |f'(ag)| = 1/2. We thus have |f(ag)| < |f(ag)|?> and can apply Lemma 9.16 to get a
square root of 17 in Zs.
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There is a another version of Hensel’s Lemma that we need, which is arguably the most
powerful (of course they are all equivalent by definition, but this version is most easily seen
to imply all the others).

Lemma 9.19 (HENSEL'S LEMMA III). Let A be a complete DVR with mazimal ideal p and
residue field k, let f € Alx] have image f in k[z], and suppose f = gh for some coprime
G,h € k[z]. Then there exist polynomials g,h € Alx] for which f = gh with ¢ = g mod p
and h = h mod p such that deg g = deg g.

Proof. See |2, Theorem 11.4.6] or |5, Lemma 10.148.3]. O

This form of Hensel’s lemma has the following useful corollary, which is itself another
form Hensel’s lemma in the sense that it characterizes henselian fields (see Remark 9.17).

Lemma 9.20 (Hensel-Kiirschak lemma). Let A be a complete DVR with fraction field K,
and let f € K[x] be an irreducible polynomial whose leading and constant coefficients lie

in A. Then f € Alz].

Proof. Let p = () be the maximal ideal of A, let k := A/p, and write f = Y 1, fiz' with
fn # 0. We must have n > 0 and fy # 0, since f is irreducible. Let m = min{v,(f;)}.
Suppose for the sake of contradiction that m < 0, and let g := 7™ f = > I g;a’ € Alz].
Then g is an irreducible polynomial in A[z] with gg, g, € p, since m < 0 and fo, f, € A,
and g; is a unit for some 0 < i < n, by the minimality of m. The reduction g of g to k[x]
has positive degree and constant term 0, and is therefore divisible by z. If we let @ := ¢
be the largest power of x dividing g, then 0 < d < degg < n and v := g/a? € k[] is
coprime to @ (possibly degv = 0). Lemma 9.19 implies that ¢ = wv for some u,v € A[z]
with 0 < degu = degu < n. But this means g is not irreducible, a contradiction. O

Corollary 9.21. Let A be a complete DVR with fraction field K, and let L/K be a finite
extension of degree n. Then a € L is integral over A if and only if N k(o) € A.

Proof. Let f = Z?:O fiz* € K[z] be the minimal polynomial of a. If a is integral over A
then f € Alx], by Proposition 1.28, and Ny, /i (a) = (—1)"f(0)¢ € A, where e = [L : K(a)],
by Proposition 4.51. Conversely, if Ny x(a) = (=1)"f(0)° € A, then f(0) € A, since
f(0) € K is a root of x° — (=1)"Np k() € A[r] and A is integrally closed. The constant
coefficient of f thus lies in A, as does its leading coefficient (it is monic), so f € Alz], by
Lemma 9.20, and « is therefore integral over A. O

Theorem 9.22. Assume AKLB and that A is a complete DVR with mazimal ideal p. Then
B is a DVR whose maximal ideal q is necessarily the unique prime above p.

Proof. We first show that #{q|p} = 1. At least one prime q of B lies above p, since the
factorization of pB C B is non-trivial. Now suppose for the sake of contradiction that
q1,92 € {q|p} with q1 # g2. Choose b € q; — q2 and consider the ring A[b] C B. The
ideals q1 N A[b] and q2 N A[b] are distinct prime ideals of A[b] containing pA[b], and both are
maximal, since they are nonzero and dim A[b] = dim A = 1 (note that A[b] is integral over A
and therefore has the same dimension). The quotient ring A[b]/pA[b] thus has at least two

3See [2, §11.6] for a proof of this.
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maximal ideals. Let f € A[z] be the minimal polynomial of b over K, and let f € (A/p)[z]
be its reduction to the residue field A/p.

(A/p)l=] | Alx]  Afb]
(f)  0.f)  pAp]

thus the ring (A/p)[z]/(f) has at least two maximal ideals, which implies that f is divisible
by two distinct irreducible polynomials (because (A/p)[z] is a PID). We can thus factor
f = gh with g and h coprime. By Hensel’s Lemma 9.19, we can lift this to a non-trivial
factorization f = gh of f in A[z], contradicting the irreducibility of f.

Every maximal ideal of B lies above a maximal ideal of A, but A has only the maximal
ideal p and #{q|p} = 1, so B has a unique (nonzero) maximal ideal q. Thus B is a local
Dedekind domain, hence a local PID, and not a field, so B is a DVR, by Theorem 1.16. [

Remark 9.23. The assumption that A is complete is necessary. For example, if A is the
DVR Zs) with fraction field K = Q and we take L = Q(i), then the integral closure of A
in L is B = Zs)[i], which is a PID but not a DVR: the ideals (1 + 2i) and (1 — 2i) are both
maximal (and not equal). But if we take completions we get A = Z5 and K = Qj5, and
now L = Q5(i) = Qs = K and B = Zs[i] = Zs = A is a DVR, since 22 + 1 has roots in
F5 ~ Zs5 /575 that we can lift to roots in Zs via Hensel’s lemma.

Remark 9.24. In the previous example you might wonder what happens to the factorization
(5) = (1 +2i)(1 — 24) in B = Zy)[i] if we replace A with its completion Zs and consider
B = Zsli] = Zs. The two maximal ideals q1 = (1 + 2i) and q2 = (1 — 2i) in Z)[i] are
coprime, thus vg, (q2) = 0 and q2By, is the unit ideal, and conversely. No matter which
maximal ideal we localize at, the RHS of the factorization (5) = (1 + 2¢)(1 — 2¢) is locally
the product of the maximal ideal and the unit ideal. The same thing happens if we work in
the completion of A. If we pick i = 7 mod 25 as a root of 22 + 1 in Zs we have (1+2i) = (5)
and (1 —2¢) = (1), and the situation is reversed if we pick ¢ = 18 mod 25.
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10 Extensions of complete DVRs

Recall that in our AK LB setup, A is a Dedekind domain with fraction field K, the field L
is a finite separable extension of K, and B is the integral closure of A in L; as we proved in
Theorem 5.25, this implies that B is also a Dedekind domain (with L as its fraction field),
and we proved in Theorem 9.22 that B is a DVR. We now want to show that B is complete.

Definition 10.1. Let K be a field with absolute value | | and let V' be a K-vector space.
A norm on V is a function || || : V' — Rx>¢ such that

e ||[v]| =0 if and only if v = 0.
o ||Av|| = |Al||v|| for all A € K and v € V.
o |lv+w| < || + ||w| for all v,w € V.

Each norm || || induces a topology on V' via the distance metric d(v, w) := ||jv — w||.

Example 10.2. Let V be a K-vector space with basis (e;), and for v € V' let v; € K denote
the coefficient of e; in v = ), v;e;. The sup-norm ||v|| := sup{|v;|} is a norm on V' (thus
every vector space has at least one norm). If V' is also a K-algebra, an absolute value || ||

on V (as aring) is a norm on V (as a K-vector space) if and only if it extends the absolute
value on K (fix v # 0 and note that ||| [|v|| = ||\v]| = [ ||[v]] < [|Al] = |A])-

Proposition 10.3. Let V be a vector space of finite dimension over a complete field K.
Every norm on V' induces the same topology, in which V is a complete metric space.

Proof. See Problem Set 5. O

Theorem 10.4. Let A be a complete DVR with fraction field K, mazimal ideal p, discrete
valuation vy, and absolute value |x|, := @) with 0 < ¢ < 1. Let L/K be a finite extension
of degree n. The following hold.

(i) There is a unique absolute value |z| := \NL/K(x)\;/n on L that extends | |y;

(ii) The field L is complete with respect to | |, and its valuation ring {x € L : |x| < 1} is
equal to the integral closure B of A in L;

(i) If L/K is separable then B is a complete DVR whose mazimal ideal q induces

a(z)

L’U
2] = [x]q = coa
where eq is the ramification index of q, that is, pB = q°.

Proof. Assuming for the moment that | | is actually an absolute value (which is not obvious!),
for any x € K we have

|z = [Np/k (2)lp = |y,

so | | extends | |, and is therefore a norm on L. The fact that | |, is nontrivial means that
|z|p # 1 for some € K*, and |z|* = |z|, = |z| only for @ = 1, which implies that | | is the
unique absolute value in its equivalence class extending | |,. Every norm on L induces the
same topology (by Proposition 10.3), so | | is the only absolute value on L that extends | |,.

We now show | | is an absolute value. Clearly |z| =0 < 2 = 0 and | | is multiplicative;
we only need to check the triangle inequality. It suffices to show |z] < 1= |z +1| < |z|+1,
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since we always have |y + z| = |z||y/z + 1] and |y| + |z| = |2|(Jy/z| + 1), and without loss of
generality we assume |y| < |z|. In fact the stronger implication |z| <1 =- |z + 1| < 1 holds:

|z <1 <= [Ny /g(2)|y <1 <= Np/g(r) €A <= 2€B <= v+1€B <= [z+1| < 1.

The first biconditional follows from the definition of | |, the second follows from the definition
of | |p, the third is Corollary 9.21, the fourth is obvious, and the fifth follows from the first
three after replacing x with = + 1. This completes the proof of (i), and also proves (ii).

We now assume L/ K is separable. Then B is a DVR, by Theorem 9.22, and it is complete
because it is the valuation ring of L. Let q be the unique maximal ideal of B. The valuation
vq extends v, with index eq, by Theorem 8.20, so vq(z) = equp(x) for x € K*. We have
0 < cl/e < 1, 50 |z|q := (c'/¢0)v1(®) is an absolute value on L induced by vy. To show it
is equal to | |, it suffices to show that it extends | |y, since we already know that | | is the
unique absolute value on L with this property. For z € K* we have

1 1
|l,|q — czaquI(x) — ceqeqvp(x) — Cvp(z) _ |x‘p’

and the theorem follows. O

Remark 10.5. The transitivity of N g in towers (Corollary 4.53) implies that we can
uniquely extend the absolute value on the fraction field K of a complete DVR to an algebraic
closure K. In fact, this is another form of Hensel’s lemma in the following sense: one can
show that a (not necessarily discrete) valuation ring A is Henselian if and only if the absolute
value of its fraction field K can be uniquely extended to K; see [4, Theorem 6.6.

Corollary 10.6. Assume AKLB and that A is a complete DVR with maximal ideal p and
let qlp. Then Uq(fﬂ) = %qvp(NL/K($)) for all x € L.

Proof. vp(Np i (z)) = vp(Np k(€)= vp(Np i (4%0®))) = v (pF120®)) = frvg(2). O

Remark 10.7. One can generalize the notion of a discrete valuation to a waluation, a
surjective homomorphism v: K* — T, in which I' is a (totally) ordered abelian group and
v(z +y) > min(v(z),v(y)); we extend v to K by defining v(0) = oo to be strictly greater
than any element of I'. In the AKLB setup with A a complete DVR, one can then define

a valuation v(x) = évq(m) with image éZ that restricts to the discrete valuation v, on K.

The valuation v then extends to a valuation on K with ' = Q. Some texts take this
approach, but we will generally stick with discrete valuations (so our absolute value on L
restricts to K, but our discrete valuations on L do not restrict to discrete valuations on K,
they extend them with index e,).

Remark 10.8. Recall that a valuation ring is an integral domain A with fraction field K
such that for every z € K* either z € A or 71 € A (possibly both). As you will show on
Problem Set 6, if A is a valuation ring, then there exists a valuation v: K — I" U {oo} for
some totally ordered abelian group I' such that A = {x € K : v(x) > 0} is the valuation
ring of K with respect to this valuation.

10.1 The Dedekind-Kummer theorem in a local setting

Recall that the Dedekind-Kummer theorem (Theorem 6.14) allows us to factor primes in our
AK LB setting by factoring polynomials over the residue field, provided that B is monogenic

18.785 Fall 2021, Lecture #10, Page 2


https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec9.pdf#theorem.2.21
https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec9.pdf#theorem.2.22
https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec8.pdf#theorem.2.20
https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec4.pdf#theorem.2.53
https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec6.pdf#theorem.2.14

(of the form Afa] for some o € B), or the prime of interest does not contain the conductor.
We now show that in the special case where A and B are DVRs and the residue field
extension is separable, B is always monogenic; this holds, for example, whenever K is a
local field. To prove this, we first recall a form of Nakayama’s lemma.

Lemma 10.9 (NAKAYAMA’S LEMMA). Let A be a local ring with maximal ideal p, and
let M be a finitely generated A-module. If the images of x1,...,x, € M generate M /pM as
an (A/p)-vector space then x1,...,x, generate M as an A-module.

Proof. See |1, Corollary 4.8b]. O

Before proving our theorem on local monogenicity, let us record some corollaries of
Nakayama’s Lemma that will be useful to us later.

Corollary 10.10. Let A be a local noetherian ring with mazimal ideal p, let g € Alzx], and
let B := Alz]/(g(x)). Every mazimal ideal m of B contains the ideal pB.

Proof. Suppose not. Then m+pB = B for some maximal ideal m of B. The ring B is finitely
generated over the noetherian ring A, hence a noetherian A-module, so its A-submodules

are all finitely generated. Let z1,..., 2, be A-module generators for m. Every coset of pB
in B can be written as z + pB for some A-linear combination z of z1,..., z,, so the images
of z1,...,2, generate B/pB as an (A/p)-vector space. By Nakayama’s lemma, z1,..., 2z,
generate B, in which case m = B, a contradiction. ]

As a corollary, we immediately obtain a local version of the Dedekind-Kummer theorem
that does not even require A and B to be Dedekind domains.

Corollary 10.11. Let A be a local noetherian ring with maximal ideal p, let g € Alz] be
a polynomial with reduction g € (A/p)[x], and let « be the image of x in the ring B =
Alz]/(g(x)) = Ala]. The mazimal ideals of B are (p,gi(«)), where gi,...,gm € Alx] are
lifts of the distinct irreducible polynomials g; € (A/p)[x] that divide g.

Proof. By Corollary 10.10, the quotient map B — B/pB gives a one-to-one correspondence
between maximal ideals of B and maximal ideals of B/pB, and we have

B Al (Afp)le]
pB - (pg(@)  (9()

Each maximal ideal of (A/p)[z]/(g(x)) is the reduction of an irreducible divisor of g, hence
one of the g; (because (A/p)[z] is a PID). The corollary follows. O

Theorem 10.12. Assume AKLB, with A and B DVRs with residue fields k = A/p and
l == B/q. Ifl/k is separable then B = Ala] for some o € B; if L/ K is unramified this holds
for every lift o of any generator & for l = k(&).

Proof. Let pB = q¢ be the factorization of pB and let f = [l : k] be the residue field degree,
so that ef = n = [L : K|. The extension [/k is separable, so we may apply the primitive
element theorem to write | = k(@) for some @ € [ whose minimal polynomial g is separable
of degree equal to f. Let g € A[z] be a monic lift of g, and let ag be any lift of ap to B.
If vq(g(ap)) = 1 then let a := ag. Otherwise, let my be any uniformizer for B and let
a:=qap+m € B (so a = &y mod q), and writing g(z + m) = g(z) + mog’(x) + 73h(x) for
some h € Afz] via Lemma 9.11, we have

vg(g(a)) = vg(g(o + 7m0)) = v(g(e0) + m0g'(a0) + Gh(an)) = 1,
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so 7 := g(a) is also a uniformizer for B.

We now claim B = A[a], equivalently, that 1,c,...,a" ! generate B as an A-module.
By Nakayama’s lemma, it suffices to show that the reductions of 1,c,...,a" ! span B/pB
as an k-vector space. We have p = q° so pB = (7¢). We can represent each element of
B/pB as a coset

n

b+pB=by+bim+bom-- + b1 +pB,

where bg, ..., b1 are determined up to equivalence modulo 7B. Now 1,a,...,af ! are a

basis for B/mB = B/q as a k-vector space, and m = g(«), so we can rewrite this as

b+pB = (ap + a1+ -- ‘af,laffl)
+ (ay +app1a+--- agf_laf_l)g(a)
+ (Aef— i1+ Qep—pro0+ - -aef,laf_l)g(a)e_l +pB.

Since deg g = f, and n = ef, this expresses b+ pB in the form b’ +pB with b’ in the A-span
of 1,...,a" 1. Thus B = Ala].

We now note that if L/K is unramified then [/k is separable (this is part of the definition
of unramified), and e = 1, f = n, in which case there is no need to require g(a) to be a
uniformizer and we can just take & = ag to be any lift of any &g that generates [ over k. [

In our AK LB setup, if A is a complete DVR with maximal ideal p then B is a complete
DVR with maximal ideal gp and the formula [L : K] =} €qfq given by Theorem 5.35 has
only one term eg f;. We now simplify matters even further by reducing to the two extreme
cases fg = 1 (a totally ramified extension) and e; = 1 (an unramified extension, provided
that the residue field extension is separable).!

10.2 Unramified extensions of a complete DVR

Let A be a complete DVR with fraction field K and residue field k. Associated to any
finite unramified extension of L/K of degree n is a corresponding finite separable extension
of residue fields [/k of the same degree n. Given that the extensions L/K and [/k are
finite separable extensions of the same degree, we might wonder how they are related. More
precisely, if we fix K with residue field k, what is the relationship between finite unramified
extensions L/K of degree n and finite separable extensions [/k of degree n? Each L/K
uniquely determines a corresponding [/k, but what about the converse?

This question has a surprisingly nice answer. The finite unramified extensions L of K
form a category C"* whose morphisms are K-algebra homomorphisms, and the finite sepa-
rable extensions [ of k form a category C;* whose morphisms are k-algebra homomorphisms.
These two categories are equivalent.

Theorem 10.13. Let A be a complete DVR with fraction field K and residue field k =
A/p. The categories CF™* and Czep are equivalent via the functor F: Cg" — Cz,ep that sends
each unramified extension L of K to its residue field I, and each K-algebra homomorphism

w: L1 — Lo to the k-algebra homomorphism @: 1y — ly defined by ¢(@) = p(a), where a

'Recall from Definition 5.37 that separability of the residue field extension is part of the definition of an
unramified extension. If the residue field is perfect (as when K is a local field, for example), the residue field
extension is automatically separable, but in general it need not be, even when L/K is unramified.
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is any lift of @ € 1 := B1/q1 to By and ¢(«) is the reduction of p(a) € Ba to lo = Ba/qa;
here q1,qo are the maximal ideals of the valuation rings By, Ba of L1, La, respectively.

In particular, F gives a bijection between the isomorphism classes in C'" and Czep, and
if Ly, Ly and have residue fields l1,ls then F induces a bijection of finite sets

HOmK(Ll, LQ) ; Homk(ll, lg).

Proof. Let us first verify that F is well-defined. It is clear that it maps finite unramified
extensions L/K to finite separable extensions [/k, but we should check that the map on
morphisms does not depend on the lift a of & we pick. So let ¢: L1 — Lo be a K-algebra
homomorphism, and for & € I, let a and o' be two lifts of & to B;. Then a — o’ € qq,
and this implies that p(a — o) € p(q1) = @(B1) N g2 C qa, and therefore p(a) = p(a’).
The identity ¢(q1) = ¢(B1) N g2 C q2 follows from the fact that ¢ restricts to an injective
ring homomorphism By — By and By/¢(B1) is a finite extension of DVRs in which g9 lies
over the prime ¢(q1) of p(B1). It’s easy to see that F sends identity morphisms to identity
morphisms and that it is compatible with composition, so we have a well-defined functor.
To show that F is an equivalence of categories we need to prove two things:

e F is essentially surjective: each separable [/k is isomorphic to the residue field of some
unramified L/ K

e F is full and faithful: the induced map Hompg (L;, L2) — Homy(l1,l2) is a bijection.

We first show that F is essentially surjective. Given a finite separable extension [/k, we
may apply the primitive element theorem to write

l~k(a)=

for some @ € [ whose minimal polynomial g € k[x] is necessarily monic, irreducible, separa-
ble, and of degree n := [l : k]. Let g € A[x] be any monic lift of g; then g is also irreducible,
separable, and of degree n. Now let

where « is the image of x in K[z]/g(z). Then L/K is a finite separable extension, and by
Corollary 10.11, (p, g(«)) is the unique maximal ideal of A[a] (since g is irreducible) and

B Alqd] Alz] (A/p)l=]
a  (gl@)  (pgl@)  (9(x))

We thus have [L: K| = degg = [l : k] = n, and it follows that L/K is an unramified
extension of degree n = f := [l:k]: the ramification index of q is necessarily e = n/f =1,
and the extension [/k is separable by assumption (so in fact B = A[a], by Theorem 10.12).

We now show that the functor F is full and faithful. Given finite unramified extensions
L1, Ly with valuation rings Bi, By and residue fields Iy, l2, we have induced maps

1
1

~ .

HomK(Ll, LQ) ;> HOIHA(Bl, BQ) — Homk(ll, lg)

The first map is given by restriction from L; to Bi, and since tensoring with K gives an
inverse map in the other direction, it is a bijection. We need to show that the same is
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true of the second map, which sends ¢: By — Bs to the k-homomorphism @ that sends
@ € 1y = B1/q1 to the reduction of ¢(«) modulo q2, where « is any lift of a.

As above, use the primitive element theorem to write Il = k(a) = k[z]/(g(x)) for some
a € l;. If we now lift @ to o € By, we must have L1 = K(a), since [Ly : K] = [l; : k] is
equal to the degree of the minimal polynomial g of @ which cannot be less than the degree
of the minimal polynomial g of « (both are monic). Moreover, we also have By = Ala],
since this is true of the valuation ring of every finite unramified extension in our category.

Each A-module homomorphism in

Hom 4 (B1, B2) = Homy <(i[g),32>

is uniquely determined by the image of x in By. This gives a bijection between Hom 4 (B, B2)
and the roots of g in Bs. Similarly, each k-algebra homomorphism in

k[z]
Homy,(11,12) = Homy, <,l2>
(9(x))
is uniquely determined by the image of z in lo, and there is a bijection between Homy (11, l2)
and the roots of g in 3. Now g is separable, so every root of g in ly = By/qq lifts to a unique
root of g in By, by Hensel’s Lemma 9.15. Thus the map Homa (B, B2) — Homg/(l1,l2)
induced by F is a bijection. O

Remark 10.14. In the proof above we actually only used the fact that L;/K is unramified.
The map Hompg (L1, La) — Homg (1, l2) is a bijection even if Ly/K is not unramified.

Let us note the following corollary, which follows from our proof of Theorem 10.13.

Corollary 10.15. Assume AKLB with A a complete DVR with residue field k. Then L/ K
is unramified if and only if B = Ala] for some o € L whose minimal polynomial g € A|x]
has separable image g in k|x].

Proof. The forward direction was proved in the proof of the theorem, and for the reverse
direction note that g must be irreducible, since otherwise we could use Hensel’s lemma to
liftt a non-trivial factorization of g to a non-trivial factorization of g, so the residue field
extension is separable and has the same degree as L/K, so L/K is unramified. O

Corollary 10.16. Let A be a complete DVR with fraction field K and residue field k, and
let ¢, be a primitive nth root of unity in some algebraic closure of K, with n prime to the
characteristic of k. The extension K((,)/K is unramified.

Proof. The field K((,) is the splitting field of f(z) = 2™ — 1 over K. The image f of f in
k[z] is separable when p { n, since ged(f, f') # 1 only when f’ = naz"!
only when p|n. When f is separable, so are all of its divisors, including the reduction of
the minimal polynomial of (,,, which must be irreducible since otherwise we could obtain a

contradiction by lifting a non-trivial factorization via Hensel’s lemma. It follows that the
residue field of K((,) is a separable extension of k, thus K((,)/K is unramified. O

is zero, equivalently,

When the residue field k is finite (always the case if K is a local field), we can give a
precise description of the finite unramified extensions L/K.
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Corollary 10.17. Let A be a complete DVR with fraction field K and finite residue field IFy,
and let L be a degree n extension of K. Then L/K is unramified if and only if L ~ K ((gn_1).
When this holds, A[(gn—1] is the integral closure of A in L and L/K is a Galois extension
with Gal(L/K) ~ Z/nZ.

Proof. The reverse implication is implied by Corollary 10.16; note that K((;»_1) has de-
gree n over K because its residue field is the splitting field of 24" ~1 — 1 over [F,, which is an
extension of degree n (indeed, one can take this as the definition of Fgn).

Suppose L/K is unramified. Then [[ : k] = [L : K] = n and | ~ Fy» has multiplicative
group cyclic of order ¢" — 1 generated by some &. The minimal polynomial g € F,[z] of &
divides 24" ~! — 1, and since g is irreducible, it is coprime to the quotient (z¢"~! —1)/g. By
Hensel’s Lemma 9.19, we can lift § to a polynomial g € A[z] that divides 29" ~' — 1 € A[z],
and by Hensel’s Lemma 9.15 we can lift & to a root « of g, in which case « is also a root of
29" =1 — 1; it must be a primitive (¢" — 1)-root of unity because its reduction @ is.

Let B be the integral closure of A in L. We have B ~ A[(;n_1] by Theorem 10.12, and
L is the splitting field of 27"~ — 1, since its residue field Fyn is (we can lift the factorization
of z9"71 — 1 from Fn to L via Hensel’s lemma). It follows that L/K is Galois, and the
bijection between (g™ — 1)-roots of unity in L and Fg» induces an isomorphism Gal(L/K) ~
Gal(l/k) = Gal(Fyn /Fy) ~ Z/nZ. O

Corollary 10.18. Let A be a complete DVR with fraction field K and finite residue field
of characteristic p, and suppose that K does not contain a primitive pth root of unity. The
extension K((p)/K is ramified if and only if p divides m.

Proof. If p does not divide m then Corollary 10.16 implies that K ((,,)/K is unramified. If p
divides m then K () contains K (), which by Corollary 10.17 is unramified if and only if
K(¢p) ~ K((pn—1) with n == [K((p) : K], which occurs if and only if p divides p™ — 1 (since
(p ¢ K), which it does not; thus K((,) and therefore K((,,) is ramified when p|m. O

Example 10.19. Consider A = Z,, K = Q,,, k =, and fix Fp and @p. For each positive
integer n, the finite field F, has a unique extension of degree n in F,, namely, Fyn. Thus
for each positive integer n, the local field Q, has a unique unramified extension of degree n;
it can be explicitly constructed by adjoining a primitive root of unity (yn_1 to Q. The
element (pn_1 will necessarily have minimal polynomial of degree n dividing Pl — 1.

Another useful consequence of Theorem 10.13 that applies when the residue field is finite
is that the norm map Ny /i restricts to a surjective map B X — A* on unit groups; in fact,
this property characterizes unramified extensions.

Theorem 10.20. Assume AKLB with A a complete DVR with finite residue field. Then
L/K is unramified if and only if Ny, /i (B*) = A*.

Proof. See Problem Set 6. O

Definition 10.21. Let L/K be a separable extension. The mazimal unramified extension
of K in L is the subfield
U EcL

KCECL
E/K fin. unram.

where the union is over finite unramified subextensions E/K. When L = K*P is the
separable closure of K, this is the mazimal unramified extension of K, denoted K""'.
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Example 10.22. The field Q™ is an infinite extension of Q, with Galois group

Gal(Qy""/Qp) = Gal(F,/Fp) = lim Gal(Fyn /Fy) = imZ/nZ =: Z,

n

where the inverse limit is taken over positive integers n ordered by divisibility. The ring Z
is the profinite completion of Z. The field Q)™ has value group Z and residue field .

Theorem 10.23. Assume AKLB with A a complete DVR and separable residue field ex-
tension l/k. Let e and f be the ramification index and residue field degrees, respectively, and
let q be the unique prime of B. The following hold:

(i) There is a unique intermediate field extension E/K that contains every unramified
extension of K in L and it has degree [E : K| = f.

(ii) The extension L/E is totally ramified and has degree [L : E] = e.

(iii) If L/K is Galois then Gal(L/K) is the decomposition group of Dq, Gal(L/E) is the
inertia subgroup of I, and E/K is Galois with Gal(E/K) ~ Dq/1; ~ Gal(l/k).

Proof. (i) Let E/K be the finite unramified extension of K in L corresponding to the finite
separable extension [/k given by Theorem 10.13; then [F : K] = [l : k] = f as desired. The
maximal unramified extension £’ of K in L has the same residue field [ as L, which is also
the residue field of E, and equivalence of categories given by Theorem 10.13 implies that
the trivial isomorphism £ ~ ¢ corresponds to an isomorphism F ~ E’ that allows us to view
FE as a subfield of L; the same applies to any unramified extension of K with residue field [,
so E' is unique up to isomorphism.

(ii) Lee n=[L: K]|. Then [L: E]=[L: K]/[E:K|=n/f=c¢f/f=ce.

(ili) We have Dy C Gal(L/K) of order ef = [L : K], so this inclusion is an equality. If
we put qg := q N E then Proposition 7.13 implies I, = Gal(L/E) N I;. These three groups
all have order e and must coincide. The group I; is a normal in Dy since it is the kernel
of the surjective homomorphism 7,: Dy — Gal(l/k)), so E/K is normal, hence Galois (it
must be separable since L/K is), and it follows that Gal(E/K) ~ Dq/I; ~ Gal(l/k). O

References

[1] David Eisenbud, Commutative algebra with a view toward algebraic geometry, Springer,
1995.

[2] Neal Koblitz, p-adic numbers, p-adic analysis, and zeta functions, Springer, 1984.

[3] Serge Lang, Algebraic number theory, second edition, Springer, 1994.

[4] Jirgen Neukirch, Algebraic number theory, Springer, 1999.

18.785 Fall 2021, Lecture #10, Page 8


https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec7.pdf#theorem.2.13
https://link.springer.com/book/10.1007/978-1-4612-5350-1
https://link.springer.com/book/10.1007/978-1-4612-1112-9
https://link.springer.com/book/10.1007/978-1-4612-0853-2
https://link.springer.com/book/10.1007/978-3-662-03983-0

18.785 Number theory I Fall 2021
Lecture #11 10/18/2021

11 Totally ramified extensions and Krasner’s lemma

In the previous lecture we showed that in the AK LB setup, if A is a complete DVR with
maximal ideal p then B is a complete DVR with maximal ideal q and [L : K] = n = eqfy; see
Theorem 10.4 (note that the AK LB setup includes the assumption that L/K is separable).
In this setting we may unambiguously write er, g for eq and fr /x for fq, since q is the
unique prime of L. Provided the residue field extension is separable (always the case if K is
a local field), we can decompose the extension L/K as a tower of field extensions L/E/K
in which £/K is unramified (so eg/x = 1 and fg/x = fr k) and L/E is totally ramified
(so er/p = er/k and fr/p = 1), by Theorem 10.23.

In the previous lecture we classified unramified extensions of (fraction fields of) complete
DVRs, and showed that when the residue field is finite (always true for local fields), unram-
ified extensions are all cyclotomic extensions of the form K((,)/K for some n coprime to
the residue field characteristic; see Corollary 10.17. In this lecture we will classify totally
ramified extensions of complete DVRs.

11.1 Totally ramified extensions of a complete DVR
Definition 11.1. Let A be a DVR with maximal ideal p. A monic polynomial
fx)=2"+ ap12" 4+ ayz + ag € Alz]

is Fisenstein (or an Fisenstein polynomial) if a; € p for 0 <4 < n and ag & p?; equivalently,
vp(a;) > 1 for 0 < i < n and vy(ag) = 1. Note that this means ag is a uniformizer.

Lemma 11.2 (Eisenstein irreducibility). Let A be a DVR with fraction field K and let
f € Alz| be Eisenstein. Then f is irreducible in both Alx] and K|[z].

Proof. Suppose not. Then f = gh has degree n > 2 for some non-constant monic g, h € Alz].
Put f =37, fiz', g =32, 9i¢", h =3, hix'. Then vy(fo) = vp(goho) = vp(g0) + vp(ho) =1,
where p is the maximal ideal of A, and without loss of generality we may assume vy(go) =0
and vp(ho) = 1. Let ¢ > 0 be the least ¢ for which vy(h;) = 0; such an i < n exists since h is
monic and degh < n. We have

fi = gohi + gihi—1 + -+ gi—1h1 + giho,

with v,(f;) > 1 since f is Eisenstein and ¢ < n, but the valuation of the RHS is zero,
since vp(gohi) = 0 and vy(gjhi—j) > 1 for 0 < j < 4, by the minimality of 4, which is a
contradiction. Thus f is irreducible in A[z|, and since A is a DVR, and therefore a PID and
thus a UFD, f is irreducible in K[z, by Gauss’s Lemma [1]. O

Remark 11.3. We can apply Lemma 11.2 to any polynomial f(x) over a Dedekind domain A
that is Eisenstein over a localization Ay; the rings A, and A have the same fraction field
K and f is then irreducible in K[z, hence in A[x|; this gives the Eisenstein criterion for
irreducibility.

Lemma 11.4. Let A be a DVR and let f € Alx] be an Eisenstein polynomial. Then
B = Aln] == Alz]/(f) is a DVR with uniformizer 7, where 7 is the image of x in Alx]/(f).

Proof. Let p be the maximal ideal of A. We have f = 2™ mod p, so by Corollary 10.11 the
ideal q = (p,z) = (p,7) is the only maximal ideal of B. Let f = Y fiz%; then p = (fo)
and q = (fo,7), and fo = —fim — fon? —--- — 7" € (7), so q = (7). The unique maximal
ideal (7) of B is nonzero and principal, so B is a DVR with uniformizer . O
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Theorem 11.5. Assume AKLB with A a complete DVR and © a uniformizer for B. The
extension L/ K s totally ramified if and only if B = Alr| and the minimal polynomial of
1s Fisenstein.

Proof. Let n = [L : K], let p be the maximal ideal of A, let q be the maximal ideal of B
(which we recall is a complete DVR, by Theorem 10.4), and let 7 be a uniformizer for B
with minimal polynomial f. If B = A[n] and f is Eisenstein, then as in Lemma 11.4 we
have p = q", so vq extends v, with index e =n and L/K is totally ramified.

We now suppose L/K is totally ramified. Then vy extends v, with index n, which
implies vq(K) = nZ. The set {7, 7!, 7% ..., 7" 1} is linearly independent over K, since
the valuations of 70, ...7"~1 are distinct modulo vq(K) = nZ (if Z?;ol a;7 = 0 we must
have vg(a;7") = vq(a;m7) for some nonzero a; and a; with i # j, which is impossible). Thus
L = K(m).

Let f =31 ,a;z" € Alx] be the minimal polynomial of 7. We have vy(f (7)) = oo and
vg(a;7*) =i mod n for 0 < i < n. This is possible only if

vg(a0) = vq(a07’) = vg(anT") = vy(7") = n,

and vg(a;) > n for 0 <4 < n. This implies that vy (ag) = 1, since vq extends v, with index n,
and vy(a;) > 1 for 0 < i < n. Thus f is Eisenstein and Lemma 11.4 implies that A[r] C B
is a DVR, hence maximal, so B = A[r]. O

Example 11.6. Let K = Q3. As shown in an earlier problem set, there are just three
distinct quadratic extensions of Q3: Q3(v/2), Q3(v/3), and Q3(v/6). The extension Q3(v/2)
is the unique unramified quadratic extension of QQ3, and we note that it can be written as
a cyclotomic extension Q3((g). The other two are both ramified, and can be defined by the
Eisenstein polynomials z? — 3 and 2 — 6.

Definition 11.7. Assume AKLB with A a complete DVR and separable residue field
extension of characteristic p > 0. The extension L/K is tamely ramified if p f er,/x (always
true if p = 0); note that unramified extensions are tamely ramified. Otherwise L/K is wildly
ramified if pler, /. A totally ramified extension L/K is totally tamely ramified if p f ep,/x,
and it is totally wildly ramified if e,/ is a power of p (a totally ramified extension that is
wildly ramified need not be totally wildly ramified).

Recall that ramification indices multiply in towers (Lemma 5.30), and separability is a
transitive in towers (Corollary 4.14). This yields the following proposition, which we note
applies to all nonarchimedean local fields.

Proposition 11.8. The properties of being unramified, tamely ramified, wildly ramified,
totally ramified, totally tamely ramified, and totally wildly ramified are all transitive in towers
of extensions of fraction fields of complete DV Rs with separable residue field extensions.

Proof. This follows immediately from the transitivity of separability and the multiplicativity
of ramification indices and degrees in towers. O

Remark 11.9. A compositum of totally ramified extensions need not be totally ramified.
From Example 11.6 we see that the compositum of the totally ramified quadratic extensions
Q3(v/3) and Q3(v/6) of Q3 contains the unramified quadratic extension Q3(v/2) of Qs.
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Theorem 11.10. Assume AKLB with A a complete DVR and separable residue field ex-
tension of characteristic p > 0 not dividing n := [L : K|. The extension L/K is totally

tamely ramified if and only if L = K(WZ") for some uniformizer w4 of A.

Proof. If L = K (TrZ") then m = WZ" has minimal polynomial ™ — 74, which is Eisenstein,
so Alr| is a DVR by Lemma 11.4. This implies B = A[n], since DVRs are maximal, and
Theorem 11.5 implies that L/K is totally tamely ramified, since p t n.

Now assume L/K is totally tamely ramified and let p and q be the maximal ideals of
A and B with uniformizers 74 and 7p respectively. Then v, extends v, with index eq = n
and vg(7}) = n = vg(ma). This implies that 7}, = umy for some unit w € B*. We have
fq =1, s0 B and A have the same residue field, and if we lift the image of u in B/q ~ A/p
to a unit u4 in A and replace m4 with u;llﬂ'A, we can assume that « = 1 mod q. Now define
g(x) = 2™ — u € Blz] with reduction g = 2™ — 1 in (B/q)[z]. We have §’(1) = n # 0 (since
p [ n), so by Hensel’'s Lemma 9.15 we can lift the root 1 of g(z) in B/q to a root r of g(x)
in B. Now let 7 := mp/r. Then = is a uniformizer for B and B = A[r] by Theorem 11.5, so

L =K(m), and 7" = 7} /r" = 7y /u =74, so L = K(WZ") as desired. O

Proposition 11.11. Let L be a totally ramified extension of the fraction field K of a com-
plete DV R. There is a unique intermediate field E such that E/K is totally tamely ramified
and L/ E is totally wildly ramified.

Proof. Let e := e, i be the ramification index and let p > 0 be the characteristic of the
residue field. If p J e then the proposition holds with £ = L, so we assume p|e, and put
e = mp® with p{m (possibly m = 1).

Let A be the valuation ring of K with maximal ideal p, and let B be the valuation ring
of L (also a complete DVR) with maximal ideal q. As in the proof of Theorem 11.10, we can
choose uniformizers 74 of A and 7 of B such that 73} = ums with uw € B* and © = 1 mod q.
Let g(z) = 2™ — u € Blx]; as in the proof of the theorem we can construct a root r € B
of g(z) by Hensel lifting the root 1 of g € (B/q)[z]. Now consider the field extension
E = K(m), where 7 := w%a/r. We have 7™ = 7 /r™ = 1 /u = 74, so E = K(?sz) with
p 1 m. The polynomial 2™ — 74 of 7 is Eisenstein, hence irreducible, and has 7 as a root,
so E/K has degree m. By Theorem 11.10, the extension F/K is totally tamely ramified
(the residue field extension is trivial, so it is certainly separable), and the extension L/E
has degree p® and is thus totally wildly ramified.

To see that F is unique, suppose E' C L is another totally tamely ramified extensions of
K such that L/FE’ is totally wildly ramified. Then £’ must also be of the form F' = K (71'114/ ™,
by Theorem 11.10 and its proof (we can use the same 74 = u™ 7% for intermediate field),
in other words, £ and E’ are both generated by (possibly different) roots of ™ — 74. The
ratio of these roots is a (not necessarily primitive) mth root of unity ¢ € L that must lie in
K because L/K is totally ramified and the extension K (¢)/K is necessarily unramified, by
Corollary 10.16, since p 1 m. It follows that E' = E. O

Corollary 11.12. Let L be a finite separable extension of the fraction field field K of a
complete DV R with separable residue field extension. There is a unique intermediate field £
such that E/K is tamely ramified and L/ E is totally wildly ramified.

Proof. Let F' be the maximal unramified extension of K in L. By Corollary 10.15 we can
assume K = F(«) where « is an integral element whose minimal polynomial g has separable
image in k[x], where k is the residue field of K. Applying the previous proposition to the
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totally ramified extension L/F yields a tamely ramified extension F/F with L/E totally
wildly ramified. Unramified extensions are tamely ramified, so E/F/K is a tower of tamely
ramified extensions, hence tamely ramified.

Any field E' with L/E’ totally wildly ramified must contain «, otherwise E’(a) would
be a non-trivial unramified subextension L/E’ (here we are again applying Corollary 10.15
and the fact that the image of the minimal polynomial of o over E’ must divide g and thus
has separable image in k[z] and in k'[z], where k' is the residue field of E’, since k' is an
extension of k). Proposition 11.11 then implies E' = E. O

11.2 Krasner’s lemma

Let K be the fraction field of a complete DVR with absolute value | |. By Theorem 10.4
we can uniquely extend | | to any finite extension L/K by defining |z| := |NL/K($)|1/”,
where n = [L : KJ; as noted in Remark 10.5, this induces a unique absolute value on K that
restricts to the absolute value of K.

Lemma 11.13. Let K be the fraction field of a complete DVR with algebraic closure K and
absolute value | | extended to K. For all « € K and o € Autg(K) we have |o(a)| = |a].

Proof. The elements « and o(«) must have the same minimal polynomial f € KJz], since
flo(a)) =a(f(a)) =0, s0 Ng()/x (@) = f(0) = Ng(o(a))/k (0()), by Proposition 4.51. It
follows that |o(a)| = \NK(U(Q))/K(U(Q))P/” = |NK(Q)/K(a)|1/” = |a|, where n = deg f. O
Definition 11.14. Let K be the fraction field of a complete DVR with absolute value | |
extended to an algebraic closure K. For a, 3 € K, we say 3 belongs to o if |[3—a| < |3—0o(a)
for all 0 € Autx(K) with o(a) # «, that is, 3 is strictly closer to a than it is to any of
its conjugates. This is equivalent to requiring that |5 — a| < |a — o(«)] for all o(a) # a,
since every nonarchimedean triangle is isosceles (if one side is shorter than another, it is the
shortest of all three sides).

Lemma 11.15 (KRASNER’S LEMMA). Let K be the fraction field of a complete DVR and
let o, B € K, with o separable over K. If B belongs to « then K(a) C K(B).

Proof. Suppose not. Then [ belongs to a but a & K(f). The extension K(«,)/K(B) is
separable and non-trivial, so there is an automorphism ¢ € Autg ) (K/K(8)) for which
o(a) # a (let o send «a to a different root of the minimal polynomial of o over K(f3)).
Applying Lemma 11.13 to 8 — a € K, we have

8 —al=|o(B—a)|=lo(B) —a(a)| =B —o(a)],
since o fixes 5. But this contradicts the hypothesis that § belongs to «, since o(a) # . [

Remark 11.16. Krasner’s lemma is another “Hensel’s lemma" in the sense that it char-
acterizes Henselian fields (fraction fields of Henselian rings); although the lemma is named
after Krasner [2|, it was proved earlier by Ostrowski in [3].

Definition 11.17. For a field K with absolute value | | the L'-norm of f = fiz® € K[x] is
171l =D 11l

It is easy to check that || ||; satisfies all the properties of Definition 10.1 and is thus a norm
on the K-vector space K|x].
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Lemma 11.18. Let K be a field with absolute value | | and let f =T (x — ;) € K[x] be
a monic polynomial with roots oy, ..., € L, where L/K is a field with an absolute value
that extends | |. Then |a| < || f|l1 for every root o of f.

Proof. The lemma is clear for n < 1, so assume n > 2. If ||f|; = 1 then we must have

f = 2" and @ = 0, in which case |a] = 0 < 1 = ||f||1 and the lemma holds. Otherwise

| fll1 > 1, and if |a] < 1 the lemma holds, so let « is a root of f with |a| > 1. We have
n—1 ‘ n—1 . n—1

0=|f()l = |a"+ Y fid| = |a* =Y |fillaf" = |a* —|a** Y 1 fil = lal = (I = 1),
=0 i=0 i=0

where we have used |a] = |[a +b—b] < |a+ b+ | —b| = |a+ b| + |b] to get the general
inequality |a + b| > |a| — |b| which we applied repeatedly to get the first inequality above,
we used |a| > 1 to get the second (replacing |a|* with |a|*~! in each term) and the third
(dividing by |a|?~! > 1). Thus ||f||; — 1 > |a|, and therefore | f||1 > |a| +1 > |al. O

Theorem 11.19 (CONTINUITY OF ROOTS). Let K be the fraction field of a complete DVR
and f € K[z] a monic irreducible separable polynomial. There exists 6 = 6(f) € Rsg such
that for every monic polynomial g € K[z] with || f — g|l1 < 0 the following holds:

Every root 8 of g belongs to a root a of f for which K(5) = K(«).
In particular, every such g is separable, irreducible, and has the same splitting field as f.
Proof. We first note that we can always pick 6 < 1, in which case any monic g € K[z]| with
|f — gll1 < § must have the same degree as f, so we can assume degg = deg f. Let us fix

an algebraic closure K of K with absolute value | | extending the absolute value on K. Let
aq,...,0n be the roots of f in K, and write

flx) = H(m — ;) = Z fiz'.
=0

(2

Let € be the lesser of 1 and the minimum distance |o; — «j| between any two distinct roots

of f. We now define .
€
=30 = (i) >°

and note that § < 1, since ||f[l1 > 1 and € < 1. Let g(z) = ", giz’ be a monic polynomial
of degree n with || f — g||1 < 0. We then have

gl < 1F e+ llg = flln = 1Al +11F =gl < 1f 1l + 9,

and for any root 3 € K of g we have

n

> (fi— 908

=0

(B =1f(B) —g(B) = |(f —9)(B)| =

< Z |fi — gillBI"-
=0

We have |3| < ||g||1 by Lemma 11.18, and ||g|j1 > 1, so |B]* < ||g||{ < |lg||}. Thus
IFBI<If =gl - llgllt < 6C1F Nl +0)" < 6([[fll +1)™ < (e/2)",

and therefore

[L18 =l = 118) < (e/2)"
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It follows that |5 — ;| < €/2 for at least one «;, and the triangle inequality implies that
this a; must be unique since |a; — a;| > € for i # j. Therefore 5 belongs to o = «;.

By Krasner’s lemma, K(«) C K(f3), and we have n = [K(«a) : K] < [K(B) : K] <n, so
K(a) = K(B). It follows that g is the minimal polynomial of 3, since deg(g) = [K(f) : K].
Thus g is irreducible, and it is also separable, since f € K() = K(a) lies in a separable
extension of K. We now observe that if a root 8 of g belongs to a root « of f, then for any

7 € Autg (K) and all 0 € Autg(K) such that o(a) # a we have
[7(B) =@ =|7(6 — )| = |8 —a| <|a—a(a)| = |r(a —a(a))] = [r(a) = 7(o(a))]
Noting that o(«a) # o <= 7(0(«)) # 7(), this implies that 7(3) belongs to 7(«). Now

Autg (K) acts transitively on the roots of f and g, so every root (5 of g belongs to a distinct
root a of f for which K(5) = K(«). Therefore g has the same splitting field as f. O

11.3 Local extensions come from global extensions

Let L be a local field. From our classification of local fields (Theorem 9.9), we know that L
is (isomorphic to) a finite extension of K = Q, (some p < oo) or K = Fy((t)) (some q).
We also know that the completion of a global field at any of its nontrivial absolute values
is a local field (Corollary 9.7). It thus reasonable to ask whether L is the completion of a
corresponding global field L that is a finite extension of K = Q or K = Fy(t).

More generally, for any fixed global field K and local field K that is the completion of K
with respect to one of its nontrivial absolute values | |, we may ask whether every finite
extension of local fields L / K necessarily corresponds to an extension of global fields L/K,
where L is the completion of L with respect to one of its absolute values (whose restriction
to K must be equivalent to | |). The answer is yes. In order to simplify matters we restrict
our attention to the case where L / K is separable, but this is true in general.

Theorem 11.20. Let K be a global field with a nontrivial absolute value | |, and let K be the
completion of K with respect to | |. Every finite separable extension L of K is the completion

of a finite separable extension L of K with respect to an absolute value that restricts to | |.
One can choose L so that [L: K| = [L: K], in which case L = K - L.

Proof. Let ﬁ/ K be a separable extension of degree n. If | | is archimedean then K is a
number field and K is either R or C; the only nontrivial case is K ~R and n = 2, and
we may then assume that L = IA((\/&) ~ C where d € Z-¢ is any nonsquare in K (such
a d exists because K/Q is finite). We may assume without loss of generality that | | is the
Euclidean absolute value on K ~ R (it must be equivalent to it), and uniquely extend | | to
L = K(+/d) by requiring |v/d| = v/—d. Then L is the completion of L with respect to | |,
and clearly [L: K] = [L:K] =2, and L is the compositum of K and L.

We now suppose that | | is nonarchimedean, in which case the valuation ring of Kisa
complete DVR and | | is induced by its discrete valuation. By the primitive element theorem
(Theorem 4.12), we may assume L = K|[z]/(f) where f € K[z] is monic, irreducible, and
separable. The field K is dense in its completion K, so we can find a monic g € K|[z] C Kz]
such that ||g— f||1 < 0 for any § > 0. It then follows from Theorem 11.19 that L = K[z]/(g)
(and that g is separable). The field L is a finite separable extension of the fraction field of
a complete DVR, so by Theorem 10.4 it is itself the fraction field of a complete DVR and
has a unique absolute value that extends the absolute value | | on K.

Now let L := Klz]/(g). The polynomial g is irreducible in K|[z], hence in K[z], so
[L: K] =degg =[L:K]. The field L contains both K and L, and it is clearly the smallest
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field that does (since g is irreducible in K[z]), so L is the compositum of K and L. The
absolute value on L restricts to an absolute value on L extending the absolute value | | on K,
and L is complete, so L contains the completion of L with respect to | |. On the other hand,
the completion of L with respect | | contains L and K, so it must be L. O

In the preceding theorem, when the local extension L / K is Galois one might ask whether
the corresponding global extension L/K is also Galois, and whether Gal(L/K) ~ Gal(L/K).
As shown by the following example, this need not be the case.

Example 11.21. Let K = Q, K = Q7 and L = K[z]/(2® — 2) The extension L/K is
Galms because K = Q7 contains (3 (we can lift the root 2 of z2 + :c + 1 € F7[x] to a root
of 22 + x + 1 € Qy[z] via Hensel’s lemma), and this implies that 3 — 2 splits completely
in L. But L = K[z]/(z® — 2) is not a Galois extension of K because it contains only
one root of z3 — 2. However, we can replace K with Q((3) without changing K (take the
completion of K with respect to the absolute value induced by a prime above 7) or ﬁ, but
now L = K[z]/(z3 — 2) is a Galois extension of K.

In the example we were able to adjust our choice of the global field K without changing
the local fields extension L/K in a way that ensures that L/K and L/K have the same
automorphism group. Indeed, this is always possible.

Corollary 11.22. For every finite Galots extension ﬁ/f( of local fields there is a finite
Galois extension of global fields L/K and an absolute value | | on L such that L is the
completion of L with respect to | |, K is the completion of K with respect to the restriction

of | | to K, and Gal(L/K) ~ Gal(L/K).

Proof. The archimedean case is already covered by Theorem 11.20 (take K = Q), so we
assume L is nonarchimedean and note that we may take | | to be the absolute value on both
K and on L, by Theorem 10.4. The field K is an extension of either Q, or F,((t)), and by
applying Theorem 11.20 to this extension we may assume K is the completion of a global
field K with respect to the restriction of | |. As in the proof of the theorem, let g € K|[x]
be a monic separable polynomial irreducible in K[z] such that L = K[z]/(g) and define
L := K[z]/(g) so that L is the compositum of K and L.

Now let M be the splitting field of g over K, the minimal extension of K that contains
all the roots of g (which are distinct because g is separable) The field L also contains these
roots (since L / K is Galois) and L contains K, so L contains a subextension of K isomorphic
to M (by the universal property of a splitting field), which we now identify with M; note
that L is also the completion of M with respect to the restriction of | | to M.

We have a group homomorphism ¢: Gal(L/K) — Gal(M/K) induced by restriction,
and ¢ is injective (each o € Gal(L/K) is determined by its action on any root of g in M). If
we now replace K by the fixed field of the image of ¢ and replace L with M, the completion
of K with respect to the restriction of | | is still equal to K, and similarly for L and L, and
now Gal(L/K) ~ Gal(L/K) as desired. O

11.4 Completing a separable extension of Dedekind domains

We now return to our general AK LB setup: A is a Dedekind domain with fraction field K
with a finite separable extension L/K, and B is the integral closure of A in L, which is also
a Dedekind domain. Recall from Theorem 8.20 that if p is a prime of K (a nonzero prime
ideal of A), each prime q|p induces a valuation vy of L that extends the valuation v, of K
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with index eq, meaning that vq|x = eqvp (and every valuation of L that extends v, arises in
this way). We now want to look at what happens when we complete K with respect to the
absolute value | |, induced by v, to obtain a complete field K, and similarly complete L
with respect to | |q for some q|p to obtain Lg. This includes the case where L/K is an
extension of global fields, in which case we get a corresponding extension Lq/K, of local
fields for each q|p; as proved below, the embedding K < L induces an embedding K, — L,
of topological fields in which the absolute value | |, on K, is equivalent to the restriction of
| |q to K, (if we define | | as in Theorem 10.4, | |, will be the restriction of | |4).

In general the extension Lq/ K, may have smaller degree than L/K. If L ~ Klx]/(f), the
irreducible polynomial f € K{[z]| need not be irreducible over K. Indeed, this will necessarily
be the case if there is more than one prime q lying above p; the Dedekind-Kummer theorem
gives a one-to-one correspondence between irreducible factors of f in Kp[z] and primes q|p
(via Hensel’s Lemma). The following theorem gives a complete description of the situation.

Theorem 11.23. Assume AKLB, let p be a prime of A, and let pB = Hq‘p q% be the
factorization of pB in B. Let K, be the completion of K with respect to | |,, and let p be
the mazximal ideal of its valuation ring. For each q|p, let Ly denote the completion of L with
respect to | |q, and q the mazimal ideal of its valuation ring. The following hold:
(1) Each Lq is a finite separable extension of Ky, with [Lq:K,] < [L : K].
2) Each q is the unique prime of Ly lying over p.
3) Each q has ramification index ey = eq and residue field degree fq = fq.
) [Lq: Kp] = eqfq;
) The map L @ K, — []
finite étale Ky-algebras.

4

(
(
(
(5

alp La defined by £ @ © — (lx,...,lx) is an isomorphism of

6) If L/K is Galois then each Lq/ K, is Galois and we have isomorphisms of decomposi-
q p
tion groups Dy ~ Dy = Gal(Lq/K,) and inertia groups I ~ I3.

Proof. We first note that the K, and the L; are all fraction fields of complete DVRs; this
follows from Proposition 8.11 (note that we are not assuming they are local fields).

(1) For each q|p the embedding K < L induces an embedding K, — L4 via the map
[(zn)] — [(x)] on equivalence classes of Cauchy sequences; a sequence (z,) that is Cauchy
in K with respect to | |p, is also Cauchy in L with respect to | |; because vq extends v,. We
may thus view K, as a topological subfield of Lq, and it is clear that [Ly: K] < [L: K], since
any K-basis by,...,by,, for L C Ly spans Lq as a Kp-vector space: given a Cauchy sequence
y = (yn) of elements in L, if we write each y,, as 1,014 - -+ nbm With z;,, € K we obtain
Cauchy sequences z1 = (Z1,), " ,Tm = (Tmyn) of elements in K (linear maps of finite
dimensional normed spaces are uniformly continuous and thus preserves Cauchy sequences),
and we can write [y] = [21]b1 + - - - [Tm]bm as a Kp-linear combination of by, ..., by,.

The field L is a finite étale K-algebra, since L/K is a separable extension, so its base
change L ® g K, to K, is a finite étale K-algebra, by Proposition 4.36. Let us now consider
the Ky-algebra homomorphism ¢q: L ®x Ky — Lg defined by { ® x + fz. We have
¢q(bi®1) = b; for each of our K-basis elements b; € L, and as noted above, by, ... by, span Lq
as Ky-vector space, thus ¢ is surjective. As a finite étale Kp-algebra, L& i K} is by definition
isomorphic to a finite product of finite separable extensions of Kj; by Proposition 4.32, L
is isomorphic to a subproduct and thus also a finite étale Kp-algebra; in particular, Ly/K,
is separable.
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(2) As noted above, the valuation rings of K, and the L, are complete DVRs, so this
follows immediately from Theorem 9.22.

(3) The valuation vy extends vq with index 1, which in turn extends v, with index e,.
The valuation v; extends vy with index 1, and it follows that vg extends v, with index eq and
therefore e = eq. The residue field of p is the same as that of p: for any Cauchy sequence
(an) over K the a, will eventually all have the same image in the residue field at p (since
vp(an — am) > 0 for all sufficiently large m and n). Similar comments apply to each q and
g, and it follows that f; = f;.

(4) It follows from (2) that [Lq : Kp] = e f3, since q is the only prime above p, and (3)
then implies [Lq : Kp] = eqfq, by Theorem 5.35.

(5) Let ¢ == [[,, #q, Where ¢q: L ®x Ky — Lq is the surjective Ky-algebra homomor-
phisms defined in the proof of (1). Then ¢: L @ K, — Hq‘p Lq is a K,-algebra homomor-
phism. Applying (4) and the fact that taking the base change of a finite étale algebra does
not change its dimension (see Proposition 4.36), we have

dimg, (L @k Kp) =dimg L=[L: K] =Y eqfy=> [Lq: Kp] = dimg, [ ] Ly
qlp qlp alp

Pick a K,-basis {3;} for Hq|p Lq, fix € > 0, and for each basis element f; = (8iq)q)y use
the weak approximation theorem proved in Problem Set 4 to construct «; € L such that
@i = Biglg < € for all glp. In the metric space [, Lq (with the sup norm), each ¢(a; ® 1)
is close to ;. The Kp-matrix whose jth column expresses ¢(a; ® 1) in terms of the basis
{B:} is then close to the identity matrix (with respect to | |,), and the determinant D of
this matrix is close to 1 (the determinant is continuous). For sufficiently small € we must
have D # 0, and then {¢(c; ® 1)} is a basis for [];, Lq. It follows that ¢ is surjective and
therefore an isomorphism, since its domain and codomain have the same dimension.

(6) We now assume L/K is Galois. Each o € Dy acts on L and respects the valuation v,
since it fixes q (if z € q" then o(z) € o(q") = o(q)" = q"). It follows that if (z,,) is a Cauchy
sequence in L, then so is (0(zy)), thus o is an automorphism of Lq, and it fixes K,. We
thus have a group homomorphism ¢: Dy — Autg, (Lg).

If o € Dy acts trivially on Lq then it acts trivially on L C Lg, so ker ¢ is trivial. Also,

eqfq = |Dy| < #Autk, (Lg) < [Lq: Kp] = eqfy,

by Theorem 11.23, so #Autg,(Lq) = [Lq : Kp] and Lq/K, is Galois, and this also shows
that ¢ is surjective and therefore an isomorphism. There is only one prime ¢ of Ly, and it
is necessarily fixed by every o € Gal(Lq/K,), so Gal(Lq/Ky) ~ Dgy. The inertia groups I
and I both have order eq = €3, and ¢ restricts to a homomorphism I; — I3, so the inertia
groups are also isomorphic. O

Corollary 11.24. Assume AKLB and let p be a prime of A. For every o € L we have
Npi(a) =[] Noyr, (@) and  Trgla) =Y Ty k(@)
alp alp

where we view o as an element of Ly and NL/K(a) as an element of K, via the canonical
embeddings L — Lq and K — K.

Proof. The norm and trace are defined as the determinant and trace of K-linear maps
L =% L that are unchanged upon tensoring with Ky; the corollary then follows from the
isomorphism in part (5) of Theorem 11.23, which commutes with the norm and trace. [
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Remark 11.25. Theorem 11.23 can be stated more generally in terms of equivalence classes
of absolute values, or places. Rather than working with a prime p of K and primes q|p of L,
one works with an absolute value | |, of K (for example, | |,) and inequivalent absolute
values | |, of L that extend | |,. Places will be discussed further in the next lecture.

Corollary 11.26. Assume AKLB and let p be a prime of A. Let pB = [][q% be the
factorization of pB in B. Let A, denote the completion of A with respect to | |, and for
each q|p, let By denote the completion of B with respect to | |q. Then B ®4 Ay ~ Hq‘p By,

as /lp—algebms

Proof. After replacing A with A, and B with B, (localizing B as an A-module), we may
assume that A is a DVR and B/A is a free A module of rank n = [L : K| = 3, €qfy.

Then B ®4 Ap is a free flp—module of rank n. Viewing flp and the Bq as valuation rings
of K, and Ly, it follows from part (4) of Theorem 11.23 that [[ By is a free Ay-module of
rank o [Lq + Ky] = 325 €afq = n. These isomorphic Ap-modules lie in isomorphic finite
¢tale Ky-algebras L ®x K, ~ [[Lgq, by part (5) of Theorem 11.23, and this Kp-algebra
isomorphism restricts to an flp—algebra isomorphism. ]

Remark 11.27. Let A be a Dedekind domain with fraction field K. If we localize A at
a prime p we obtain a DVR A, with the same fraction field K. We can then complete A,
with respect to | |, to obtain a complete DVR flp whose fraction field K}, is the completion
of K with respect to | |,, and /lp is then the valuation ring of K. Alternatively, we could
first complete A with respect to the absolute value | |, induced by p and then localize. But
as explained in Lecture 8, completing A with respect to | |, is the same thing as taking the
valuation ring of K, so the completion of A is already the complete DVR /Alp we obtained
by localizing and completing; there is no need to localize and nothing would change if we
did. Completion not only commutes with localization, it makes localization unnecessary.
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18.785 Number theory I Fall 2021
Lecture #12 10/20/2021

12 The different and the discriminant

12.1 The different

We continue in our usual AK LB setup: A is a Dedekind domain, K is its fraction field, L/K
is a finite separable extension, and B is the integral closure of A in L (a Dedekind domain
with fraction field L). We would like to understand the primes that ramify in L/K. Recall
that a prime q|p of L is unramified if and only if e; = 1 and B/q is a separable extension
of A/p, equivalently, if and only if B/q% is a finite étale A/p algebra (by Theorem 4.40).!
A prime p of K is unramified if and only if all the primes q|p lying above it are unramified,
equivalently, if and only if the ring B/pB is a finite étale A/p algebra.?

Our main tools for studying ramification are the different Dp,4 and discriminant Dpg 4.
The different is a B-ideal that is divisible by precisely the ramified primes q of L, and the
discriminant is an A-ideal divisible by precisely the ramified primes p of K. Moreover, the
valuation vq(Dpg,4) will give us information about the ramification index eq (its exact value
when ¢ is tamely ramified).

Recall from Lecture 5 the trace pairing L x L — K defined by (z,y) — Tk (2y); under
our assumption that L/K is separable, it is a perfect pairing. An A-lattice M in L is a
finitely generated A-module that spans L as a K-vector space (see Definition 5.9). Every
A-lattice M in L has a dual lattice (see Definition 5.11)

M*:={x e L:Tyg(xm)e€ AVm e M},

which is an A-lattice in L isomorphic to the dual A-module M"Y := Homux(M, A) (see
Theorem 5.12). In our AK LB setting we have M** = M, by Proposition 5.16.

Every fractional ideal I of B is finitely generated as a B-module, and therefore finitely
generated as an A module (since B is finite over A). If I is nonzero, it necessarily spans L,
since B does. It follows that every element of the group Zg of nonzero fractional ideals of B
is an A-lattice in L. We now show that Zp is closed under the operation of taking duals.

Lemma 12.1. Assume AKLB. If I € Ip then I* € Ig.

Proof. The dual lattice I* is a finitely generated A-module, thus to show that it is a finitely
generated B-module it is enough to show it is closed under multiplication by elements of B.
So consider any b € B and x € I*. For all m € I we have Ty, /g ((bx)m) = Tp /x(z(bm)) € A,
since x € I* and bm € I, so bx € I* as desired. O

Definition 12.2. Assume AKLB. The different Dy i of L/K (and the different Dp/4
of B/A), is the inverse of B* in Zp. Explicitly, we have

B* ={x e L:Tp /k(zb) € Aforall be B},
and we define
Dp/x =Dpja=(B*)"'=(B:B*)={x€L:zB*C B}.

Note that B C B*, since Ty i (ab) € A for a,b € B (by Corollary 4.52), and this implies
Dpja = (B*)~! € B~! = B. Thus the different is an ideal, not just a fractional ideal.

'Note that B/qe is reduced if and only if e; = 1; consider the image of a uniformizer in B/q%".
2As usual, by a prime of A or K we mean a nonzero prime ideal of A, and similarly for B and L. The
notation q|p means that q is a prime of B lying above p (so p = qN A and q divides pB).
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The different respects localization and completion.

Proposition 12.3. Assume AKLB and let S be a multiplicative subset of A. Then

S_IDB/A — Ds—lB/S—lA.

Proof. This follows from the fact that inverses and duals are both compatible with localiza-
tion, by Lemmas 3.1 and 5.15. 0

Proposition 12.4. Assume AKLB and let qlp be a prime of B. Then

D = Dp/aBy,

Bq/Ay
where Ap and Bq are the completions of A and B at p and q, respectively.

Proof. Let L:=L® K, be the base change of the finite étale K-algebra L to K,. By (5)
of Theorem 11.23, we have L~ thJ Ly. Note that even though L need not be a field, in
general, it is a free Ky-module of finite rank, and is thus equipped with a trace map that
necessarily satisfies Ti/k, (@) =2 qp Ti/k, () that defines a trace pairing on L.

Now let B := B® Ap; it is an Ap-lattice in the Kp-vector space L. By Corollary 11.26,
B ~ Hq‘p B, Az @q|p By, and therefore B* ~ @w B, by Corollary 5.13. It follows that

B* ~ B*@4 Ay. In particular, B* generates each fractional ideal Bg; el By’ Taking inverses,
Dpja = (B*)~! gencrates the Eq—ideal (B;)_l =Dg /4, O
12.2 The discriminant

Definition 12.5. Let S/R be a ring extension in which S is a free R-module of rank n. For

any xi,...,xrn, € S we define the discriminant
disc(z1, ..., oy) = discg/r(21, . .., 5) = det[Tg/r(ziz))]i; € R.
Note that we do not require x1, ..., x, to be an R-basis for S, but if they satisfy a non-trivial

R-linear relation then the discriminant will be zero (by linearity of the trace).

In our AK LB setup, we have in mind the case where eq,...,e, € B is a basis for L as
a K-vector space, in which case disc(ei, ...,e,) = det[Tr, x(eie;)]i; € A. Note that we do
not need to assume that B is a free A-module; L is certainly a free K-module. The fact that
the discriminant lies in A when ey, ..., e, € B follows immediately from Corollary 4.52.

Proposition 12.6. Let L/K be a finite separable extension of degree n, and let Q/K be a
field extension for which there are distinct o, ...,0, € Homg(L,Q). For anyey,...,e, € L
we have

disc(eq,...,en) = det[ai(ej)]?j,

and for any x € L we have

disc(1,z,2%,..., 2" 1) = H (oi(x) — O'j(l‘))2.
1<J

Such a field extension 2/ K always exists, since L/K is separable ({2 = K®P works).
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Proof. For 1 <1i,j <n we have Ty k(eiej) = Y ;_; or(eie;), by Theorem 4.50. Therefore

disc(eq, ..., e,) = det[Tr /k(eiej)]ij
= det ([ox(ei)]ixlor(€e))]k;)
= det ([O'k(ei)]ik [Uk(ej)]gk)
= det[o;(e;)]?

(]
since the determinant is multiplicative and det M = det M* for any matrix M.
Now let z € L and put e; := 21 for 1 < i <n. Then

disc(1,2,2%,..., 2" ") = detfo; (27 )]}, = det[oi(x)' '3 = [ [ (0s(@) — 0(2))?,
1<j

since [0;()771;; is a Vandermonde matrix (rows of the form 2°,...,2""1 for some z); see

[3, p.258| for a proof of this standard fact. O

Definition 12.7. For a polynomial f(x) = [[,(z — o), the discriminant of f is
dise(f) := [ [ (s — a)*.
1<j

Equivalently, if A is a Dedekind domain, f € A[z| is a monic separable polynomial, and «
is the image of z in A[x]/(f(x)), then

disc(f) = disc(1, a,a?,...,a" 1) € A.
Example 12.8. disc(z? + bx + ¢) = b? — 4c and disc(z® + ax + b) = —4a® — 27b%.

Now assume AKLB and let M be an A-lattice in L. Then M is a finitely generated
A-module that contains a K-basis for L. We want to define the discriminant of M in a way
that does not require us to choose a basis.

Let us first consider the case where M is a free A-lattice. If e1,...,e, € M C L and
el,...,es, € M C L are two A-bases for M, then

disc(el, ..., e)) = u*disc(er, ..., ey)

for some unit u € A*; this follows from the fact that the change of basis matrix P € A™*™ is
invertible and its determinant is therefore a unit w. This unit gets squared because we need
to apply the change of basis matrix twice in order to change T(e;e;) to T(ege;). Explicitly,

writing bases as row-vectors, let e = (eq,...,e,) and ¢’ = (€], ..., e),) satisfy ¢ = eP. Then

disc(e’) = det[T k (ei€})]s;
= det[Tr/x((eP)i(eP);)]i
= det[P"[Tpk (eiej))ij P]
= (det P") disc(e)(det P)
= (det P)? disc(e),
where we have used the linearity of Ty to go from the second equality to the third.

This actually gives us a basis independent definition when A = Z. In this case B is
always a free Z-lattice, and the only units in Z are u = +1, so u? = 1.
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Definition 12.9. Assume AKLB, let M be an A-lattice in L, and let n := [L: K|. The
discriminant D(M) of M is the A-module generated by {disc(z1,...,2y) : 1,..., 2, € M }.

Lemma 12.10. Assume AKLB and let M' C M be free A-lattices in L. The discriminants
D(M') C D(M) are nonzero principal fractional ideals. If D(M') = D(M) then M' = M.

Proof. Let e == (e1,...,ey) be an A-basis for M. Then disc(e) € D(M), and for any row
vector = = (1,...,x,) with entries in M there is a matrix P € A™*™ for which x = eP,
and we then have disc(z) = (det P)? disc(e) as above. It follows that

D(M) = (disc(e))

is principal, and it is nonzero because e is a basis for L and the trace pairing is nondegenerate.
If we now let e’ = (e],...,e),) be an A-basis for M’ then D(M’) = (disc(¢’)) is also a
nonzero and principal. Our assumption that M’ C M implies that ¢/ = eP for some matrix
P € A" and we have disc(e’) = (det P)?disc(e). If D(M') = D(M) then det P must be
a unit, in which case P is invertible and e = ¢/P~!. This implies M C M’, so M’ = M. O

Proposition 12.11. Assume AKLB and let M be an A-lattice in L. Then D(M) € Z4.

Proof. The A-module D(M) C K is nonzero because M contains a K-basis e = (ey, ..., ey)
for L and disc(e) # 0 because the trace pairing is nondegenerate. To show that D(M) is a
finitely generated A-module (and thus a fractional ideal), we use the usual trick: make it a
submodule of a noetherian module. So let N be the free A-lattice in L generated by e and
then pick a nonzero a € A such that M C a !N (write each generator for M in terms of
the K-basis e and let a be the product of all the denominators that appear; note that M is
finitely generated). We then have D(M) C D(a~!N), and D(a~!N) is a principal fractional
ideal of A, hence a noetherian A-module (since A is noetherian), so its submodule D(M)
must be finitely generated. O

Definition 12.12. Assume AKLB. The discriminant Dy i of L/K (and the discriminant
Dpja of B/A) is the discriminant of B as an A-module:

DL/K = DB/A = D(B) € IA,
which is an A-ideal, since disc(z1, ..., zn) = det[Tg/a(ziz;)]i; € Afor all x1,...,2, € B.

Example 12.13. Consider the case A =7, K =Q, L = Q(i), B = Z[i]. Then B is a free
A-lattice with basis (1,7) and we can compute Dy, /i in three ways:

. L Trye(1-1) Trx(l-9)] _ 2 0] _
o disc(l,7) = det [TL/K(i-l) Tr/r(i-i) A o) T

e The non-trivial automorphism of L/K fixes 1 and sends i to —i, so we could instead

2
compute disc(1,7) = (det E _11}> = (—2i)2 = —4.
e We have B = Z[i] = Z[x]/(2* + 1) and can compute disc(z? + 1) = —4.

In every case the discriminant Dy x is the ideal (—4) = (4).

18.785 Fall 2021, Lecture #12, Page 4



Remark 12.14. If A = Z then B is the ring of integers of the number field L, and B is a
free A-lattice, because it is a torsion-free module over a PID and therefore a free module. In
this situation it is customary to define the absolute discriminant Dy of the number field L
to be the integer disc(eq, ..., ey,) € Z, for any basis (e, ..., e,) of B, rather than the ideal it
generates. As noted above, this integer is independent of the choice of basis because u? = 1
for all u € Z*; in particular, the sign of Dy, is well defined (as we shall see, the sign of Dy,
carries information about L). In the example above, the absolute discriminant is Dy, = —4.

Like the different, the discriminant respects localization.

Proposition 12.15. Assume AKLB and let S be a multiplicative subset of A. Then

S™'Dpja = Dg-15/5-14-

Proof. Let x = s~ !disc(eq,...,e,) € S_lDB/A for some s € S and ey,...,e, € B. Then

r = s?""disc(s7leq,..., s te,) lies in Dg-1p/5-14. This proves the forward inclusion.
Conversely, for any eq,...,e, € S~'B we can choose a single s € S C A so that each se;

lies in B. We then have disc(eq, ..., e,) = s~ 2" disc(seq, . .., se,) € SilDB/A, which proves

the reverse inclusion. O

Proposition 12.16. Assume AKLB and let p be a prime of A. Then

Dpjady =[] Dp, 4,
qlp

where flp and B’q are the completions of A and B at p and q, respectively.

Proof. After localizing at p we can assume A is a DVR and B is a free A-module of rank n.
As in the proof of Proposition 12.4, we have a trace pairing on the finite étale K,-algebra
L=L® K, and B:=B® flp o~ @W Bq is an flp—lattice in the Kp-vector space L that
is a direct sum of free Ap-modules, and thus a free flp—module of rank n = ) eqfy; see
Corollary 11.26.

We can choose /lp bases for each éq using elements in B; this follows from weak approx-
imation (Theorem 8.5) and the fact that B is dense in By (or see [2, Thm. 2.3]). From these

bases we can construct an Ap—basis é for the direct sum @q‘p By ~ B whose elements each

have nonzero projections to exactly one of the Bq, along with a corresponding A-basis e
for B obtained from € as the union of these projections.
The matrix [T} / Kp(éiéj)] is block diagonal; each block corresponds to a matrix whose

determinant is the discriminant of the Ap—basis we chose for one of the Bq. It follows that

Dy s, = L Dg /4, (here we are using the fact that B ~ Dy By is both an isomorphism

of rings and an isomorphism of Ap-modules, hence it preserves traces to flp). We now observe
that

discg/a(er, ... en) = disc(B@Ap)/A,,<61 ®1,...,e,®1)

generates Dp/ 4 as an A-ideal, and also generates D /4, S an flp—ideal (note that Biis a free
flp—module, so Dg /A, is the principal ideal generated by the discriminant of any A,-basis
for B). It follows that Dg /4 Ap = Dy i, = ILqp Dg /4, O
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We now have two ideals associated to a finite separable extension of Dedekind domains
B/A in the AKLB setup. We have the different ideal Dp/4, which is a fractional ideal
of B, and the discriminant ideal Dp,4, which is a fractional ideal of A. We now relate
these two ideals in terms of the ideal norm Npg JA Ip — Iy, which for I € Zp is defined as
Np/a(I) := [B : I]a, where [B : I]4 is the module index (see Definitions 6.1 and 6.5).

Theorem 12.17. Assume AKLB. Then D4 = Np/a(Dpya)-

Proof. The different and discriminant are both compatible with localization, by Proposi-

tions 12.3 and 12.15, and the A-modules Dp,4 and Np/4(Dp/a) of A are both determined

by the intersections of their localizations at maximal ideals (Proposition 2.6), so it suffices

to prove that the theorem holds when we replace A by its localization A at a prime of A.

Then A is a DVR and B is a free A-lattice in L; let us fix an A-basis (ey,...,e,) for B.
The dual A-lattice

B*={zxeL:T(xb) € AVbe B} € Ip

is also a free A-lattice in L, with basis (€], ..., e;,) uniquely determined by Tk (eje;) = dij,

’rn
where §;; is the Kronecker delta function; see Corollary 5.14. If we write e; = ) a;je e; in

terms of the K-basis (e}, ...,e)) for L then

) ’ﬂ

Ty (eiej) =Tk (Z aik6}§6j> ZaszL/K €r€5) Zam&c]

k
It follows that P := [T x(eie;)]i; is the change-of-basis matrix from e* = (ef,...,e})
to e = (e1,...,e,) (as row vectors we have e = e*P). If we let ¢ denote the K-linear

transformation with matrix P (or its transpose, if you prefer to work with column vectors),
then ¢ is an isomorphism of free A-modules and

Dp/a = (det[Ty,k(eie;)]ij) = (det ¢) = [B*: B]a,

where [B*: B]4 is the module index (see Definition 6.1). Applying Corollary 6.8 yields

Dpja =[B*:BJa = Np/a((B: B*)) = Ng/a((B*)™") = Np/a(Dpa).

(the last three equalities each hold by definition). O

12.3 Ramification

Having defined the different and discriminant ideals we now want to understand how they
relate to ramification. Recall that in our AKLB setup, if p is a prime of A then we can
factor the B-ideal pB as

pB=ai'---q;"

The Chinese remainder theorem implies
BJpB ~ B/qj! x - x BJqi",

This is a commutative A/p-algebra of dimension > e;f;, where f; = [B/q; : A/p] is the
residue degree (see Theorem 5.35). It is a product of fields if and only if we have e; = 1 for
all 7, and it is a finite étale-algebra if and only if it is a product of fields that are separable
extensions of A/p. The following lemma relates the discriminant to the property of being a
finite étale algebra.
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Lemma 12.18. Let k be a field and let R be a commutative k-algebra with k-basis ri, ..., 1y,.
Then R is a finite étale k-algebra if and only if disc(ry,...,ry) # 0.

Proof. By Theorem 5.20, R is a finite étale k-algebra if and only if the trace pairing on R
is a perfect pairing, which is equivalent to being nondegenerate, since k is a field.

If the trace pairing is degenerate then for some nonzero x € R we have T R/k(:cy) =0
for all y € R. If we write z = ), z;7; with ; € k then Tg/(2r;) = >, 2 Tr/p(rirj) =0
for all 7; (take y = 7;), and this implies that the columns of the matrix [Tg/;(ri7;)]i; are
linearly dependent and disc(ry, ..., 7,) = det[T g/, (rir5)]i; = 0.

Conversely, if disc(rq,...,7,) = 0 then the columns of det[Tg/;(r;7;)]i; are linearly de-
pendent and for some x; € k not identically zero we must have ), z;Tg/(rir;) = 0 for all j.
For x := 3, ayr; and any y = 3, y;r; € R we have Tr(zy) = 32,y > 2 Try(riry) =0,
which shows that the trace pairing is degenerate. O

Theorem 12.19. Assume AKLB, let q be a prime of B lying above a prime p of A such
that B/q is a separable extension of A/p. The extension L/K is unramified at q if and only
if q does not divide Dgyy, and it is unramified at p if and only if p does not divide Dp 4.

Proof. We first consider the different Dp,4. By Proposition 12.4, the different is compatible
with completion, so it suffices to consider the case that A and B are complete DVRs (com-
plete K at p and L at q and apply Theorem 11.23). We then have [L : K] = eq f;, where ¢4
is the ramification index and f; is the residue field degree, and pB = q®.

Since B is a DVR with maximal ideal q, we must have D4 = q" for some m > 0. By
Theorem 12.17 we have

Dpja = Np/a(Dpja) = Npja(q™) = phom.

Thus q|Dpg,4 if and only if p|Dp/4. Since A is a PID, B is a free A-module and we may
choose an A-module basis ey, ..., e, for B that is also a K-basis for L. Let k := A/p, and
let €; be the reduction of e; to the k-algebra R := B/pB. Then (é1,...,€,) is a k-basis for
R: it clearly spans, and we have [R: k| = [B/q% : A/p] =eqfq=[L: K] =n.

Since B has an A-module basis, we may compute its discriminant as
Dp/s = (disc(e, - - -, en)).

Thus p|Dp/4 if and only if disc(er,...,en) € p, equivalently, disc(ey,...,e,) = 0 (note
that disc(ei,...,e,) is a polynomial in the Ty, k(e;e;) and Tg/i(€;€;) is the trace of the
multiplication-by-€;€; map, which is the same as the reduction to k = A/p of the trace of
the multiplication-by-e;e; map Ty k (eiej) € A). By Lemma 12.18, disc(ey, ..., €,) = 0 if
and only if the k-algebra B/pB is not finite étale, equivalently, if and only if p is ramified.
Thus p|Dp 4 if and only if p is ramified. There is only one prime q above p, so we also have
q/Dpa if and only if q is ramified. O

We now note an important corollary of Theorem 12.19.
Corollary 12.20. Assume AKLB. Only finitely many primes of A (or B) ramify.

Proof. A and B are Dedekind domains, so the ideals Dp/4 and Dp,4 both have unique
factorizations into prime ideals in which only finitely many primes appear. O
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12.4 The discriminant of an order

Recall from Lecture 6 that an order O is a noetherian domain of dimension one whose
conductor is nonzero (see Definitions 6.16 and 6.19), and the integral closure of an order
is always a Dedekind domain. In our AK LB setup, the orders with integral closure B are
precisely the A-lattices in L that are rings (see Proposition 6.22); if L = K(«) with a € B,
then Ala] is an example. The discriminant Dy /4 of such an order O is its discriminant
D(0O) as an A-module. The fact that O C B implies that D(O) C Dp/4 is an A-ideal.

If O is an order of the form Ala], where o € B generates L = K(«a) with minimal
polynomial f € A[z], then O is a free A-lattice with basis 1,,...,a" ! where n = deg f,
and we may compute its discriminant as

Dpja = (disc(1, v, . ... o™ 1) = (disc(f)),

which is a principal A-ideal contained in Dp,4. If B is also a free A-lattice, then as in the
proof of Lemma 12.10 we have

Doy = (det P)’Dpja = [B: O3 D,

where P is the matrix of the A-linear map ¢: B — O that sends an A-basis for B to an
A-basis for O and [B:0]4 is the module index (a principal A-ideal).

In the important special case where A = Z and L is a number field, the integer (det P)?
is uniquely determined and it necessarily divides disc(f), the generator of the principal ideal
D(0O) = D(Ala]). It follows that if disc(f) is squarefree then we must have B = O = Ala].
More generally, any prime p for which v,(disc(f)) is odd must be ramified, and any prime
that does not divide disc(f) must be unramified. Another useful observation that applies
when A = Z: the module index [B: 0]z = ([B:0)]) is the principal ideal generated by the
index of O in B (as Z-lattices), and we have the relation

Do = [B:0]*Dp
between the absolute discriminant of the order O and its integral closure B.

Example 12.21. Consider A = Z, K = Q with L = Q(«), where a® — a — 1 = 0. We can
compute the absolute discriminant of Z[a] as

disc(1, o, 0?) = disc(z® —x — 1) = —4(—1)* — 27(—1)* = —23.

The fact that —23 is squarefree immediately implies that 23 is the only prime of A that
ramifies, and we have Dy = —23 = [Of : Z[a])?Dy,, which forces [Of, : Z[a]] = 1, so
Dy, = —23 and Of, = Z[a].

More generally, we have the following theorem.

Theorem 12.22. Assume AKLB and let O be an order with integral closure B and con-
ductor ¢. Then Dpsa = Npja(c)Dpa-

Proof. See Problem Set 6. O

In the example above the fact that the discriminant of Z[a] was squarefree immediately
told us the discriminant of Q(«v). But it will often happen that disc(Z[a]) is not squarefree;
indeed this is necessarily the case if the discriminant of Q(«) is not squarefree. Computing
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the discriminant of a number field is not an easy task in general. The standard approach is
to begin by factoring the discriminant of a given order Z[a] and then for each prime divisor
of this discriminant determine whether p divides the index of Z[«a] in the ring of integers
and if so constructing a larger order O for which this is not the case. This approach is due
to Pohst and Zassenhaus and is described in [1, §6]. The details are somewhat involved,
but let us note the following result due to Dedekind that can often be used to determine
whether or not a prime dividing the discriminant of Z[«] divides the discriminant of Q(«).

Theorem 12.23 (Dedekind). Let K = Q(«) be a number field, let f be the minimal poly-
nomial of o, let p be a prime, let

be the factorization of f = fmod p in Fy[z]. Let fi be any monic lift of f; to Z[x], let
u = [] fi, let v be any monic lift of f/g to Z]x], and let w = (uwv — f)/p € Z[x]. Then p
divides [Ok : Z[a]] if and only if 4,0, w have no common factor in F,[x].

Proof. See |1, Thm. 6.1.4]. O

12.5 Computing the discriminant and different

We conclude with a number of results that allow one to explicitly compute the discriminant
and different in many cases.

Proposition 12.24. Assume AKLB. If B = Ala] for some o € L and f € Alzx] is the
minimal polynomial of a, then
Dpja = (f'(a))

is the B-ideal generated by f'(«).
Proof. See Problem Set 6. O

The assumption B = A[a] in Proposition 12.24 does not always hold, but if we want to
compute the power of q that divides Dp/4 we can complete L at g and K at p = qNA so that
A and B become complete DVRs, in which case B = A[a] does hold (by Lemma 10.12), so
long as the residue field extension is separable (always true if K and L are global fields, since
the residue fields are then finite, hence perfect). The following definition and proposition
give an alternative approach.

Definition 12.25. Assume AK LB and let @ € B have minimal polynomial f € A[x]. The
different of o is defined by

oy o (@) L= K@)
Q) =

B/A 0 otherwise.

Proposition 12.26. Assume AKLB. Then Dg/s = (6p/a(a) : a € B).

Proof. See |4, Thm. II1.2.5]. O

We can now more precisely characterize the ramification information given by the dif-
ferent ideal.
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Theorem 12.27. Assume AKLB and let q be a prime of L lying above p = qN A for which
the residue field extension (B/q)/(A/p) is separable. Then

eq—1 < v4(Dpya) < eq— 1+ vy(eq),
and the lower bound is an equality if and only if q is tamely ramified.
Proof. See Problem Set 6. 0

We also note the following proposition, which shows how the discriminant and different
behave in a tower of extensions.

Proposition 12.28. Assume AKLB and let M/L be a finite separable extension and let C
be the integral closure of A in M. Then

Dcya =Dcyp - Dpja
(where the product on the right is taken in C), and
Deja = (Dpya) M I Ng a(Deyp).
Proof. See |5, Prop. IIL.§]. O

If M/L/K is a tower of finite separable extensions, we note that the primes p of K that
ramify are precisely those that divide either Dy, /i or N g (Dar/r)-
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18.785 Number theory I Fall 2021
Lecture #13 10/25/2021

13 Global fields and the product formula

Up to this point we have defined global fields as finite extensions of Q (number fields) or
of Fy(t) (global function fields). Our goal in this lecture is to prove a generalization of
the product formula that you proved on Problem Set 1 for K = Q and K = F,(t), which
will then allow us to give a more natural definition of global fields: they are fields whose
completions are local fields and which satisfy a suitable product formula.

13.1 Places of a field

Definition 13.1. Let K be a field. A place of K is an equivalence class of nontrivial
absolute values on K. Recall that the completion of K at an absolute value depends only
on its equivalence class, so there is a one-to-one correspondence between places of K and
completions of K. We may use M to denote the set of places of K, and for each place v we
use | |, to denote any representative absolute and K, to denote the completion of K with
respect to | |, (this does not depend on the choice of | |,). We call a place v archimedean
when K, is archimedean and nonarchimedean otherwise.

Now let K be a global field. By Corollary 9.7, for any place v of K the completion K,
is a local field. From our classification of local fields (Theorem 9.9), if K, is archimedean
then K, ~ R or K, >~ C, and otherwise the absolute value of K, is induced by a discrete
valuation that we also denote v; note that while the absolute value |z, == ¢=*(*) depends
on a choice of ¢ € [0, 1], the discrete valuation v: K, — Z is uniquely determined. We now
introduce the following terminology:

o if K, ~ R then v is a real place;
o if K, ~ C then v is a complex place;

e if | |, is induced by a discrete valuation v, corresponding to a prime p of K then v is
a finite place; otherwise v is an infinite place.

Every finite place is nonarchimedean. Infinite places are archimedean in characteristic
zero and nonarchimedean otherwise. Every archimedean place is an infinite place, but
nonarchimedean places may be finite or infinite (the latter only in positive characteristic).

Example 13.2. As you proved on Problem Set 1, the set Mg consists of finite places p
corresponding to p-adic absolute values | |, and a single archimedean infinite place oo cor-
responding to the Euclidean absolute value | . The set M (1) consist of finite places cor-
responding to irreducible polynomials in Fy[t] and a single nonarchimedean infinite place oo
corresponding to the absolute value | - |5 = g4°8(),

Remark 13.3. There is nothing special about the infinite place of Fy(t), it is an artifact
of our choice of the separating element ¢, which we could change via an automorphism
t — (at +b)/(ct + d) of Fy(t). If we put z := 1/t and consider Fy(z) o~ Fy(t), the absolute
value | | on F,(t) is the same as the absolute value | |, on F,(z) corresponding to the
irreducible polynomial z € Fy[z] (or any degree 1 place). This is analogous to the situation
with the projective line P!, where we may distinguish the projective point (1 : 0) as the
“point at infinity", but this distinction is not invariant under automorphisms of P!.
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Definition 13.4. If L /K is an extension of global fields, for every place w of L, any absolute
value | |, that represents the equivalence class w restricts to an absolute value on K that
represents a place v of K that is independent of the choice of | |,,. We write w|v to indicate
this relationship and say that w extends v or that w lies above v.

Theorem 13.5. Let L/K be a finite separable extension of global fields and let v be a place
of K. We have an isomorphism of finite étale K,-algebras

Lok Ky~ [ Lw

w|v
defined by L @ x +— (Lz, ... lx).

For nonarchimedean places this follows from part (v) of Theorem 11.23, but here we give
a different proof that works for any place of K.

Proof. The separable extension L/K is a finite étale K-algebra, so the base change L ® g K,
is a finite étale K,-algebra, by Proposition 4.36, and is therefore isomorphic to a finite
product [],c; L; of finite separable extensions L; of K, each of which is a local field (any
finite extension of a local field is a local field). We just need to show that there is a one-to-one
correspondence between the sets of local fields {L; : i € I} and {L,, : w|v}.

Let us fix an absolute value | |, on K, representing the place v. Each L; is a local field
extending K, and therefore has a unique absolute value | |,, that restricts to | |,; this follows
from Theorem 10.4 when v is nonarchimedean and is obvious when v is archimedean, since
then either K, ~ L,, or K, ¥~ R C C ~ L,, and the Euclidean absolute value on R is the
restriction of the Euclidean absolute value on C. The map L — L ®x K, ~ [[, Li - L;
allows us to view L as a subfield of each L;, so the absolute value | |, on L; restricts to an
absolute value on L that uniquely determines a place w|v. This defines a map ¢: {L; : i €
I} — {Ly : wlv} that we will show is a bijection satisfying ¢(L;) ~ L;.

We may view L @g K, ~ ][], L; as an isomorphism of topological rings, since both
sides are finite dimensional vector spaces over the complete field K, and thus have a unique
topology induced by the sup norm, by Proposition 10.3, and this topology agrees with the
product topology on [[; L;. The image of the canonical embedding L — L ® K, defined
by £ — £ ® 1 is dense because K C L is dense in K,: given any { ® z in L ®k K, with
{ e L and z € K,, we can choose y € K* arbitrarily close to x so that fy ® 1 =/ ® y is an
element of the image of L arbitrarily close to { ® z (and similarly for sums of pure tensors).
The image of L is therefore also dense in [[; L; and has dense image under the projections

If ¢(L;) = Ly then L; ~ L, since L is dense in the complete field L;, and L,, is the
completion of L with respect to the restriction of the absolute value on L; to L, by the
universal property of completions (Proposition 8.4). To show that ¢ is injective, note that
if ¢(L;) = ¢(Lj) = Ly, for some ¢ # j we obtain a contradiction because the image of the
diagonal embedding L — Ly, X Ly, is not dense in Ly, X Ly, (its closure is isomorphic to L),
but the image of L is dense in L; x L;.

It remains only to show that ¢ is surjective. For each w|v we may define a continuous
homomorphism of finite étale K,-algebras and topological rings:

Yw: L ®g Ky — Ly
{Q@x— L.
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The map ¢, is surjective because its image contains L and is complete, and L,, is the
completion of L. It follows from Corollary 4.32 that ¢, factors through the projection of
L ®g K, ~ []; L; on to one of its factors L; and induces a homeomorphism from L; to L.
It follows that L; ~ L,, as topological fields, so ¢(L;) = Ly, and ¢ is surjective. O

Corollary 13.6. Let L/K be a finite separable extension of global fields, v be a place of K,
and f € Klz]| be a monic irreducible polynomial such that L ~ Kl[z|/(f(x)). There is a
one-to-one correspondence between the irreducible factors of f in K,[x] and the places of L
lying above v. If f = fi--- fy is the factorization of f in K,[z], then we can order the set
{w|v} = {wi,...,wy} so that Ly, ~ Ky[z]|/(fi(z)) for 1 <i<r.

Proof. Note that the f; are distinct because f is separable over K and therefore separable
over every extension of K, including K,. The corollary then follows from Proposition 4.33,
Corollary 4.39, and Theorem 13.5. ]

Given a finite separable extension of global fields L/K and a place v of K, if we fix an
algebraic closure K, of K, and consider the set Hompg (L,FU) of K-embeddings of L into
K,, the Galois group Gal(K,/K,) acts on the set Homg (L, K,) via composition: given
o € Gal(K,/K,) and 7 € Homg (L, K,), we have 0 o 7 € Homg (L, K,), and this clearly
defines a group action (composition is associative and the identity acts trivially).

Corollary 13.7. Let L/K be a finite separable extension of global fields and v a place of K.
We have a bijection
Hompg (L, K,)/Gal(K,/K,) +— {w|v},

between Gal(K,/K,)-orbits of K-embeddings of L into K, and the places of L above v.

Proof. By the primitive element theorem, wee may assume L ~ K(«) = K[x]/(f) for some
« € L with minimal polynomial f € K[z]. We then have a bijection between Homg (L, K )
and the roots a; of f in K, that is compatible with the action of Gal(K,/K,) on both
sets. If f = f1--- f, is the factorization of f in K,[x], each f; corresponds to an orbit of
the action of Gal(K,/K,) on the roots of f, and by the previous corollary, these are in
one-to-one correspondence with the places of L above v. ]

For K = Q and v = oo, Corollary 13.7 implies that Homg(L, C)/Gal(C/R) is in bijection
with the set {w|oco} of infinite places of the number field L; note that Gal(C/R) is the cyclic
group of order 2 generated by complex conjugation, so the orbits of Homg(L, C) all have size
1 or 2, depending on whether the embedding of L into C is fixed by complex conjugation or
not. Each real place w corresponds to a Gal(C/R)-orbit of size 1; this occurs for the elements
of Homg (L, C) whose image lies in R and may also be viewed as elements of Homg (L, R).
Each complex place corresponds to a Gal(C/R)-orbit of size two in Homg(L, C); these are
conjugate pairs whose images do not lie in R.

Definition 13.8. Let K be a number field. Elements of Homg(K,R) are real embeddings,
and elements of Homg (K, C) whose image does not lie in R are complex embeddings.

There is a one-to-one correspondence between real embeddings and real places, but
complex embeddings come in conjugate pairs; each pair of complex embeddings corresponds
to a single complex place.

Corollary 13.9. Let K be a number field with r real places and s complex places. Then
[K: Q] =r+2s.
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Proof. We may write K ~ Q[z]|/(f) for some irreducible separable f € Q[z], and we then
have [K : Q] = deg f = # Homg(K, C), since there is a one-to-one correspondence between
Homg(K, C) and the roots of f. The action of Gal(C/R) on Homg(K,C) has r orbits of
size 1, and s orbits of size 2, and the corollary follows. O

Example 13.10. Let K = Q[z]/(23 — 2). There are three embeddings K < C, one for
each root of 23 — 2; explicitly:

(D ax— V2, (2 z—™B.32, (3)zm ™3V

The first embedding is real, while the second two are complex and conjugate to each other.
Thus K has r = 1 real place and s = 1 complex place, and we have [K : Q] =1-14+2-1=3.

We conclude this section with a result originally due to Brill [2]| that relates the parity
of the number of complex places to the sign of the absolute discriminant of a number field.

Proposition 13.11. Let K be a number field with s complex places. The sign of the absolute
discriminant Dy € Z is (—1)°.

Proof. Let a1, ..., oy be a Z-basis for Ok, let Homg(K,C) = {071, ..., 0,} and consider the
matrix A = [0;(c;)];; with determinant det A =: = + yi € C; recall that Dg = (det A)?,
by Proposition 12.6. Each real embedding o; corresponds to a row of A fixed by complex
conjugation, while each pair of complex conjugate embeddings o;, 5; corresponds to a pair
of rows of A that are interchanged by complex conjugation. Swapping a pair of rows negates
the determinant, thus det A = (—1)*det A, and we have

r+yi=det A= (—1)°det A= (-1)°(z — yi).
Either (—1)° = 1, in which case y = 0 and Dy = x? has sign +1 = (—1)%, or (-1)* = —1,
in which case z = 0 and Dy = —y? has sign —1 = (—1)%. O

13.2 Haar measures

Definition 13.12. Let X be a locally compact Hausdorff space. The o-algebra ¥ of X is
the collection of subsets of X generated by the open and closed sets under countable unions
and countable intersections. Its elements are Borel sets, or measurable sets. A Borel measure
on X is a countably additive function

w3 — Ry U {o0}.
A Radon measure on X is a Borel measure on X that additionally satisfies

1. u(S) < oo if S is compact,
2. w(S)=inf{u(U): S CU, U open},
3. u(S) =sup{u(C): C C S, C compact},

for all Borel sets S.!

!Some authors additionally require X to be o-compact (a countable union of compact sets). Local fields
are o-compact so this distinction will not concern us.
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Definition 13.13. A locally compact group is a topological group that is Hausdorff and
locally compact.? A (left) Haar measure p on a locally compact group G is a nonzero
Radon measure that is translation invariant, meaning that

u(S) = plz + S)

for all x € G and measurable S C G (we write the group operation additively because we
have in mind the additive group of a local field). A compact group is a locally compact
group that is compact; in compact groups every measurable set has finite measure.

One defines a right Haar measure analogously, but in most cases they coincide and in
our situation we are working with an abelian group (the additive group of a field), in which
case they necessarily do. The key fact we need about Haar measures is that they exist and
are unique up to scaling. For compact groups existence was proved by Haar and uniqueness
by von Neumann; the general result for locally compact groups was proved by Weil.

Theorem 13.14 (Weil). Every locally compact group G has a Haar measure. If p and p/
are two Haar measure on G, then there is a positive real number X such that p'(S) = Au(S)
for all measurable sets S.

Proof. See [3, §7.2]. O

Example 13.15. The standard Lebesgue measure p on R™ with pu([[,[as, bi]) = [, |6 — ail
is the unique Haar measure on R™ for which the unit cube has measure 1.3

The additive group of a local field K is a locally compact group (it is a metric space,
hence Hausdorff). For compact groups G, it is standard to normalize the Haar measure so
that u(G) = 1, but local fields are never compact, and we will always have p(K) = co. For
nonarchimedean local fields the valuation ring A = B<;(0) is a compact group, and it is
then natural to normalize the Haar measure on K so that pu(A) = 1. The key point is that
there is a unique absolute value on K that is compatible with every Haar measure p on K,
no matter how it is normalized.

Proposition 13.16. Let K be a local field with discrete valuation v, residue field k, and
absolute value

|- o= (#E) ™0,

and let p be a Haar measure on K. For every x € K and measurable set S C K we have

u(xS) = [x]opu(S).

Moreover, the absolute value | |, is the unique absolute value compatible with the topology on
K for which this is true.

Proof. Let A be the valuation ring of K with maximal ideal p. The proposition clearly holds
for x = 0, so let * # 0. The map ¢,: y — zy is an automorphism of the additive group
of K, and it follows that the composition p, = p o ¢, is a Haar measure on K, hence a

2Note that the Hausdorff assumption is part of the definition. Some authors include it in the definition of
locally compact, and some also include it in the definition of compact (Bourbaki, for example); the convention
varies by field and with geography. But everyone agrees that locally compact groups are Hausdorff.

3Strictly speaking, the Haar measure on R™ is the restriction of the Lebesgue measure to the o-algebra.
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multiple of u, say p, = Azu, for some A\, € Ryg. Define the function y: K* — Ry by
x(x) == Ay = pzp(A)/u(A). Then p, = x(x)p, and for all z,y € K* we have

_ pay(A)  pa(yA)  x(@)py(A)  x(@)x(y)u(4)

x(zy) = = = x(@)x(y)-
p(A)  p(A) p(A) p(A)
Thus x is multiplicative, and we claim that in fact x(z) = |z|, for all z € K*. Since
both x and |- |, are multiplicative, it suffices to consider x € A — {0}. For any such =z,

the ideal zA is equal to p*®) | since A is a DVR. The residue field k = A/p is finite, hence
A/xA is also finite; indeed it is a k-vector space of dimension v(z) and has cardinality
[A: 2A] = (#k)*®). Writing A as a finite disjoint union of cosets of xA, we have

p(A) = [A: zAlu(zA) = (#k)" ) x(2)u(A),
and therefore x(z) = (#k)"®) = |z|, as claimed. It follows that
w(@S) = pa(S) = x(2)u(S) = |zop(S),

for all z € K and measurable S C K. To prove uniqueness, if | | is an absolute value on K
that induces the same topology as | |, then for some 0 < ¢ < 1 we have |z| = |z|§ for all
x € K*. Let us fix x € K* with |z|, # 1 (take any x with v(x) # 0). If | | also satisfies

u(@S) = [2]u(S) then
n(A) @ )

which implies ¢ = 1, meaning that | | and | |, are the same absolute value. O

13.3 The product formula for global fields

Definition 13.17. Let K be a global field. For each place v of K the normalized absolute
value || ||v: Ky — R on the completion of K at v is defined by

pu(xS)

pu(s)

where ;1 is a Haar measure on K, and S C K, is a measurable set with finite nonzero
measure (such as the set {x € K,, : |z|, < 1}, for example).

[l :=

This definition is independent of the choice of p and S (by Theorem 13.14). If v is
nonarchimedean then the normalized absolute value || ||, is precisely the absolute value | |,
defined in Proposition 13.16. If v is a real place then the normalized absolute value || ||, is
just the usual Euclidean absolute value | |gr on R, since for the Euclidean Haar measure pug
on R we have ug(zS) = |z|rpr(S) for every measurable set S. But when v is a complex
place the normalized absolute value || ||, is the square of the Euclidean absolute value | |¢
on C, since in C we have uc(zS) = |z|2uc(9).

Remark 13.18. When v is a complex place the normalized absolute value || ||, is not an
absolute value, because it does not satisfy the triangle inequality. For example, if K = Q(%)
and v|oo is the complex place of K then |[1]|, = |1|2 =1 but

11+l = [12]lo = 212 =4 > 2 = [1[lo + |1]]..

Nevertheless, the normalized absolute value || ||, is always multiplicative and compatible
with the topology on K, in the sense that the open balls Bo,(z) := {y € K : ||ly — x|/, < r}
are a basis for the topology on K,; these are the properties that we care about for the
product formula (and for the topology on the ring of adéles Ag that we will see later).
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Lemma 13.19. Let L/K be a finite separable extension of global fields, let v be a place of K
and let w|v be a place of L. Then

[/l = [INL,, /5, (2)]]o-

Proof. The lemma is trivially true if [L,, : K,] = 1 so assume [L,, : K,] > 1. If v is
archimedean then L,, ~ C and K, ~ R, in which case for any x € L,, we have

lzllw = n(@8)/u(S) = |2lt = [4Zlr = INe/r(2)lr = INL,/x, (@),

where | |g and | |c are the Euclidean absolute values on R and C.
We now assume v is nonarchimedean. Let 7, and m,, be uniformizers for the local fields
K, and L, respectively, and let f be the degree of the corresponding residue field extension

(z)

kw/ky,. Without loss of generality, we may assume x = m, ", since ||z||, = |z|, depends

only on w(z). Theorem 6.10 and Proposition 13.16 imply
INL, /i, (T) o = 17 llo = (#ho) 7,

so [Nz, /x, (%)|lv = (#k,)~T*(®) Proposition 13.16 then implies

|zl = (Fh) ™ = (k) I = INp, s, (@) - [

Remark 13.20. Note that if v is a nonarchimedean place of K extended by a place w|v
of L/K, the absolute value || ||, is not the unique absolute value on L,, that extends the
absolute value on || ||, on K, given by Theorem 10.4, it differs by a power of n = [L,, : K],
but it is equivalent to it. It might seem strange to use a normalization here that does
not agree with the one we used when considering extensions of local fields in Lecture 9.
The difference is that here we are thinking about a single global field K that has many
different completions K,, and we want the normalized absolute values on the various K,
to be compatible (so that the product formula will hold). By contrast, in Lecture 9 we
considered various extensions L., of a single local field K, and wanted to normalize the
absolute values on the L,, compatibly so that we could work in K, and any of its extensions
(all the way up to K,) using the same absolute value. These two objectives cannot be met
simultaneously and it is better to use the “right" normalization in each setting.

Theorem 13.21 (PrRoODUCT FORMULA). Let L be a global field. For all x € L™ we have

IT lall. = 1.

veEMT,
where || ||, denotes the normalized absolute value for each place v € M.

Proof. The global field L is a finite separable extension of K = Q or K = IE‘q(t).4 Let p be
a place of K. By Theorem 13.5, any basis for L as a K-vector space is also a basis for

Lok K, ~ HL,,
vlp

“Here we are using the fact that if F is the field of constants of L (the largest finite field in L), then L
is a finite extension of F,(z) and we can choose some ¢t € Fy(z) — Fy so that Fq(z) ~ F,(¢t) and L/F,(¢) is
separable (such a ¢ is called a separating element).
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as a K-vector space. Thus

Np/k(®) = Nirger,)/x, @) = [[No.xk, (@)

vlp

Taking normalized absolute values on both sides yields
INLyx @), = TTINL, /5, @)l = [T 2o
vlp vlp

We now take the product of both sides over all places p € Mk to obtain

II INyx@lp= IT TTlzle= T lell.

pEMK pEMK v|p veEM,
The LHS is equal to 1, by the product formula for K proved on Problem Set 1. O

With the product formula in hand, we can now give an axiomatic definition of a global
field, which up to now we have simply defined as a finite extension of Q or Fy(t), due to
Emil Artin and George Whaples [1].

Definition 13.22. A global field is a field K with at least one place whose completion at
each of its places v € M is a local field K, and which has a product formula of the form

IT lzlo=1,

vEMK

where each normalized absolute value || ||,: K, — R>q satisfies || ||, = | [’ for some
absolute value | |, representing v and some fixed m,, € Rxo.

Theorem 13.23 (Artin-Whaples). Every global field is a finite extension of Q or Fy(t).

Proof. See Problem Set 7. O
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18.785 Number theory I Fall 2021
Lecture #14 10/27/2021

14 The geometry of numbers

14.1 Lattices in real vector spaces

Recall that for an integral domain A with fraction field K, an A-lattice in a finite dimensional
K-vector space V is a finitely generated A-submodule of V' that contains a K-basis for V
(see Definition 5.9). We now want to specialize to the case A = Z, but rather than working
with the fraction field K = Q we will instead work with its completion R at the unique
infinite place of Q.

Remark 14.1. In this lecture we focus on number fields, but we will make remarks along
the way about how to similarly treat global function fields (where one would take A = F,[t]
and work with its completion Fy(t)o = Fy((1)) at the unique infinite place of Fy(t)). You
will be able to explore the function field case in more detail on Problem Set 7.

Let V' be an R-vector space of dimension n. Then V ~ R"™ is a locally compact group
with a Haar measure that is unique up to scaling, by Theorem 13.14.

Definition 14.2. A subgroup H of a topological group G is discrete if the subspace topology
on H is the discrete topology (every point is open), and cocompact if H is a normal subgroup
of G and the quotient G/H is compact (here G/H denotes the group G/H with the quotient
topology given by identifying elements of G that lie in the same coset of H).

Lemma 14.3. A subgroup G CV ~ R" is finitely generated if and only if it is discrete, in
which case G ~Z™ for some m < n and G is then cocompact if and only if m = n.

Proof. 1t follows from the structure theorem for finitely generated abelian group that if G is
finitely generated it is a free Z-module, since it lies in the torsion free abelian group V', and
the rank of G must be equal to the dimension m < n of the subspace it spans. A subgroup
G ~ 7™ of V ~ R" is discrete (0 is an isolated point), and cocompact if and only if m = n.

Let vy,...,v, be a basis for the subspace W of V spanned by G, and let A ~ Z™ be
the subgroup of G generated by this basis. The quotient W/A ~ R /Z™ is compact (it is
isomorphic to the closed unit cube in R™), so the image of the discrete group G under the
quotient map 7: W — W/A must be finite. We can thus choose a finite S C G such that
7(S) = m(G), and then G is generated by vy, ..., v, and S. O

Definition 14.4. A (full) lattice in V' ~ R"™ is a Z-submodule generated by an R-basis,
equivalently, a discrete cocompact subgroup.

Remark 14.5. A discrete subgroup of a Hausdorff topological group is always closed; see
[1, II1.2.1.5] for a proof. This implies that the quotient of a Hausdorff topological group by
a normal discrete subgroup is Hausdorff (which is false for topological spaces in general);
see [1, I11.2.1.18]. It follows that the quotient of a Hausdorff topological group (including
all locally compact groups) by a discrete cocompact subgroup is a compact group. These
facts are easy to see in the case of lattices: Z is closed in R (as the complement of a
union of open intervals), so Z" is closed in R". Given a lattice A in V, each Z-basis for A
determines an isomorphism of topological groups A ~ Z"™ and V ~ R"”, and the quotient
V/A ~R"/Z" ~ (R/Z)" (an n-torus), is compact Hausdorff and thus a compact group.

Remark 14.6. You might ask why we are using the archimedean completion R = Qo
rather than some other completion Q,. The reason is Z is not a discrete subgroup of Q,
for any finite place p (elements of Z can be arbitrarily close to 0 under the p-adic metric).
Similarly, F,[t] is a discrete subgroup of Fy(t)s, but not of any other completion of F,(t).
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Any basis vy, ..., v, for V determines a parallelepiped
F(vi,...,vn) :={tiv1 + -+ tyop i t1, ..., tn €10,1)}

that we may view as the unit cube by fixing an isomorphism ¢: V' —+ R™ that maps
(v1,...,v,) to the standard basis of unit vectors for R™. It then makes sense to normalize
the Haar measure p so that u(F(vi,...,v,)) = 1, and we then have u(S) = ugrn(p(5)) for
every measurable set S C V', where ugn denotes the standard Lebesgue measure on R™.

For any other basis ey, ..., e, of V, if we let E = [e;;];; be the matrix whose jth column
expresses e; = » . €;;V;, in terms of our normalized basis v1,. .., vy, then

w(F(e1,. .. en)) = |det B| = Vdet Etdet E = \/det(E'E) = \/det[(ei, e)]ij, (1)

where (e;,e;) is the canonical inner product (the dot product) on R"™. Here we have used
the fact that the determinant of a matrix in R™*" is the signed volume of the parallelepiped
spanned by its columns (or rows). This is a consequence of the following more general result,
which is independent of the choice of basis or the normalization of p.

Proposition 14.7. Let T: V. — V be a linear transformation of V.~ R™. For any Haar
measure o on V and every measurable set S CV we have

u(T(S)) = | det T/ u(S). (2)
Proof. See 11, Ex. 1.2.21]. O

If Ais a lattice e1Z + -+ + e,Z in V, the quotient V/A is a compact group that we
may identify with the parallelepiped F(eq,...,e,) C V, which forms a set of unique coset
representatives. More generally, we make the following definition.

Definition 14.8. Let A be a latticein V ~ R". A fundamental domain for A is a measurable
set I' C V such that

V=||F+N.

A€A
In other words, F'is a measurable set of coset representatives for V//A. Fundamental domains

exist: if A =e1Z + - -+ + e,Z we may take the parallelepiped F'(eq,...,e,).

Proposition 14.9. Let A be a lattice in V >~ R™ and let i be a Haar measure on V. Every
Sfundamental domain for A has the same measure, and this measure is finite and nonzero.

Proof. Let F' and G be two fundamental domains for A. Using the translation invariance
and countable additivity of p (note that A ~ Z™ is a countable set) along with the fact that
A is closed under negation, we obtain

M(F)ZM(FOV)ZM<FO |_|(G+>\)> :u<|_|(Fﬂ(G+)\))>

AEA AEA
=Y WFN(G+N) =D p((F=NNG)=> u(GN(F+N)=puq),
AEA AEA AEA

where the last equality follows from the first four (swap F' and G). If we fix a Z-basis
el,...,e, for A, the parallelepiped F(ei,...,e,) is a fundamental domain for A, and its
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closure is compact, so p(F(eq,...,ey,)) is finite, and it is nonzero because there is an iso-
morphism V' ~ R" that maps the closure of F(ey,...,e,) to the unit cube in R™ whose
Lebesgue measure is nonzero (whether a set has zero measure or not does not depend on
the normalization of the Haar measure and is therefore preserved by isomorphisms of locally
compact groups). O

Definition 14.10. Let A be a lattice in V' ~ R” and fix a Haar measure g on V. The
covolume covol(A) € R of A is the measure u(F') of any fundamental domain F' for A.

Note that covolumes depend on the normalization of u, but ratios of covolumes do not.
Proposition 14.11. If A C A are lattices in V ~ R™, then covol(A’) = [A : A'] covol(A).

Proof. Fix a fundamental domain F for A and a set of coset representatives S for A/A’.
Then
Fl=||(F+\)
AES

is a fundamental domain for A’, and #S = [A: A'] = p(F')/u(F) is finite. We then have

covol(A') = p(F') =Y " p(F + A) = (#8)u(F) = [A : A'] covol(A),
AES

since every translation F'+ X of F' is a fundamental domain for A. O

Definition 14.12. Let S be a subset of a real vector space. The set S is symmetric if it is
closed under negation, and convez if for all z,y € S we have {tx + (1 —t)y: t € [0,1]} C S.

Theorem 14.13 (MINKOWSKI’S LATTICE POINT THEOREM). Let A be a lattice in V ~ R"
and p a Haar measure on V. If S CV is a symmetric conver measurable set that satisfies

p(S) > 2" covol(A),
then S contains a nonzero element of A.
Proof. See Problem Set 6. O

Note that the inequality in Theorem 14.13 bounds the ratio of the measures of two sets
(S and a fundamental domain for A), and is thus independent of the choice of p.

Remark 14.14. In the function field analog of Theorem 14.13 the convexity assumption is
not needed and the factor of 2" can be removed.
14.2 The canonical inner product

Let K/Q be a number field of degree n with r real places and s complex places; then
n = r 4+ 2s, by Corollary 13.9. We now want to consider the base change of K to R and C:

KR::K®@RZRTX(CS,
Kc ::K®@(C2(Cn.

The isomorphism Kr ~ R" x C? follows from Theorem 13.5 and the isomorphism K¢ ~ C"
follows from the fact that C is separably closed; see Example 4.31. We note that Kg is an
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R-vector space of dimension n, thus Kg ~ R"™, but this is an isomorphism of R-vector spaces
and is not an R-algebra isomorphism unless s = 0.
We have a sequence of injective homomorphisms of topological rings

Ok — K — Kr — K, (3)
which are defined as follows:

e the map Ox — K is inclusion;
e the map K — Kr = K ®q R is the canonical embedding o — o ® 1;

e the map K ~ R" x C* — C" x C?* ~ K¢ embeds each factor of R” in a corresponding
factor of C” via inclusion and each C in C* is mapped to C x C in C?® via z + (z, 2).

To better understand the last map, note that each C in C? arises as Rla] = Rz]/(f) ~ C
for some monic irreducible f € R[z] of degree 2, but when we base-change to C the field
R[a] splits into the étale algebra Clz]/(z — a) x Cz]/(x — &) ~ C x C. The composition
K — Kr — K¢ is given by the map

x> (o1(x),...,0n(x)),

where Homg (K, C) = {o1,...,0,}. If we put K = Q(a) := Klz]/(f) and let a1,...,a, € C
be the roots of f in C, each o; is the Q-algebra homomorphism K — C defined by o +— a;.

If we fix a Z-basis for O, its image under the maps in (3) is a Q-basis for K, an R-basis
for Kg, and a C-basis for K¢, all of which are vector spaces of dimension n = [K : Q]. We
may thus view the injections in (3) as inclusions of topological groups (but not rings!)

7" — Q" — R"™ — C".

The ring of integers O is a lattice in the real vector space Kr ~ R", which inherits an
inner product from the canonical Hermitian inner product on K¢ ~ C" defined by

n

(2,2) == Zzﬂé eC.

=1

For elements x,y € K — Kr — K¢ the Hermitian inner product can be computed as

(wy)= Y,  olx)aly R, (4)

o€Homg(K,C)

which is a real number because the non-real embeddings in Homg(K, C) come in complex
conjugate pairs. The inner product defined in (4) agrees with the restriction of the Hermitian
inner product on Kgr < Kc¢. The metric space topology it induces on Ky is the same as
the Euclidean topology on Kg ~ R"™ induced by the usual dot product on R™, but the
corresponding norm ||z|| := (x, z) has a different normalization, as we now explain.

If we write elements z € K¢ ~ C" as vectors (z,) indexed by the set ¢ € Homg(K, C)
in some fixed order, we may identify Kr with its image in K¢ as the set

Kr ={z € K¢ : Z, = 25 for all ¢ € Homg(K,C)}.
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For real embeddings ¢ = & we have 2z, € R C C, and for pairs of conjugate complex
embeddings (0,5) we get the embedding z — (24, 25) = (24, 2,) of C into C x C used to
defined the map Kr — K¢ above. Each z € Kr can be uniquely written in the form

(wi,...,wp, T3 +iy1, T1 — Y1, .., Ts+1Ys, Ts— 1Ys), (5)

with w;, z;,y; € R. Each w; corresponds to a z, with o = &, and each (z; + iy;, z; — iy;)
corresponds to a complex conjugate pair (25, 25) with 0 # &. The canonical inner product
on Kg can then be written as

T S
(2,72)) = Z wiw; + 2 Z(x]x; + Y5;)-
i=1 =1

Thus if we take wy,...,w,,T1,91,...,%s,Yys as coordinates for K ~ R" (as R-vector
spaces), in order to normalize the Haar measure p on Kg so that it is consistent with the
Lebesgue measure pugn on R™ we define

() = 2°pgn (S) (6)

for any measurable set S C Kg that we may view as a subset of R” by expressing it in
w;, x4,y coordinates as above. With this normalization, the identity (1) still holds when
we replace ugrr with g and the dot product on R™ with the Hermitian inner product on Kg,
that is, for any R-basis ey, ..., e, of Kg we still have

u(F(er, ... en)) = /| det[(ei, ;)] (7)

Using the Hermitian inner product on Kg C K¢ rather than the dot product on K ~ R"
multiplies 2s of the columns in the matrix [(e;, e;)];; by 2, and thus multiplies the RHS by
V225 = 2%; our normalization of = 2°ug» multiplies the LHS by 2% so that (7) still holds.

Remark 14.15. In the function field case one replaces the separable closure C of R with a
separable closure F,(t)s of F,(#)s. The situation is slightly more complicated, since unlike
C/R, the extension F,(t)s’ /Fy(t)sc is not finite, but for any finite separable extension
K/F,(t) (a finite étale Fy(t)-algebra) one can base change K to F,(t)oo and Fy(t)oe’; these

play the role of K and Kc.

14.3 Covolumes of fractional ideals

Having fixed a normalized Haar measure p for Kg, we can now compute covolumes of lattices
in Kg ~ R™. This includes not only (the image of) the ring of integers O, but also any
nonzero fractional ideal I of Ok: every such I contains a nonzero principal fraction ideal
aOfg, and if ey, ..., e, is a Z-basis for Ok then aeq, ..., ae, is a Z-basis for aOg that is an
R-basis for Kg that lies in 1.

Recall from Remark 12.14 that the discriminant of a number field K is the integer

D = disc Ok = disc(ey, ..., e,) € Z.
Proposition 14.16. Let K be a number field. Using the normalized Haar measure on Kg

defined in (6),
covol(Ok) = /|Dk|.
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Proof. Let ey, ..., e, € Ok be a Z-basis for O, let Homg(K,C) = {01, ...,0,}, and define
A = [04(ej)]ij € C™™. Then Dy = disc(eq, ..., e,) = (det A)?, by Proposition 12.6
Viewing Ok < Kp as a lattice in Kg with basis ey, ..., e,, we may use (7) to compute

covol(Og) = p(F(e1,...,e,)) = +/|det[{e;, e;)]i;|. Applying (4) yields
det[(e;, e;)]i; = det [zk ak(ei)ak(ej)} |, = det(A'A) = (det A)(det 4).

Noting that det A is the square root of an integer (hence either real or purely imaginary),
we have covol(Og)? = |(det A)?| = | D/, and the proposition follows. O

Recall from Remark 6.13 that for number fields K we view the absolute norm
N: I@ K Iy
I— [OK 1 ]Z

as having image in Q¢ by identifying N(I) € Zz with a positive generator for N(I) (note
that Z is a PID). Recall that [Ok : I]z is a module index of Z-lattices in the Q-vector
space K (see Definitions 6.1 and 6.5), and for ideals I C O this is just the positive integer
[Ok Iz =[Ok :I]. When I = (a) is a principal fractional ideal with a € K, we may simply
write N(a) = N((a)) = [Ng/g(a)|.

Corollary 14.17. Let K be a number field and let I be a nonzero fractional ideal of Ok .

Then
covol(I) = N(I)+/|Dk]|

Proof. Let n = [K :Q]. Since covol(bl) = b" covol(I) and N(bI) = b"N(I) for any b € Z~,
without loss of generality we may assume I C Ok (replace I with a suitable bl if not).
Applying Propositions 14.11 and 14.16, we have

covol(I) =[Ok :I] covol(Ok) = N(I) covol(Ok) = N(I)+/|Dk]|

as claimed. 0

14.4 The Minkowski bound

Theorem 14.18 (MINKOWSKI BOUND). Let K be a number field of degree n with s complex
places. Define the Minkowski constant my for K as the positive real number

n! [(4\°
my = — <7r> VIDk].

n'ﬂ
For every nonzero fractional ideal I of Ok there is a nonzero a € I for which
N(a) < mgN(I).
To prove this theorem we need the following lemma.

Lemma 14.19. Let K be a number field of degree n with r real and s complex places. For
each t € Rsg, the measure of the convex symmetric set

Sy = {(zg) €EKR:)» |zl < t} C Kg

with respect to the normalized Haar measure i on Kg s
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Proof. As in (5), we may uniquely write each z = (2,) € Kg in the form
(w1, wey T Ay, X1 =YL -, Ts +1Ys, Ts — 1Ys)

with w;, z;,y; € R. We will have ) _ |z,| <t if and only if

T

> lwil + > 24/ Jagl? + [yi> < . (8)

i=1 j=1

We now compute the volume of this region in R™ by relating it to the volume of the simplex
Uy .= {(ul,...,un) ERL:up + - +uy gt} C R",

which is pgn (Ur) = t"/n! (volume of the standard simplex in R" scaled by a factor of t).

If we view all the w;, z;,y; as fixed except the last pair (x5, ys), then (x4, y,) ranges over
a disk of some radius d € [0,¢/2] determined by (8). If we replace (xs,ys) with (up—1,up)
ranging over the triangular region bounded by wu,_1 + u, < 2d and wu,_1,u, > 0, we need
to incorporate a factor of 7/2 to account for the difference between (2d)?/2 = 2d? and wd?;
repeat this s times. Similarly, if we hold everything but w, fixed and replace w, ranging
over [—d,d] for some d € [0,¢] with u, ranging over [0, d], we need to incorporate a factor
of 2 to account for this change of variable; repeat r times. We then have
tn

) 2TMRn(U) = QTWSH. ]

™

p(St) = 2o (S1) = 2 (5

Proof of Theorem 1/.18. Let I be a nonzero fractional ideal of Og. By Theorem 14.13, if we
choose t so that u(Sy) > 2" covol(I), then S; will contain a nonzero a € I. By Lemma 14.19
and Corollary 14.17, it suffices to choose t so that

<t>” _nuls) 2ty = (i) DrIN(I) = mgN(I).

n nn2 s nn2rms nn

Let us now pick ¢ so that (£)" > mgN(I). Then S, contains a € I with )" |o(a)| < t
Recalling that the geometric mean is bounded above by the arithmetic mean, we then have

Nia) = <N(a)1/n)n = (HV’(@)\IM) < (i2|0(a)|> < <;> ;
Taking the limit as (%)” — miN(I) from above yields N(a) < mgN(I). ]

14.5 Finiteness of the class group

Recall that the ideal class group cl Ok is the quotient of the ideal group Zx of Ok by its
subgroup of principal fractional ideals. We now use the Minkowski bound to prove that
every ideal class [I] € clOgk can be represented by an ideal I C Ok of small norm. It will
then follow that the ideal class group is finite.

Theorem 14.20. Let K be a number field. Every ideal class in cl Og contains an ideal
I C Ok of absolute norm N(I) < mg, where mg is the Minkowski constant for K.
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Proof. Let [J] be an ideal class of Ok represented by the nonzero fractional ideal J. By
Theorem 14.18, the fractional ideal J~! contains a nonzero element a for which

N(a) < mgN(J ') = mgN(J) ™,

and therefore N(aJ) = N(a)N(J) < mg. We have a € J~ !, thus aJ C J~'J = Ok, so
I = aJ is an Og-ideal in the ideal class [J] with N(I) < mg as desired. O

Lemma 14.21. Let K be a number field of degree n and let M € Rsq. The number of
Ofc-ideals of norm N(I) < M is bounded by (nM)°2M (and in particular, finite).

Proof. Let I be an ideal of absolute norm N(I) < M and let I = p; - - - py be its factorization
into (not necessarily distinct) prime ideals. We have N(p;) > 2 for each p; so k < log, M.

There are less than M primes p < M and at most n primes p of O above each p < M. It
follows that the there are less than (nM)182™ Op-ideals with norm N(I) < M. O

Corollary 14.22. Let K be a number field. The ideal class group of Ok is finite.

Proof. By Theorem 14.20, each ideal class is represented by an ideal of norm at most my,
and by Lemma 14.21, the number of such ideals is finite. O

More generally, we have the following result, which can be applied to the analog of the
ring of integers in any global field.

Theorem 14.23. Let A be the ring Z or Fy[t] and let B be the integral closure of A in a
finite separable extension of its fraction field. The ideal class group of B is finite.

Proof. See Problem Set 7. 0

Remark 14.24. The geometry of numbers is not a necessary ingredient to Corollary 14.22,
there are purely algebraic proofs that apply to any global field; see [9] for an example.

Remark 14.25. For imaginary quadratic fields K = Q(v/—d) it is known that the class
number hy = # cl Ok tends to infinity as d — oo ranges over square-free integers. This was
conjectured by Gauss in his Disquisitiones Arithmeticae [3| and proved by Heilbronn [5] in
1934; the first fully explicit lower bound was obtained by Oesterlé in 1988 [7]. This implies
that there are only a finite number of imaginary quadratic fields with any particular class
number. It was conjectured by Gauss that there are exactly 9 imaginary quadratic fields
with class number one, but this was not proved until the 20th century by Stark [10] and
Heegner [4].1 Complete lists of imaginary quadratic fields for each class number hx < 100
are now available [12]. By contrast, Gauss predicted that infinitely many real quadratic
fields should have class number 1, however this question remains completely open.?

Corollary 14.26. Let K be a number field of degree n with s complex places. Then

n"\?% /28 1 [(7me?\"
ot () 6" 4 (5
|K|_<n!> 4 >62n<4)

"Heegner’s 1952 result [4] was essentially correct but contained some gaps that prevented it from being
generally accepted until 1967 when Stark gave a complete proof in [10].

2In fact it is conjectured that hx = 1 for approximately 75.446% of real quadratic fields with prime
discriminant; this follows from the Cohen-Lenstra heuristics [2].
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Proof. If I is an ideal and a € I is nonzero, then N(a) > N(I), so Theorem 14.20 implies

n! /4\°
i = (W> JIDr] > 1,

nn

the first inequality follows. The second uses an explicit form of Stirling’s approximation,
n

n! < evn (—)
e

and the fact that 2s < n. ]

n
i

We note that me?/4 ~ 5.8 > 1, so the minimum value of |Dg/| increases exponentially
with n = [K : Q]. The lower bounds for n € [2,7] given by the corollary are listed below,
along with the least value of |Dy| that actually occurs. As can be seen in the table, |Dg]|
appears to grow much faster than the corollary suggests. Better lower bounds can be proved
using more advanced techniques, but a significant gap still remains.

n=2 n=3 n=4 n=5 n=6 n="7
lower bound from Corollary 14.26 3 13 44 259 986 6267
minimum value of |D| 3 23 275 4511 92799 2306599

Corollary 14.27. If K is a number field other than Q then |Dg| > 1; equivalently, there
are no nontrivial unramified extensions of Q.

Theorem 14.28. For every real M the set of number fields K with |Dg| < M is finite.

Proof. Tt follows from Corollary 14.26 that it suffices to prove this for fixed n = [K : Q],
since for all sufficiently large n we will have |Dg| > M for all number fields K of degree n.

Case 1: Let K be a totally real field (so every place v|oco is real) with |Dg| < M. Then
r=mnand s =0, so Kgp ~ R" x C* =R". Consider the convex symmetric set

S:={(x1,...,2,) € Kp ~R" : |21] < VM and |z;| <1 for i > 1}
with measure
w(S) =2V M2t = 2"V M > 2"/|Dg| = 2" covol(O).

By Theorem 14.13, the set S contains a nonzero a € O C K — Kr that we may write as
a=(a,...,an) = (o1(a),...,on(a)), where the o; are the n embeddings of K into C, all
of which are real embeddings. We have

N(a) = >1,

H oi(a)

since N(a) must be a positive integer, and |ag|,...,|an| <1, so |ai| > 1 > |a;| for all 7 # 1.
We claim that K = Q(a). If not, each a; = o;(a) would be repeated [K : Q(a)] > 1
times in the vector (ai,...,a,), since there must be [K : Q(a)] elements of Homg(XK, C)
that fix Q(a), namely, those lying in the kernel of the map Homg (K, C) — Homg(Q(a),C)
induced by restriction. But this is impossible since a; # ay for i # 1.
The minimal polynomial f € Z[z] of a is a monic irreducible polynomial of degree n. The
roots of f(x) in C are precisely the a; = 0;(a) € R, all of which are bounded by |a;| < v/ M.
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Each coefficient f; of f(z) is an elementary symmetric functions of its roots, hence also
bounded in absolute value (certainly |f;| < 2"M™/? for all i). The f; are integers, so there
are only finitely many possibilities for f(x), hence only finitely many totally real number
fields K of degree n.

Case 2: K has r real and s > 0 complex places, and Kgr ~ R" x C®. Now let

S = {(wi,...,wp, 21, ...y 25) € Kp:|21* < VM and |wil, |2 <1 (j > 1)}

with ¢ chosen so that u(S) > 2" covol(Ok) (the exact value of ¢ depends on s and n). The
argument now proceeds as in case 1: we get a nonzero a € O NS for which K = Q(a), and
only a finite number of possible minimal polynomials f € Z[z] for a. O

Lemma 14.29. Let K be a number field of degree n. For each prime number p we have
vp(Dk) < nllog,n| +n—1.
In particular, vy(Dg) < n|logyn| +n —1 for all p.

Proof. We have

vp(Dk) = vp(Ngo(Pkjq)) = Z fqvq(Dk o)
qlp

where D/ is the different ideal and f; is the residue degree of g|p. Using Theorem 12.27
to bound vq(Dg q) yields

vp(Dk) < qu(eq — 1+ vq(eq)) =n — qu + queqvp(eq) <n—1+nllog,n],

alp qlp qlp

where we have used —1 as an upper bound on — Zq‘p fq and [log, n] as an upper bound on
each vp(eq) (since eg < n), and the fact that 3, eqfq =n (by Theorem 5.35). O

Remark 14.30. The bound in Lemma 14.29 is tight; it is achieved by K = Q[x]/(2?" — p),
for example.

Theorem 14.31 (Hermite). Let S be a finite set of places of Q, and let n be an integer.
The number of extensions K/Q of degree n unramified outside of S is finite.

Proof. By Lemma 14.29, since n is fixed, the valuation v,(D) is bounded for each p € S
and must be zero for p ¢ S. Thus |Dg| is bounded, and the theorem then follows from
Proposition 14.28. O

Remark 14.32. In the function field analogs of Theorem 14.28 and Theorem 14.31 one
requires K to be a separable extension of F,(t) with constant field F, (so K NF, = F,).
This is not really a restriction in the sense that every global function field K contains a
subfield F,(t) for which this is true, but one needs to take ¢ = #(K NF,) and to choose ¢
to be a separating element (such a ¢ exists by [6, Thm. 7.20]). Unlike the number field
setting where the embedding of the rational numbers QQ in a number field K is unique, there
are many ways to embed the rational function field F,(¢) in a global function field K. The
notion of an absolute discriminant Dg doesn’t really make sense in this setting, one can
speak of the discriminant D, ;) only after fixing a suitable choice of F, (t). As you showed
on Problem Set 6, the valuation of the discriminant of an extension of global function fields
is not bounded as a function of the degree, in general, and this means that the function field
analog of Lemma 14.29 only holds when we use the discriminant of a separable extension.
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Lecture #15 11/1/2021

15 Dirichlet’s unit theorem

Let K be a number field. The two main theorems of classical algebraic number theory are:

e The class group cl Ok is finite.

e The unit group O is finitely generated.

We proved the first result in the previous lecture; in this lecture we will prove the second,
which is due to Dirichlet. Dirichlet (1805-1859) died five years before Minkowski (1864
1909) was born, so he did not have Minkowski’s lattice point theorem (Theorem 14.13) to
work with. But we do, and this simplifies the proof considerably.

15.1 The group of Arakelov divisors of a global field

Let K be a global field. As in previous lectures, we use Mg to denote the set of places
(equivalence classes of absolute values) of K. For each place v € M we use K, to denote
the completion of K with respect to v (a local field), and we have a normalized absolute
value || ||y: Ky — R>q defined by

lall, = H5)
CTou(S)

where p is a Haar measure on K, and S is any measurable set of positive finite measure.
This definition does not depend on the particular choice of p or S; it is determined by the
topology of K, which is an invariant of the place v (see Definition 13.17).

When K, is nonarchimedean its topology is induced by a discrete valuation that we also
denote v, and we use k, to denote the residue field (the quotient of the valuation ring by its
maximal ideal), which is a finite field (see Proposition 9.6). In Lecture 13 we showed that

2|, = (#kv)—”(l’) if v is nonarchimedean,
zllo = 4 |z[r it Ky ~R,
|x‘(% if Kv ~ C.

While || ||, is not always an absolute value (when K, ~ C it does not satisfy the triangle
inequality), it is always multiplicative and defines a continuous homomorphism K — Rio
of locally compact groups that is surjective precisely when v is archimedean.

Definition 15.1. Let K be a global field. A (multiplicative) Arakelov divisor is a sequence
of positive real numbers ¢ = (¢,) indexed by v € My with all but finitely many ¢, = 1
and ¢, € |KY|| = {||z]l, : * € K}.} The set of Arakelov divisors Div K forms an abelian
group under pointwise multiplication (¢,)(dy) := (cydy). The multiplicative group K* is
canonically embedded in Div K via the map = +— (||z||,), where it forms the subgroup
Princ K of principal Arakelov divisors.

Remark 15.2. Many authors define Div K as an additive group by taking logarithms (for
nonarchimedean places v, one replaces ¢, = (#k,)~"(© with the integer v(c)), as in [5] for
example. The multiplicative convention we use here is due to Weil [6] and is better suited
for our application to the multiplicative group 0.2

"When v is archimedean we have || K || = Rso and this constraint is automatically satisfied.
2Weil calls them K-divisors [6, p.422|, while Lang uses Mx-divisors [2, Ch.2 §5]. Neukirch works with
additive Arakelov divisors that he also calls replete divisors |3, II1.1.8].
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Definition 15.3. Let K be a global field. The size of an Arakelov divisor ¢ is

lell = T ev € Roo.

vEMK

The map Div K — RZ, defined by ¢ — ||c|| is a group homomorphism whose kernel contains
Princ K (by the product formula, Theorem 13.21). Corresponding to each Arakelov divisor ¢
is a subset L(c) of K defined by

L(c) ={x € K:||z|, < ¢, forall v € Mg}.

and a nonzero fractional ideal of Ok defined by

Ic = H qg(c)7

vfoo

where q, = {a € Ok : v(a) > 0} is the prime ideal corresponding to the discrete valuation v
that induces || ||, and v(c) == —loguy, (cy) € Z (so v(z) = v(c) if and only if [|z[|, = c,).
We have L(c) C I. C K, and the map ¢ +— I, defines a group homomorphism Div K — Z.
Observe that to specify an Arakelov divisor c it suffices to specify the fractional ideal I, and
the real numbers ¢, > 0 for v|oo (a finite set).

Remark 15.4. The quotient of Div K by the subgroup Princ K is denoted Pic K. The
homomorphism Div K — T sends principal Arakelov divisors to principal fractional ideals,
thus the ideal class group cl Ok is a quotient of Pic K. We have a commutative diagram

DivK —— Ik

l |

Pic K —— clOk.

The Arakelov divisors of size 1 form a subgroup of Div K denoted Div? K that contains
Princ K and surjects onto Z via the map Div K — Zx (we are free to choose any I. € Tx
because we can always choose the ¢, at infinite places to ensure ||c|| = 1). The quotient
of DivY K by Princ K is the Arakelov class group Pic® K, which also admits the ideal class
group cl Ok as a quotient.? As we will shall see, Pic? K is a compact topological group that
is finite when K is a global function field. See [5] for more background on Arakelov class
groups and how to compute them.

Remark 15.5. The set L(c) associated to an Arakelov divisor ¢ is directly analogous to the
Riemann-Roch space

L(D):={f € k(X) : vp(f) > —np for all closed points P € X},

associated to a divisor D € Div X of a smooth projective curve X/k, which is a k-vector
space of finite dimension. Recall that a divisor is a formal sum D = ) npP over the closed
points (Gal(k/k)-orbits) of the curve X with np € Z and all but finitely many np zero.

If k£ is a finite field then K = k(X) is a global field and there is a one-to-one correspon-
dence between closed points of X and places of K, and a normalized absolute value || ||p for

3Neukirch uses CH'(Ok)° to denote the (additive) Arakelov class group |3, IT1.1.10].
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each closed point P (indeed, one can take this as a definition). The constraint vp(f) > —np
is equivalent to || f||p < (#kp)"P, where kp is the residue field corresponding to P. If we put
cp = (#kp)™ then ¢ = (cp) is an Arakelov divisor with L(c) = L(D). The Riemann-Roch
space L(D) is finite (since k is finite), and we will prove below that L(c) is also finite (but
note that when K is a number field the finite set L(c) is not a vector space).

In §6.3 we described the divisor group Div X as the additive analog of the ideal group
of the ring of integers A = Ok, equivalently, the coordinate ring A = k[X], of the global
function field K = k(X). When X is a smooth projective curve this is not a perfect analogy
because divisors in Div X may include terms corresponding to “points at infinity” which do
not correspond to a fractional ideal of A. The group of Arakelov divisors Div K takes these
infinite places into account and is a better analog of Div X than Zx when X is a smooth
projective curve over a finite field and K is its function field.

We now specialize to the case where K is a number field. Recall that the absolute norm
N(I) of a fractional ideal of Of is the unique ¢t € Q¢ for which Ny, /7(I) = (t). We have

N(Ze) = [T N(qo)" = TT(#ko)" = [T e

vfoo vfoo vfoo

and therefore
lell = N(I) ™ [ ] evs (1)
v]oo
We also define
R. ={x € Kg : |z|, < ¢, for all v|oco},

which we note is a compact, convex, symmetric subset of the real vector space
Kgr =K ®yR~R" xC?

where r is the number of real places of K, and s is the number of complex places. If we
view I, and L(c) as subsets of Kg via the canonical embedding K — Kp, then

L(c)=I1.NR..

Example 15.6. Let K = Q(7). The ideal (2 + ) lying above 5 is prime and corresponds to
a finite place vy, and there is a unique infinite place ve|oo which is complex. Let ¢,, = 1/5,
let ¢, = 10, and set ¢, = 1 for all other v € M. We then have I. = (2 + ¢) and the image
of L(c) = {x € (2+1) : |z|ooc < 10} under the canonical embedding K < Kr ~ C is the
set of lattice points in the image of the ideal I. that lie within the circle R, C K ~ C of
radius v/10. Note that || ||,, = | |% is the square of the usual absolute value on C, which is
why the circle has radius v/10 rather than 10.
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The set L(c) is clearly finite; it contains exactly 9 points.
Lemma 15.7. Let ¢ be an Arakelov divisor of a global field K. The set L(c) is finite.

Proof. We assume K is a number field; see Problem Set 7 for the function field case. The
fractional ideal I, is a lattice in Kg (under the canonical embedding K < Kp), and is thus
a closed discrete subset of Kg (recall from Remark 14.5 that lattices are closed). In Kg
we may view L(c) = I. N R, as the intersection of a discrete closed set with a compact set,
which is a compact discrete set and therefore finite. O

Corollary 15.8. Let K be a global field, and let pux denote the torsion subgroup of K*
(equivalently, the roots of unity in K ). The group ug is finite and equal to the kernel of the
map K* — Div K defined by x — (||z||,); it is also the torsion subgroup of Oj.

Proof. Each ( € ug satisfies ("™ = 1 for some positive integer n. For every place v € Mg we
have [|[¢"|l, = ||¢]|} = 1, and therefore |||, = 1. It follows that pux C ker(K* — Div K).
Let ¢ be the Arakelov divisor with ¢, = 1 for all v € M. Then ker(K* — DivK) C L(c)
is a finite subgroup of K* and is therefore contained in the torsion subgroup pug. Every
element of px is an algebraic integer (in fact a root of 2™ — 1), so pux C Of. O

It follows from Corollary 15.8 that for any global field K we have the following exact
sequence of abelian groups

1— pg — K* — DivK — Picg — 1.

Proposition 15.9. Let K be a number field with s complex places, define

By = (i)s VIDkl.

If ¢ is an Arakelov divisor of size ||c| > By then L(c) contains an element of K*.
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Proof. Our strategy is to apply Minkowski’s lattice point theorem (see Theorem 14.13) to
the convex symmetric set R. and the lattice I, € K C Kp; we just need to show that
if ||c]| > Bk then the ratio of the Haar measure of R. to the covolume of I, exceeds 2",
where n = r 4 2s is the degree of K (which is the real dimension of Kg). As defined in
§14.2, we normalize the Haar measure p on the locally compact group Kg ~ R” x C* ~ R"
so that u(S) = 2°ugn(S) for measurable S C Kg. For each real place v, the constraint
|z|ls = |z|r < ¢, contributes a factor of 2¢, to pu(R.), and for each complex place v the
constraint ||z, = |z|% < ¢, contributes a factor of mc, (the area of a circle of radius /cy).
We may then compute

w(Re) 2°ugn (Re) 2 (Hv real 2%) <Hv complex 77011)

covol(I.)  covol(l.) covol(I,)

2"(2m)*® c 2" (27)®
_ 2D e er _ 2 (2m) Jeff = lellgn - on
VIDKIN(L)  VIDx] T Br

where we have used Corollary 14.17 and (1) in the second line. Theorem 14.13 implies that
L(c¢) = R.N I, contains a nonzero element (which lies in K* C Kp, since [ C K C Kg). O

Remark 15.10. The bound in Proposition 15.9 can be turned into an asymptotic, that is,
for c € Div K, as ||c|| — oo we have

[ 27(27)°
#L(c) = (\/W +0(1)) el (2)

This can be viewed as a multiplicative analog of the Riemann-Roch theorem for function
fields, which states that for divisors D = > npP, as deg D := > ,np — oo we have

dimL(D) =1—g+degD. (3)

The nonnegative integer g is the genus, an important invariant of a function field that is
often defined by (3); one could similarly use (2) to define the nonnegative integer |Dy|.
For all sufficiently large ||c|| the o(1) error term will be small enough so that (2) uniquely
determines |Dg|. Conversely, with a bit more work one can adapt the proofs of Lemma 15.7
and Proposition 15.9 to give a proof of the Riemann-Roch theorem for global function fields.

15.2 The unit group of a number field

Let K be a number field with ring of integers O . The multiplicative group O is the unit
group of Ok, and may also be called the unit group of K. Of course the unit group of the
ring K is K*, but this is typically referred to as the multiplicative group of K.

As a ring, the finite étale R-algebra Kg = K ®g R also has a unit group, and we have
an isomorphism of topological groups®

Kp~][ES~ J] ¢ [ ©=@®") x(C*).

v]oo real v|oo  complex v|oco

“The additive group of Kg is isomorphic to R™ as a topological group (and R-vector space), a fact we
have used in our study of lattices in Kr. But as topological rings Kr ~ R" x C* 2 R"™ unless s = 0.
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Writing elements of K as vectors = (x,) indexed by the infinite places v of K, we now
define a surjective homomorphism of locally compact groups
Log: Ky — R™*
(0) > (1og [ ).

It is surjective and continuous because each of the maps x, — log ||z ||, is, and it is a group
homomorphism because

Log(zy) = (log [[zvyo o) = (10g [[2y[lv +10g [|yu[lo) = (log [z ]|) + (log [[yul») = Log  + Log y;

here we have used the fact that the normalized absolute value || ||, is multiplicative.

Recall from Corollary 13.7 that there is a one-to-one correspondence between the infinite
places of K and the Gal(C/R)-orbits of Homg(K,C). For each v|oo let us now pick a
representative o, of its corresponding Gal(C/R)-orbit in Homg(K, C); for real places v
there is a unique choice for o,, while for complex places there are two choices, o, and its
complex conjugate 7,. Regardless of our choices, we then have

]y = low ()| R if v]oo is real
! low(z)ay(z)|r  if v|oo is complex.

The absolute norm N: K* — QX extends naturally to a continuous homomorphism of
locally compact groups

N: KX = R%,
() — H [

v]oo

which is compatible with the canonical embedding K* < K} . Indeed, we have

[[o@)] =11zl

R  wvloo

N(z) = [Ngg(z)| =

We thus have a commutative diagram

Lo
KX e Ky —2% R

JN iN lT
Q% —— RY, —% 5 R,

where T: R""* — R is defined by T(z) = >, z;. We may view Log as a map from K* to
R™** via the embedding K* — Ky, and similarly view N as a map from K* to RZ,,.
We can succinctly summarize the commutativity of the above diagram by the identity

T(Logx) = log N(x),

which holds for all € K, and all # € K. The norm of a unit in Og must be a unit in
Z, hence have absolute value 1. Thus O} lies in the kernel of the map = — logN(z) and
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therefore also in the kernel of the map x — T(Logz). It follows that Log(Oj ) is a subgroup
of the trace zero hyperplane

RIS = {z € R : T(z) = 0},

which we note is both a subgroup of R"*¢, and an R-vector subspace of dimension r + s — 1.
The proof of Dirichlet’s unit theorem amounts to showing that Log(O5) is a lattice in Rj™.

Proposition 15.11. Let K be a number field with v real and s complex places, and let Ak
be the image of the unit group Oy in R{"® under the Log map. The following hold:

(1) We have a split exact sequence of finitely generated abelian groups
1—>uK—>(’)§LﬂAK—>O;

(2) Ak is a lattice in the trace zero hyperplane Ry*®.

Here px is not a Haar measure, it denotes the group of roots of unity in K, all of which
are clearly torsion elements of O, and any torsion element of O is clearly a root of unity.

Proof. (1) We first show exactness. Let Z be the kernel of O Log Ag. Clearly ux C Z,
since A C R6+s is torsion free. Let ¢ be the Arakelov divisor with I, = O and ¢, = 2 for
v|oo, so that

L(c) ={x € Ok : ||z||, < 2 for all v|oo}.

For z € O} we have
x € L(c) <= Log(r) € Log R. = {z € R""* : z; < log 2}.

The set on the RHS includes the zero vector, thus Z C L(c), which by Lemma 15.7 is a
finite set. As a finite subgroup of O}, we must have Z C ug, so Z = pug and the sequence
is exact (the map from O to Ak is surjective by the definition of Ag).

We now show the sequence splits. Note that Ax N Log(R.) = Log (O} N L(c)) is finite,
since L(c) is finite. It follows that 0 is an isolated point of Ax in R™", and in Ry, so Ax
is a discrete subgroup of R6+S ~ R™*~1 and must be finitely generated, by Lemma 14.3.
It follows that Oy is finitely generated, since it lies in a short exact sequence whose left
and right terms are finitely generated (recall that ux is finite, by Corollary 15.8). By the
structure theorem for finitely generated abelian groups, the sequence must split, since px
is the torsion subgroup of 0.

(2) Having proved (1) it remains only to show that Ax spans Rj™*. Let V be the subspace
of R6+s spanned by Ax and suppose for the sake of contradiction that dimV < dim RS“.
The orthogonal subspace V= then contains a unit vector u, and for every A € Rsq the open
ball B.)(Au) does not intersect Ag. Thus R{™ contains points arbitrarily far away from
every point in Ag (with respect to any norm on Rj;*® C R"*¢). To obtain a contradiction
it is enough to show that there is a constant M € R such that for every h € RS“ there
is an ¢ € Ag for which ||h — ¢|| :== max; |h; — ¢;| < M (here we are using || || to denote the
sup norm on the R-vector space R"*%).

Let us fix a real number B > By, where By is as in Proposition 15.9, so that for every
¢ € Div K with ||c|| > B the set L(c) contains a nonzero element, and fix a vector b € R"**
with nonnegative components b; such that T(b) = >, b; = log B. Let (a1),. .., (cuy) be the
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list of all nonzero principal ideals with N(«;) < B (by Lemma 14.21 this is a finite list). Let
M be twice the maximum of (r + s)B and max; || Log(a;)]|.

Now let h € ]R(T]J“s, and define ¢ € Div K by I. := O and ¢, := exp(h; + b;) for v|oo,
where i is the coordinate in R corresponding to v under the Log map. We have

llell = HCU = exp(Z(hi+bi)> =expT(h+0b) = exp(T(h)+T(b)) =expT(b) = B > By,

thus L(c) contains a nonzero v € I.NK = Ok, and g = Log(v) satisfies g; < log ¢, = h;+b;.
We also have T(g) = T(Log~y) = log N(y) > 0, since N(v) > 1 for all nonzero v € Ok. The
vector w := g—h € R satisfies Y, w; = T(v) = T(g9) — T(h) = T(g9) > 0 and w; < b; < B
which together imply |w;| < (r + s)B, so ||g — h|| = [[w|| < M/2. We also have

logN(7) = T(Log(x)) < T(h +b) = T(b) = log B,
so N(v) < B and () = («;) for one of the a; fixed above. Thus v/a; € OF is a unit, and
¢ = Log(v/a;) = Log(7y) — Log(ay) € Ag

satisfies ||g — ¢|| = || Log(e;)|| < M/2. We then have
Ih =€) < A — gl + llg — ) < M
as desired (by the triangle inequality for the sup-norm). O

Dirichlet’s unit theorem follows immediately from Proposition 15.11.

Theorem 15.12 (DIRICHLET’S UNIT THEOREM). Let K be a number field with r real and s
complex places. Then OF% ~ py x Z'5~1 is a finitely generated abelian group.

Proof. The image of the torsion-free part of the unit group Oy under the Log map is the
lattice A in the trace-zero hyperplane Rj™, which has dimension r + s — 1. O

We can restate this theorem in a more general form so that it applies to all global fields.
As usual, when we consider global function fields we view them as extensions of Fy(t), with ¢
chosen so that K NF, = F,; and ¢ chosen so that K/F,(t) is separable.

Theorem 15.13 (UNIT THEOREM FOR GLOBAL FIELDS). Let K/F be a finite separable
extension, with F' = Q or F =T4(t), let S C Mg be the set of places of K lying above the
unique infinite place of F, and define Oy = {x € K* : v(z) = 0 for allv € Mg — S}.
Then OF ~ pg X Z#5=1 is q finitely generated abelian group.

Proof. For F = Q we have #S = r + s and this is Dirichlet’s unit theorem; for F' = Fy(t),
see [4, Prop. 14.1]. O

Remark 15.14. We should be careful how we interpret 15.13 in the case F' = F,(t). By
applying an automorphism of Fy(t) (replace t by t —a for some a € Fy, say) we can move any
degree-one place to infinity. This will change the group O and may change the number of
places of K above our new point at infinity. In contrast to the number field setting (where
the place of Q at infinity is invariant because it is the only archimedean place) the ring O
and the set S are not intrinsic to K in the function field setting; they depend on the choice
of the separating element ¢ used to construct the separable extension K /F,(t).
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Example 15.15. Let K = Q(v/d) be a quadratic field with d # 1 squarefree. If d < 0 then
r =0 and s = 1, in which case the unit group O has rank 0 and Oy = pg is finite.

If d > 0 then K = Q(v/d) C R is a real quadratic field with » = 2 and s = 0, and the
unit group O has rank 1. The only torsion elements of O C R are £1, thus

O ={%e" :n e Z},

for some € € Oy of infinite order. We may assume € > 1: if € < 0 then replace € by —¢, and
if € < 1 then replace € by ¢! (we cannot have € = 1 € ug).
The assumption € > 1 uniquely determines €. This follows from the fact that for e > 1
we have |€"| > |e| for all n > 1 and |¢"] < 1 for all n < 0.
This unique € is the fundamental unit of Ok (and of K). To explicitly determine ¢, let
D =discOk (so D =d if d =1 mod 4 and D = 4d otherwise). Every element of O can
be uniquely written as
T+ y\/ﬁ
Yy
where z and Dy are integers of the same parity. In the case of a unit we must have
N( %) = =41, equivalently,
22 — Dy?* = +4. (4)

Conversely, any solution (x,y) € Z? to the above equation has z and Dy with the same
parity and corresponds to an element of Oy. The constraint € = %ﬁ > 1 forces x,y > 0.

This follows from the fact that e~! = % < 1,50 -2 < z —yvVD < 2, and adding and
subtracting = + yv/D > 2 shows z > 0 and y > 0 (respectively).

Thus we need only consider positive integer solutions (z,y) to (4). Among such solutions,
T+ yl\/ﬁ < x9+ y2\/5 implies £1 < x2, so the solution that minimizes x will give us the
fundamental unit e.

Equation (4) is a (generalized) Pell equation. Solving the Pell equation is a well-studied
problem and there are a number of algorithms for doing so. The most well known uses
continued fractions and is explored on Problem Set 7; this is not the most efficient method,
but it is dramatically faster than an exhaustive search; see [1] for a comprehensive survey. A
remarkable feature of this problem is that even when D is quite small, the smallest solution
to (4) may be very large. For example, when D = d = 889 the fundamental unit is

_26463949435607314430 + 887572376826907008/ 839
= 5 .

€

15.3 The regulator of a number field

Let K be a number field with r real places and s complex places, and let R6+s be the
trace-zero hyperplane in R™*. Choose any coordinate projection 7: R™* — R™+~1 and
use the induced isomorphism R{"® = R™~1 to endow R6+8 with a Euclidean measure.
By Proposition 15.11, the image Ag of the unit group O is a lattice in RSJrs, and we can
measure its covolume using the Euclidean measure on R6+S.

Definition 15.16. The regulator of a number field K is

Rk := covol(m(Log(0F))) € Rxo,
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where m: R™* — R™™~1 is any coordinate projection; the value of Rx does not depend
on the choice of 7, since we use m to normalize the Haar measure on R6+s ~ Rrts—L o If
€1,...,€+s—1 1s a fundamental system of units (a Z-basis for the free part of (9[?), then Ry
can be computed as the absolute value of the determinant of any (r +s—1) x (r+s—1)
minor of the (r +s) x (r + s — 1) matrix whose columns are the vectors Log(e;) € R"5.

Example 15.17. If K is a real quadratic field with absolute discriminant D and funda-

mental unit ¢ = ‘Tﬂé\/ﬁ, then r + s = 2 and the product of the two real embeddings
o1(€),02(€) € R is N(e) = £1. Thus log |o2(€)| = —log |o1(€)| and

Log(e) = (log|o1(€)], log |o2(€)[) = (log o1 (€)], — log o1 (€)]).

The 1 x 1 minors of the 2 x 1 transpose of Log(e) have determinant + log |o(€)|; the absolute
value of the determinant is the same in both cases, and since we have require the fundamental
unit to satisfy € > 1 (which forces a choice of embedding), the regulator of K is simply
Ry =loge.

References

[1] Michael J. Jacobson and Hugh C. Williams, Solving the Pell equation, Springer, 2009.

[2] Serge Lang, Fundamentals of diophantine geometry, Springer, 1983.

[3] Jirgen Neukirch, Algebraic number theory, Springer, 1999.

[4] Michael Rosen, Number theory in function fields, Springer, 2002.

[5] René Schoof, Computing Arakelov class groups, in Algorithmic Number Theory: lattices,
number fields, curves, and cryptography. MSRI Publications 44 (2008), 447-495.

[6] André Weil, Arithmetic on algebraic varieties, Annals of Mathematics (2) 53 (1951),
412-444.

18.785 Fall 2021, Lecture #15, Page 10


http://link.springer.com/book/10.1007/978-0-387-84923-2
https://link.springer.com/book/10.1007/978-1-4757-1810-2
https://link.springer.com/book/10.1007/978-3-662-03983-0
https://link.springer.com/book/10.1007/978-1-4757-6046-0
http://www.math.leidenuniv.nl/~psh/ANTproc/14schoof.pdf
https://doi.org/10.2307/1969564

18.785 Number theory I Fall 2021
Lecture #16 11/3/2021

16 Riemann’s zeta function and the prime number theorem

We now divert our attention from algebraic number theory to talk about zeta functions and
L-functions. As we shall see, every global field has a zeta function that is intimately related
to the distribution of its primes. We begin with the zeta function of the rational field Q,
which we will use to prove the prime number theorem.

We will need some basic results from complex analysis, all of which can be found in any
introductory textbook (such as [1, 2, 3, 7, 12]). A short glossary of terms and a list of the
basic theorems we will use can be found at the end of these notes.

16.1 The Riemann zeta function
Definition 16.1. The Riemann zeta function is the complex function defined by the series
((s):=> n"",
n>1

for Re(s) > 1, where n varies over positive integers. It is easy to verify that this series
converges absolutely and locally uniformly on Re(s) > 1 (use the integral test on an open
ball strictly to the right of the line Re(s) = 1). By Theorem 16.17, it defines a holomorphic

function on Re(s) > 1, since each term n~* = ¢~*1°8™ is holomorphic.

Theorem 16.2 (EULER PRODUCT). For Re(s) > 1 we have
)= n=T[a -,
n>1 p
where the product converges absolutely. In particular, ((s) # 0 for Re(s) > 1.

The product in the theorem above ranges over primes p. This is a standard practice in
analytic number theory that we will follow: the symbol p always denotes a prime, and any
sum or product over p is understood to be over primes, even if this is not explicitly stated.

Proof. We have

Zn—s _ ZHp—vp(n)s _ Hzp—es _ H(l _p—s)—l‘

n>1 n>1 p p e>0 P

To justify the second equality, consider the partial zeta function (,(s), which restricts the
summation in ((s) to the set Sy, of m-smooth integers (those with no prime factors p > m).

If p1,...,pr are the primes up to m, absolute convergence implies
Gnls)i= Dm0t = 30 )= [T Y= [la-r
nESm e1,...,e >0 1<i<k €;>0 p<m

For any 6 > 0 the sequence of functions (,,(s) converges uniformly on Re(s) > 1+ to ((s);
indeed, for any € > 0 and any such s we have

Gn(s) = ¢S <D n7® <> =D n el < /m a0 dx < %m*‘s <e,

n>m n>m n>m

!Those familiar with this material should still glance at §16.3.2 which touches on some convergence issues
that are particularly relevant to number theoretic applications.
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for all sufficiently large m. It follows that the sequence (,,(s) converges locally uniformly to
((s) on Re(s) > 1. The sequence of functions Pp(s) := [[,<,,(1 — p~*)~! clearly converges
locally uniformly to [J(1 — p~%)~! on any region in which the latter function is absolutely
convergent (or even just convergent). For any s in Re(s) > 1 we have

> llog(1—p~*)7!| —Z > Lpes <ZZ\p_S!6—Z (Ip°| =17 < o0,

e>1 p e>1

where we have used the identity log(1 —2) = =3 5, 72 Lo valid for |z| < 1. It follows that
[1,(1- p~%)~! is absolutely convergent (and in particular, nonzero) on Re(s) > 1. O

Theorem 16.3 (ANALYTIC CONTINUATION I). For Re(s) > 1 we have

1
S_

C(s) = = +9(s),

where ¢(s) is a holomorphic function on Re(s) > 0. Thus ((s) extends to a meromorphic
function on Re(s) > 0 that has a simple pole at s = 1 with residue 1 and no other poles.

Proof. For Re(s) > 1 we have

= Zn —~ / dr =) <n—5 —~ /nni}g—sclx) = T; /:H(n—s —27%) da.

n>1

C(s) =

For each n > 1 the function ¢,(s) := f:+1(n_s — 27 *)dz is holomorphic on Re(s) > 0. For

each fixed s in Re(s) > 0 and = € [n,n + 1] we have

Tt < [ B g [Tl gy
. s =/ ’ts—H‘ - n t14Re(s) " — pl4+Re(s)’

e 5]
|¢n(8)|§/n n™ - \dl“ﬁm-

For any so with Re(sp) > 0, if we put € := Re(sg)/2 and U := B.(sg), then for each n > 1,

=0 =

and therefore

|so| +€
§ggw¢n<s>\s e = Ma

and ) M, = (|so|+€)((1+¢€) converges. The series ) ¢, thus converges locally normally
on Re(s) > 0. By the Weierstrass M-test (Theorem 16.19), > ¢, converges to a function
¢(s) = ((s) — =25 that is holomorphic on Re(s) > 0. O

We now show that ((s) has no zeros on Re(s) = 1; this fact is crucial to the prime
number theorem. For this we use the following ingenious lemma, attributed to Mertens.?

Lemma 16.4 (Mertens). For z,y € R with x > 1 we have |{(z)3¢(x + iy)*C(x + 2iy)| > 1.

2If this lemma strikes you as pulling a rabbit out of a hat, well, it is. For a slight variation, see [15, TV],
which uses an alternative approach due to Hadamard.
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Proof. From the Euler product ((s) = [],(1 — p~*)~!, we see that for Re(s) > 1 we have

log |¢(s) Zlog|1— —ZRelog(l— ZZRe
P

p n>1

—TLS

since log |z| = Relog z and log(1—2) = =3~ % for |z| < 1. Plugging in s = = + iy yields

cos nylogp
log [¢(z +iy)| =Y > ———=,

p n>1

7“8)

since Re(p = p " Re(e™"™198P) = p="% cos(—nylog p) = p~™* cos(nylog p). Thus

3+ 4cos(nylo + cos(2ny lo
$+2zy’_zz Yy gp) ( Y gp)

log |¢(2)*¢(w + iy)*¢ o

p n>1
We now note that the trigonometric identity cos(20) = 2 cos? § — 1 implies

3+ 4cosf + cos(20) = 2(1 + cos )% > 0.
Taking 6 = nylog p yields log | (x)3¢(z + iy)*¢(z + 2iy)| > 0, which proves the lemma. [
Corollary 16.5. ((s) has no zeros on Re(s) > 1.

Proof. We know from Theorem 16.2 that ((s) has no zeros on Re(s) > 1, so suppose (1 +
iy) = 0 for some y € R. Then y # 0, since ((s) has a pole at s = 1, and we know that {(s)
does not have a pole at 1 4 2iy # 1, by Theorem 16.3. We therefore must have

lim [¢ ()¢ (x + iy) ¢ (« + 2iy)| = 0, (1)

since ((s) has a simple pole at s = 1, a zero at 1 + iy, and no pole at 1 + 2iy. But this
contradicts Lemma 16.4. ]

16.2 The Prime Number Theorem
The prime counting function 7: R — Zx is defined by
S
p<z
it counts the number of primes up to z. The prime number theorem (PNT) states that

m(x) ~

X

logx”

The notation f(z) ~ g(z) means lim, ,~ f(z)/g(x) = 1; one says that f is asymptotic to g.
This conjectured growth rate for 7(z) dates back to Gauss and Legendre in the late 18th
century. In fact Gauss believed the asymptotically equivalent but more accurate statement?

rodt

m(x) ~ Li(x) := | Togt’

3More accurate in the sense that |7(x) — Li(z)| grows more slowly than |m(z) — 2| as  — oo.

log x
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However it was not until a century later that the prime number theorem was independently
proved by Hadamard [5] and de la Vallée Poussin [9] in 1896. Their proofs are both based
on the work of Riemann [10], who in 1860 showed that there is a precise connection between
the zeros of ((s) and the distribution of primes (we shall say more about this later), but was
unable to prove the prime number theorem.

The proof we will give is more recent and due to Newman [8], but it relies on the
same properties of the Riemann zeta function that were exploited by both Hadamard and
de la Vallée, the most essential of which is the fact that {(s) has no zeros on Re(s) > 1
(Corollary 16.5). A concise version of Newman'’s proof by Zagier can be found in [15]; we will
follow Zagier’s outline but be slightly more expansive in our presentation. We should note
that there are also “elementary" proofs of the prime number theorem independently obtained
by Erdés [4] and Selberg [11] in the 1940s that do not use the Riemann zeta function, but
they are elementary only in the sense that they do not use complex analysis; the details of
these proofs are considerably more complicated than the one we will give.

Rather than work directly with 7 (z), it is more convenient to work with the log-weighted
prime-counting function defined by Chebyshev*

9(x) =Y logp,

p<w

whose growth rate differs from that of 7w(x) by a logarithmic factor.

Theorem 16.6 (Chebyshev). 7(x) L if and only if ¥(z) ~ x.

~ logx

Proof. We clearly have 0 < ¢(z) < m(z)logx, thus

I(x) <

m(x)log x

For every € € (0,1) we have

dz) > Y logp > (1-e)(logz)(m(z) - m(z' ™))

rl-e<p<z

> (1 - e)(logz)(m(z) — z'7°),

() < ( ! ) Az) | gi-e,

1—¢/ logx

and therefore

Thus for all € € (0,1) we have

¥(z) _ m(z)loga _ ( 1 > i) | loga

1—c¢ T x€

X x

The second term on the RHS tends to 0 as x — oo, and the lemma follows: by choosing €
sufficiently small we can make the ratios of ¥(x) to z and 7(z) to z/logx arbitrarily close
together as £ — 00, so if one of them tends to 1, so must the other. O

4 As with most Russian names, there is no canonical way to write Chebyshev in the latin alphabet and one
finds many variations in the literature; in English, the spelling used here appears to be the most common.
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In view of Chebyshev’s result, the prime number theorem is equivalent to ¥(z) ~ x.
We thus want to prove limg o ¥(z)/z = 1; let us first show that lim, o ¥(x)/z bounded,
which is indicated by the asymptotic notation ¥(x) = O(x).?

Lemma 16.7 (Chebyshev). For z > 1 we have ¥(z) < (4log2)x, thus ¥(z) = O(x).
Proof. For any integer n > 1, the binomial theorem implies
22 — (14 1) = i <2n> > <2n> _ @ty I » = exp(¥(2n) — 9(n))
L= \m/) " \n nln! _n<p§2n ’

since (2n)! is divisible by every prime p € (n,2n] but n! is not divisible by any such p.
Taking logarithms on both sides yields

Y(2n) — I (n) < 2nlog?2,

valid for all integers n > 1. For any integer m > 1 we have

m m

9(2™) = Z(ﬁ@”) - 19(2"—1)) < 3 2"l0g2 < 27 log2.

n=1 n=1

For any real > 1 we can choose an integer m > 1 so that 2m—1 < 2 < 2™ and then
Iz) < 9(2™) < 2™ og2 = (41og2)2™ ! < (4log2)z,

as claimed. O

In order to prove ¥(z) ~ x, we will use a general analytic criterion applicable to any
non-decreasing real function f(z).

Lemma 16.8. Let f: R>1 — R be a nondecreasing function. If the integral floo f(?{tdt
converges then f(x) ~ x.

Proof. Let F(z) := [/ %dt. The hypothesis is that lim;_, F'(z) exists. This implies
that for all A > 1 and all € > 0 we have |F(Ax) — F(z)| < e for all sufficiently large .
Fix A > 1 and suppose there is an unbounded sequence (z,,) such that f(z,) > Az, for

all n > 1. For each x,, we have

F(\zy) — F(a,) = SO =ty Atn =t [TA
2 2 2
x T 1

n n

for some ¢ > 0, where we used the fact that f is non-decreasing to get the middle inequality.
Taking € < ¢, we have |F(A\x,) — F(x,)| = ¢ > € for arbitrarily large x,, a contradiction.
Thus f(x) < Az for all sufficiently large x. A similar argument shows that f(z) > %:p
for all sufficiently large x. These inequalities hold for all A > 1, so lim,_,~ f(z)/2x = 1.
Equivalently, f(z) ~ x. O

®The equality sign in the big-O notation f(z) = O(g(x)) is a standard abuse of notation; it simply means
limsup,_, . |f(z)|/|g(x)| < co (and nothing more). In more complicated equalities a big-O expression should
be interpreted as a set of functions, one of which makes the equality true, for example, > -, % =logn+0O(1).
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In order to show that the hypothesis of Lemma 16.8 is satisfied for f = ¢, we will work
with the function H(t) = 9(e!)e™" — 1; the change of variables ¢t = ¢ shows that

CY(t) —t o
2 dt converges — H(u)du converges .
1 0

We now recall the Laplace transform.

Definition 16.9. Let h: R-y — R be a piecewise continuous function. The Laplace trans-
form Lh of h is the complex function defined by

Ch(s) = /0 T esth(tyt,

which is holomorphic on Re(s) > ¢ for any ¢ € R for which h(t) = O(e%).
The following properties of the Laplace transform are easily verified.

e L(g+ h) = Lg+ Lh, and for any a € R we have L(ah) = aLlh.
o If h(t) = a € R is constant then Lh(s) = %.
o L(e"n(t))(s) =L(h)(s —a) for all a € R.

We now define the auxiliary function

o(s):=Y p *logp,
p

which is related to ¥(z) by the following lemma.
Lemma 16.10. L(9(e'))(s) = @ is holomorphic on Re(s) > 1.

Proof. By Lemma 16.7, 9(e*) = O(e?), so L(d(e")) is holomorphic on Re(s) > 1. Let p, be
the nth prime, and put py := 0. The function J(e!) is constant on t € (log pp,log pni1), SO

1ogpn+1_ . . 10gpn+1_ " 1 _ s
/1 e S '19(6 )dt — ﬁ(pn)/l e § dt = gﬁ(pn) (pns - pn+1>.

0g Pn 0g Pn
We then have

(@)= [ ot = 3o pi" - i)
n=1
= é Z ﬁ(pn)pgs — % Z ﬂ(pnfl)pgs
n=1 n=1
=3~ (900) — 9 1) )i
n=1

e _ P(s

:75 anIOanZ () O
S S
n=1

Let us now consider the function H(t) := J(e')e™" — 1. It follows from the lemma and
standard properties of the Laplace transform that on Re(s) > 0 we have

LH(s) = LO()e)(s) — (£1)(s) = L@ (s +1) — - = T D L
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Lemma 16.11. The function ®(s) — ﬁ extends to a meromorphic function on Re(s) >
that is holomorphic on Re(s) > 1.

N[

Proof. By Theorem 16.3, ((s) extends to a meromorphic function on Re(s) > 0, which we
also denote ((s), that has only a simple pole at s = 1 and no zeros on Re(s) > 1, by
Corollary 16.5. It follows that the logarithmic derivative ¢’(s)/¢(s) of {(s) is meromorphic
on Re(s) > 0, with no zeros on Re(s) > 1 and only a simple pole at s = 1 with residue —1
(see §16.3.1 for standard facts about the logarithmic derivative of a meromorphic function).
In terms of the Euler product, for Re(s) > 1 we have®

—g(f; — (~log((s))' = (— log [ 1 —p—s>—l> - (Z log(1 —p—8>>
_ p_*logp _ logp 1 1 o
_zp: —p zp:ps—l Z<p5+p5(p5—1)>lgp

lo

The sum on the RHS converges absolutely and locally uniformly to a holomorphic function

on Re(s) > 1/2. The LHS is meromorphic on Re(s) > 0, and on Re(s) > 1 it has only a

simple pole at s = 1 with residue 1. It follows that ®(s) — i extends to a meromorphic

function on Re(s) > 3 that is holomorphic on Re(s) > 1. O

Corollary 16.12. The functions ®(s + 1) — 1 and (LH)(s) = % — 1 both extend to

meromorphic functions on Re(s) > —% that are holomorphic on Re(s) > 0.

Proof. The first statement follows immediately from the lemma. For the second, note that

N I

s+ 1 s s+1

is meromorphic on Re(s) > —2 and holomorphic on Re(s) > 0, since it is a sum of products
of such functions. O

The final step of the proof relies on the following analytic result due to Newman |[8].

Theorem 16.13. Let f: R>o — R be a bounded piecewise continuous function, and suppose

its Laplace transform extends to a holomorphic function g(s) on Re(s) > 0. Then the integral
[e.9] .

Jo© f@)dt converges and is equal to g(0).

Proof. Without loss of generality we assume f(t) < 1 for all ¢t > 0. For 7 € Ry, define
g-(s) = [y f(t)e~*'dt, By definition [;* f(t)dt = lim, s g-(0), thus it suffices to prove
lim_g,(0) = 9(0).

T—00

For r > 0, let v, be the boundary of the region {s : |s| < r and Re(s) > —0,} with
6r > 0 chosen so that g is holomorphic on ~,; such a d, exists because g is holomorphic
on Re(s) > 0, hence on some open ball B<ys,(iy) for each y € [—r, 7], and we may take

6 As is standard when computing logarithmic derivatives, we are taking the principal branch of the complex
logarithm and can safely ignore the negative real axis where it is not defined since we are assuming Re(s) > 1.
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0 = inf{é(y) : y € [r,—r]}, which is positive because [—r,r| is compact. Each =, is a
simple closed curve, and for each 7 > 0 the function h(s) = (g(s) — g-(s))e* (1 + f—;) is
holomorphic on a region containing ,. Using Cauchy’s integral formula (Theorem 16.26)
to evaluate h(0) yields

0= -0 = h0) = 57 [ (o) =0r)e (5 + 5 ) . ®

2mi r2

We will show the LHS tends to 0 as 7 — oo by showing that for any € > 0 we can set
r = 3/e > 0 so that the absolute value of the RHS is less than e for all sufficiently large 7.

Let ;7 denote the part of 7, in Re(s) > 0, a semicircle of radius r. The integrand is
absolutely bounded by 1/r on ", since for |s| = r and Re(s) > 0 we have

o 1 s B o) L eRe(s)T r s
e <S+7”2>’_ /F f(t)e dt‘ ‘ +*‘

r s o
< /ooe— Re(s)t gy R 2Re(s)
- r r
e~ Re(s)T  oRe(s)r 9 Re(s)
Re(s) r  r

= 2/r2.

o / . (9(5) = g:(s)) e (1 + ) ds

Now let ,~ be the part of 4, in Re(s) < 0, a truncated semi-circle. For any fixed r, the
first term g(s)e*7(s™! + sr72) in the integrand of (2) tends to 0 as 7 — oo for Re(s) < 0
and |s| < r. For the second term we note that since g-(s) is holomorphic on C, it makes no
difference if we instead integrate over the semicircle of radius r in Re(s) < 0. For |s| =7
and Re(s) < 0 we then have

o (1 2)]-

l9(s) — 9:(s)|

Therefore

1 1
i 3
- 27 ™ rZ (3)

A, e~ Re(®)T\ ¢Re(s)T (_2 Re(s))
- Re(s) r r

=2/r%. (1 — BB Re(s)),
where the factor (1 — e®¢()” Re(s)) on the RHS tends to 1 as 7 — oo since Re(s) < 0. We

thus obtain the bound 1/r + o(1) when we replace ~," with ~,~ in (3), and the RHS of (2)
is bounded by 2/r 4 o(1) as 7 — oo. It follows that for any € > 0, for » = 3/e > 0 we have

19(0) — g-(0)] < 3/r =¢

for all sufficiently large 7. Therefore lim;_,~ g-(0) = g(0) as desired. O
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Remark 16.14. Theorem 16.13 is an example of what is known as a Tauberian theorem.
For a piecewise continuous function f: R>o — R, its Laplace transform

oo
Lf(s):= / e St f(t)dt,
0

is typically not defined on Re(s) < ¢, where c is the least ¢ for which f(t) = O(e"). Now
it may happen that the function £f has an analytic continuation to a larger domain; for
example, if f(t) = €’ then (Lf)(s) = -1 extends to a holomorphic function on C—{1}. But
plugging values of s with Re(s) < ¢ into the integral usually does not work; in our f(¢) = e
example, the integral diverges on Re(s) < 1. The theorem says that when Lf extends to a
holomorphic function on the entire half-plane Re(s) > 0, its value at s = 0 is exactly what
we would get by simply plugging 0 into the integral defining Lf.

More generally, Tauberian theorems refer to results related to transforms f — 7(f) that
allow us to deduce properties of f (such as the convergence of fooo f(t)dt) from properties
of T(f) (such as analytic continuation to Re(s) > 0). The term “Tauberian" was coined by
Hardy and Littlewood and refers to Alfred Tauber, who proved a theorem of this type as a
partial converse to a theorem of Abel.

Theorem 16.15 (PRIME NUMBER THEOREM). 7(x) ~ =

logz*

Proof. H(t) = 9(e')e™t — 1 is piecewise continuous and bounded, by Lemma 16.7, and its
Laplace transform extends to a holomorphic function on Re(s) > 0, by Corollary 16.12.
Theorem 16.13 then implies that the integral

/OOO H(t)dt = /OOO (ﬁ(et)e_t - 1) dt

converges. Replacing ¢ with log x, we see that

/100 <19(:U)i—1>cif:/looﬁ<322_xdx

converges. Lemma 16.8 implies J(x) ~ x, equivalently, () ~ 2, by Theorem 16.6. [

One disadvantage of our proof is that it does not give us an error term. Using more
sophisticated methods, Korobov 6] and Vinogradov [14] independently obtained the bound

m(z) = Li(z) + O (exp ((log §)3/5+0(1))> ’

in which we note that the error term is bounded by O(z/(logx)™) for all n but not by

O(x'7¢) for any € > 0. Assuming the Riemann Hypothesis, which states that the zeros of

¢(s) in the critical strip 0 < Re(s) < 1 all lie on the line Re(s) = 3, one can prove

7(z) = Li(z) + O(z'/2Fo0),

More generally, if we knew that ((s) has no zeros in the critical strip with real part greater
than ¢, for some ¢ > 1/2 strictly less than 1, we could prove m(x) = Li(x) + O(z¢t°(1).

There thus remains a large gap between what we can prove about the distribution of
prime numbers and what we believe to be true. Remarkably, other than refinements to the
o(1) term appearing in the Korobov-Vinogradov bound, essentially no progress has been
made on this problem in the last 60 years.
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16.3 A quick recap of some basic complex analysis

The complex numbers C are a topological field under the distance metric d(z,y) = |z — y|
induced by the standard absolute value |z| := /2%, which is also a norm on C as an R-
vector space; all references to the topology on C (open, compact, convergence, limits, etc.)
are made with this understanding.

16.3.1 Glossary of terms and standard theorems

Let f and g denote complex functions defined on an open subset of C.

f(Z)=f(z0)
0

pom exists.

o fis differentiable at zp if lim,_,,,

e f is holomorphic at zg if it is differentiable on an open neighborhood of zp.

f is analytic at zg if there is an open neighborhood of zg in which f can be defined by
a power series f(z) =, an(z — 20)"; equivalently, f is infinitely differentiable and
has a convergent Taylor series on an open neighborhood of zj.

e Theorem: f is holomorphic at zg if and only if it is analytic at z.

e Theorem: If C is a connected set containing a nonempty open set U and f and g are
holomorphic on C with fiy = gy, then fic = g|c-

e With U and C as above, if f is holomorphic on U and g is holomorphic on C with
fiu = gju, then g is the (unique) analytic continuation of f to C and f extends to g.

e If f is holomorphic on a punctured open neighborhood of zp and |f(2)| — oo as z — 2
then zg is a pole of f; note that the set of poles of f is necessarily a discrete set.

e f is meromorphic at zg if it is holomorphic at zy or has zy as a pole.

e Theorem: If f is meromorphic at zy then it can be defined by a Laurent series
f(2) = 5n, @n(2 — 20)" that converges on an open punctured neighborhood of 2.

e The order of vanishing ord,,(f) of a nonzero function f that is meromorphic at zg is
the least index n of the nonzero coefficients a,, in its Laurent series expansion at z.
Thus zp is a pole of f iff ord,,(f) < 0 and zp is a zero of f iff ord,,(f) > 0.

o If ord,,(f) =1 then zy is a simple zero of f, and if ord,,(f) = —1 it is a simple pole.

e The residue res,,(f) of a function f meromorphic at zg is the coefficient a_; in its
Laurent series expansion f(2) = -, an(z — 20)" at 20.

e Theorem: If z is a simple pole of f then res,,(f) = lim,_,,,(z — 20) f(2).

e Theorem: If f is meromorphic on a set S then so is its logarithmic derivative f'/f,
and f’/f has only simple poles in S and res,,(f'/f) = ord,,(f) for all zp € S. In
particular the poles of f’/f are precisely the zeros and poles of f.

16.3.2 Convergence

Recall that a series > 7 | a,, of complex numbers converges absolutely if the series >, |an| of
nonnegative real numbers converges. An equivalent definition is that the function a(n) := a,
is integrable with respect to the counting measure p on the set of positive integers N. Indeed,
if the series is absolutely convergent then

i = [t

18.785 Fall 2021, Lecture #16, Page 10



and if the series is not absolutely convergent, the integral is not defined. Absolute conver-
gence is effectively built-in to the definition of the Lebesgue integral, which requires that
in order for the function a(n) = z(n) 4 iy(n) to be integrable, the positive real functions
|z(n)| and |y(n)| must both be integrable (summable), and separately computes sums of the
positive and negative subsequences of (z(n)) and (y(n)) as suprema over finite subsets.

The measure-theoretic perspective has some distinct advantages. It makes it immediately
clear that we may replace the index set N with any set of the same cardinality, since the
counting measure depends only on the cardinality of N, not its ordering. We are thus free to
sum over any countable index set, including Z, QQ, any finite product of countable sets, and
any countable coproduct of countable sets (such as countable direct sums of Z); such sums
are ubiquitous in number theory and many cannot be meaningfully interpreted as limits of
partial sums in the usual sense, since this assumes that the index set is well ordered (not
the case with Q, for example). The measure-theoretic view makes also makes it clear that
we may convert any absolutely convergent sume of the form )y, into an iterated sum
Y. x 2y (or vice versa), via Fubini’s theorem.

We say that an infinite product [], a, of nonzero complex numbers is absolutely con-
vergent when the sum Y, logay, is, in which case [], a, := exp(}, logay).” This implies
that an absolutely convergent product cannot converge to zero, and the sequence (a,) must
converge to 1 (no matter how we order the a,). All of our remarks above about absolutely
convergent series apply to absolutely convergent products as well.

A series or product of complex functions f,,(z) is absolutely convergent on S if the series
or product of complex numbers f,(zg) is absolutely convergent for all zy € S.

Definition 16.16. A sequence of complex functions (f,,) converges uniformly on S if there is
a function f such that for every e > 0 there is an integer N for which sup,cg |fn(2)—f(2)] < €
for all n > N. The sequence (fy,) converges locally uniformly on S if every zp € S has an
open neighborhood U for which (f,,) converges uniformly on UNS. When applied to a series
of functions these terms refer to the sequence of partial sums.

Because C is locally compact, locally uniform convergence is the same thing as compact
convergence: a sequence of functions converges locally uniformly on S if and only if it
converges uniformly on every compact subset of S.

Theorem 16.17. A sequence or series of holomorphic functions f, that converges locally
uniformly on an open set U converges to a holomorphic function f on U, and the sequence
or series of derivatives f] then converges locally uniformly to f' (and if none of the f, has
a zero in U and f # 0, then f has no zeros in U ).

Proof. See |3, Thm.II1.1.3] and |3, Thm. II1.7.2]. O

Definition 16.18. A series of complex functions ) fn(z) converges normally on a set S
if > 1 fnll = D2, sup.eg | fn(2)| converges. The series ) fn(z) converges locally normally
on S if every zp € S has an open neighborhood U on which ) f,(z) converges normally.

Theorem 16.19 (WEIERSTRASS M-TEST). Ewvery locally normally convergent series of
functions converges absolutely and locally uniformly. Moreover, a series ), fn of holomor-
phic functions on S that converges locally normally converges to a holomorphic function f
on S, and then )", f;, converges locally normally to f'.

In this definition we use the principal branch of log z := log |z| 4 4 Arg z with Argz € (—m, ).
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Proof. See |3, Thm.II1.1.6]. O

Remark 16.20. To show a series ) f,, is locally normally convergent on a set S amounts
to proving that for every zg € S there is an open neighborhood U of zg and a sequence of
real numbers (M) such that |f,(z)] < M, for z € UNS and ), M, < oo, whence the
term “M-test".

16.3.3 Contour integration

We shall restrict our attention to integrals along contours defined by piecewise-smooth pa-
rameterized curves; this covers all the cases we shall need.

Definition 16.21. A parameterized curve is a continuous function v: [a,b] — C whose
domain is a compact interval [a,b] C R. We say that v is smooth if it has a continuous
nonzero derivative on [a,b], and piecewise-smooth if [a,b] can be partitioned into finitely
many subintervals on which the restriction of + is smooth. We say that v is closed if
~v(a) = v(b), and simple if it is injective on [a,b) and (a, b]. Henceforth we will use the term
curve to refer to any piecewise-smooth parameterized curve ~y, or to its oriented image of in
the complex plane (directed from 7(a) to v(b)), which we may also denote ~.

Definition 16.22. Let f: Q2 — C be a continuous function and let v be a curve in 2. We
define the contour integral

b
z)dz == '(t)dt,
L £(2) / ) (1)t

whenever the integral on the RHS (which is defined as a Riemann sum in the usual way)
converges. Whether fﬁ/ f(2)dz converges, and if so, to what value, does not depend on the
parameterization of ~: if 4" is another parameterized curve with the same (oriented) image

as v, then [, f(2)dz = [ f(2)dz.
We have the following analog of the fundamental theorem of calculus.

Theorem 16.23. Let v: [a,b] — C be a curve in an open set Q and let f: Q@ — C be a
holomorphic function Then

Proof. See |2, Prop.4.12]. O

Recall that the Jordan curve theorem implies that every simple closed curve 7 parti-
tions C into two components, one of which we may unambiguously designate as the interior
(the one on the left as we travel along our oriented curve). We say that v is contained in an
open set U if both v and its interior lie in U. The interior of v is a simply connected set, and
if an open set U contains v then it contains a simply connected open set that contains ~.

Theorem 16.24 (CAUCHY’S THEOREM). Let U be an open set containing a simple closed
curve . For any function f that is holomorphic on U we have

[yf(z)dz = 0.
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Proof. See |2, Thm. 8.6] (we can restrict U to a simply connected set). O
Cauchy’s theorem generalizes to meromorphic functions.

Theorem 16.25 (CAUCHY RESIDUE FORMULA). Let U be an open set containing a simple
closed curve . Let f be a function that is meromorphic on U, let z1, ..., z, be the poles of
f that lie in the interior of v, and suppose that no pole of f lies on v. Then

/f(z)dz = 27T2'Zreszi(f).
v i=1

Proof. See |2, Thm. 10.5] (we can restrict U to a simply connected set). O

To see where the 27i comes from, consider f,y df with y(t) = €' for t € [0,27]. In general one
weights residues by a corresponding winding number, but the winding number of a simple
closed curve about a point in its interior is always 1.

Theorem 16.26 (CAUCHY’S INTEGRAL FORMULA). Let U be an open set containing a
simple closed curve . For any function f holomorphic on U and a in the interior of v,

a) = L 1(z) dz.
s =g |

21 zZ—a

Proof. Apply Cauchy’s residue formula to g(z) = f(z)/(z — a); the only poles of g in the
interior of 7 are a simple pole at z = a with res,(g) = f(a). O

Cauchy’s residue formula can also be used to recover the coefficients f(™ (a)/n! appearing
in the Laurent series expansion of a meromorphic function at a (apply it to f(2)/(z—a)"*1).
One of many useful consequences of this is Liouville’s theorem, which can be proved by
showing that the Laurent series expansion of a bounded holomorphic function on C about
any point has only one nonzero coefficient (the constant coefficient).

Theorem 16.27 (LIOUVILLE’'S THEOREM). Bounded entire functions are constant.
Proof. See |2, Thm. 5.10]. O
We also have the following converse of Cauchy’s theorem.

Theorem 16.28 (MORERA’S THEOREM). Let f be a continuous function and on an open
set U, and suppose that for every simple closed curve v contained in U we have

/vf(z)dz _o.

Then f is holomorphic on U.
Proof. See |3, Thm.I1.3.5]. m
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16 Riemann’s zeta function and the prime number theorem

We now divert our attention from algebraic number theory to talk about zeta functions and
L-functions. As we shall see, every global field has a zeta function that is intimately related
to the distribution of its primes. We begin with the zeta function of the rational field Q,
which we will use to prove the prime number theorem.

We will need some basic results from complex analysis, all of which can be found in any
introductory textbook (such as [1, 2, 3, 7, 12]). A short glossary of terms and a list of the
basic theorems we will use can be found at the end of these notes.

16.1 The Riemann zeta function
Definition 16.1. The Riemann zeta function is the complex function defined by the series
((s):=> n"",
n>1

for Re(s) > 1, where n varies over positive integers. It is easy to verify that this series
converges absolutely and locally uniformly on Re(s) > 1 (use the integral test on an open
ball strictly to the right of the line Re(s) = 1). By Theorem 16.17, it defines a holomorphic

function on Re(s) > 1, since each term n~* = ¢~*1°8™ is holomorphic.

Theorem 16.2 (EULER PRODUCT). For Re(s) > 1 we have
)= n=T[a -,
n>1 p
where the product converges absolutely. In particular, ((s) # 0 for Re(s) > 1.

The product in the theorem above ranges over primes p. This is a standard practice in
analytic number theory that we will follow: the symbol p always denotes a prime, and any
sum or product over p is understood to be over primes, even if this is not explicitly stated.

Proof. We have

Zn—s _ ZHp—vp(n)s _ Hzp—es _ H(l _p—s)—l‘

n>1 n>1 p p e>0 P

To justify the second equality, consider the partial zeta function (,(s), which restricts the
summation in ((s) to the set Sy, of m-smooth integers (those with no prime factors p > m).

If p1,...,pr are the primes up to m, absolute convergence implies
Gnls)i= Dm0t = 30 )= [T Y= [la-r
nESm e1,...,e >0 1<i<k €;>0 p<m

For any 6 > 0 the sequence of functions (,,(s) converges uniformly on Re(s) > 1+ to ((s);
indeed, for any € > 0 and any such s we have

Gn(s) = ¢S <D n7® <> =D n el < /m a0 dx < %m*‘s <e,

n>m n>m n>m

!Those familiar with this material should still glance at §16.3.2 which touches on some convergence issues
that are particularly relevant to number theoretic applications.
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for all sufficiently large m. It follows that the sequence (,,(s) converges locally uniformly to
((s) on Re(s) > 1. The sequence of functions Pp(s) := [[,<,,(1 — p~*)~! clearly converges
locally uniformly to [J(1 — p~%)~! on any region in which the latter function is absolutely
convergent (or even just convergent). For any s in Re(s) > 1 we have

> llog(1—p~*)7!| —Z > Lpes <ZZ\p_S!6—Z (Ip°| =17 < o0,

e>1 p e>1

where we have used the identity log(1 —2) = =3 5, 72 Lo valid for |z| < 1. It follows that
[1,(1- p~%)~! is absolutely convergent (and in particular, nonzero) on Re(s) > 1. O

Theorem 16.3 (ANALYTIC CONTINUATION I). For Re(s) > 1 we have

1
S_

C(s) = = +9(s),

where ¢(s) is a holomorphic function on Re(s) > 0. Thus ((s) extends to a meromorphic
function on Re(s) > 0 that has a simple pole at s = 1 with residue 1 and no other poles.

Proof. For Re(s) > 1 we have

= Zn —~ / dr =) <n—5 —~ /nni}g—sclx) = T; /:H(n—s —27%) da.

n>1

C(s) =

For each n > 1 the function ¢,(s) := f:+1(n_s — 27 *)dz is holomorphic on Re(s) > 0. For

each fixed s in Re(s) > 0 and = € [n,n + 1] we have

Tt < [ B g [Tl gy
. s =/ ’ts—H‘ - n t14Re(s) " — pl4+Re(s)’

e 5]
|¢n(8)|§/n n™ - \dl“ﬁm-

For any so with Re(sp) > 0, if we put € := Re(sg)/2 and U := B.(sg), then for each n > 1,

=0 =

and therefore

|so| +€
§ggw¢n<s>\s e = Ma

and ) M, = (|so|+€)((1+¢€) converges. The series ) ¢, thus converges locally normally
on Re(s) > 0. By the Weierstrass M-test (Theorem 16.19), > ¢, converges to a function
¢(s) = ((s) — =25 that is holomorphic on Re(s) > 0. O

We now show that ((s) has no zeros on Re(s) = 1; this fact is crucial to the prime
number theorem. For this we use the following ingenious lemma, attributed to Mertens.?

Lemma 16.4 (Mertens). For z,y € R with x > 1 we have |{(z)3¢(x + iy)*C(x + 2iy)| > 1.

2If this lemma strikes you as pulling a rabbit out of a hat, well, it is. For a slight variation, see [15, TV],
which uses an alternative approach due to Hadamard.

18.785 Fall 2021, Lecture #16, Page 2



Proof. From the Euler product ((s) = [],(1 — p~*)~!, we see that for Re(s) > 1 we have

log |¢(s) Zlog|1— —ZRelog(l— ZZRe
P

p n>1

—TLS

since log |z| = Relog z and log(1—2) = =3~ % for |z| < 1. Plugging in s = = + iy yields

cos nylogp
log [¢(z +iy)| =Y > ———=,

p n>1

7“8)

since Re(p = p " Re(e™"™198P) = p="% cos(—nylog p) = p~™* cos(nylog p). Thus

3+ 4cos(nylo + cos(2ny lo
$+2zy’_zz Yy gp) ( Y gp)

log |¢(2)*¢(w + iy)*¢ o

p n>1
We now note that the trigonometric identity cos(20) = 2 cos? § — 1 implies

3+ 4cosf + cos(20) = 2(1 + cos )% > 0.
Taking 6 = nylog p yields log | (x)3¢(z + iy)*¢(z + 2iy)| > 0, which proves the lemma. [
Corollary 16.5. ((s) has no zeros on Re(s) > 1.

Proof. We know from Theorem 16.2 that ((s) has no zeros on Re(s) > 1, so suppose (1 +
iy) = 0 for some y € R. Then y # 0, since ((s) has a pole at s = 1, and we know that {(s)
does not have a pole at 1 4 2iy # 1, by Theorem 16.3. We therefore must have

lim [¢ ()¢ (x + iy) ¢ (« + 2iy)| = 0, (1)

since ((s) has a simple pole at s = 1, a zero at 1 + iy, and no pole at 1 + 2iy. But this
contradicts Lemma 16.4. ]

16.2 The Prime Number Theorem
The prime counting function 7: R — Zx is defined by
S
p<z
it counts the number of primes up to z. The prime number theorem (PNT) states that

m(x) ~

X

logx”

The notation f(z) ~ g(z) means lim, ,~ f(z)/g(x) = 1; one says that f is asymptotic to g.
This conjectured growth rate for 7(z) dates back to Gauss and Legendre in the late 18th
century. In fact Gauss believed the asymptotically equivalent but more accurate statement?

rodt

m(x) ~ Li(x) := | Togt’

3More accurate in the sense that |7(x) — Li(z)| grows more slowly than |m(z) — 2| as  — oo.

log x
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However it was not until a century later that the prime number theorem was independently
proved by Hadamard [5] and de la Vallée Poussin [9] in 1896. Their proofs are both based
on the work of Riemann [10], who in 1860 showed that there is a precise connection between
the zeros of ((s) and the distribution of primes (we shall say more about this later), but was
unable to prove the prime number theorem.

The proof we will give is more recent and due to Newman [8], but it relies on the
same properties of the Riemann zeta function that were exploited by both Hadamard and
de la Vallée, the most essential of which is the fact that {(s) has no zeros on Re(s) > 1
(Corollary 16.5). A concise version of Newman'’s proof by Zagier can be found in [15]; we will
follow Zagier’s outline but be slightly more expansive in our presentation. We should note
that there are also “elementary" proofs of the prime number theorem independently obtained
by Erdés [4] and Selberg [11] in the 1940s that do not use the Riemann zeta function, but
they are elementary only in the sense that they do not use complex analysis; the details of
these proofs are considerably more complicated than the one we will give.

Rather than work directly with 7 (z), it is more convenient to work with the log-weighted
prime-counting function defined by Chebyshev*

9(x) =Y logp,

p<w

whose growth rate differs from that of 7w(x) by a logarithmic factor.

Theorem 16.6 (Chebyshev). 7(x) L if and only if ¥(z) ~ x.

~ logx

Proof. We clearly have 0 < ¢(z) < m(z)logx, thus

I(x) <

m(x)log x

For every € € (0,1) we have

dz) > Y logp > (1-e)(logz)(m(z) - m(z' ™))

rl-e<p<z

> (1 - e)(logz)(m(z) — z'7°),

() < ( ! ) Az) | gi-e,

1—¢/ logx

and therefore

Thus for all € € (0,1) we have

¥(z) _ m(z)loga _ ( 1 > i) | loga

1—c¢ T x€

X x

The second term on the RHS tends to 0 as x — oo, and the lemma follows: by choosing €
sufficiently small we can make the ratios of ¥(x) to z and 7(z) to z/logx arbitrarily close
together as £ — 00, so if one of them tends to 1, so must the other. O

4 As with most Russian names, there is no canonical way to write Chebyshev in the latin alphabet and one
finds many variations in the literature; in English, the spelling used here appears to be the most common.
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In view of Chebyshev’s result, the prime number theorem is equivalent to ¥(z) ~ x.
We thus want to prove limg o ¥(z)/z = 1; let us first show that lim, o ¥(x)/z bounded,
which is indicated by the asymptotic notation ¥(x) = O(x).?

Lemma 16.7 (Chebyshev). For z > 1 we have ¥(z) < (4log2)x, thus ¥(z) = O(x).
Proof. For any integer n > 1, the binomial theorem implies
22 — (14 1) = i <2n> > <2n> _ @ty I » = exp(¥(2n) — 9(n))
L= \m/) " \n nln! _n<p§2n ’

since (2n)! is divisible by every prime p € (n,2n] but n! is not divisible by any such p.
Taking logarithms on both sides yields

Y(2n) — I (n) < 2nlog?2,

valid for all integers n > 1. For any integer m > 1 we have

m m

9(2™) = Z(ﬁ@”) - 19(2"—1)) < 3 2"l0g2 < 27 log2.

n=1 n=1

For any real > 1 we can choose an integer m > 1 so that 2m—1 < 2 < 2™ and then
Iz) < 9(2™) < 2™ og2 = (41og2)2™ ! < (4log2)z,

as claimed. O

In order to prove ¥(z) ~ x, we will use a general analytic criterion applicable to any
non-decreasing real function f(z).

Lemma 16.8. Let f: R>1 — R be a nondecreasing function. If the integral floo f(?{tdt
converges then f(x) ~ x.

Proof. Let F(z) := [/ %dt. The hypothesis is that lim;_, F'(z) exists. This implies
that for all A > 1 and all € > 0 we have |F(Ax) — F(z)| < e for all sufficiently large .
Fix A > 1 and suppose there is an unbounded sequence (z,,) such that f(z,) > Az, for

all n > 1. For each x,, we have

F(\zy) — F(a,) = SO =ty Atn =t [TA
2 2 2
x T 1

n n

for some ¢ > 0, where we used the fact that f is non-decreasing to get the middle inequality.
Taking € < ¢, we have |F(A\x,) — F(x,)| = ¢ > € for arbitrarily large x,, a contradiction.
Thus f(x) < Az for all sufficiently large x. A similar argument shows that f(z) > %:p
for all sufficiently large x. These inequalities hold for all A > 1, so lim,_,~ f(z)/2x = 1.
Equivalently, f(z) ~ x. O

®The equality sign in the big-O notation f(z) = O(g(x)) is a standard abuse of notation; it simply means
limsup,_, . |f(z)|/|g(x)| < co (and nothing more). In more complicated equalities a big-O expression should
be interpreted as a set of functions, one of which makes the equality true, for example, > -, % =logn+0O(1).
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In order to show that the hypothesis of Lemma 16.8 is satisfied for f = ¢, we will work
with the function H(t) = 9(e!)e™" — 1; the change of variables ¢t = ¢ shows that

CY(t) —t o
2 dt converges — H(u)du converges .
1 0

We now recall the Laplace transform.

Definition 16.9. Let h: R-y — R be a piecewise continuous function. The Laplace trans-
form Lh of h is the complex function defined by

Ch(s) = /0 T esth(tyt,

which is holomorphic on Re(s) > ¢ for any ¢ € R for which h(t) = O(e%).
The following properties of the Laplace transform are easily verified.

e L(g+ h) = Lg+ Lh, and for any a € R we have L(ah) = aLlh.
o If h(t) = a € R is constant then Lh(s) = %.
o L(e"n(t))(s) =L(h)(s —a) for all a € R.

We now define the auxiliary function

o(s):=Y p *logp,
p

which is related to ¥(z) by the following lemma.
Lemma 16.10. L(9(e'))(s) = @ is holomorphic on Re(s) > 1.

Proof. By Lemma 16.7, 9(e*) = O(e?), so L(d(e")) is holomorphic on Re(s) > 1. Let p, be
the nth prime, and put py := 0. The function J(e!) is constant on t € (log pp,log pni1), SO

1ogpn+1_ . . 10gpn+1_ " 1 _ s
/1 e S '19(6 )dt — ﬁ(pn)/l e § dt = gﬁ(pn) (pns - pn+1>.

0g Pn 0g Pn
We then have

(@)= [ ot = 3o pi" - i)
n=1
= é Z ﬁ(pn)pgs — % Z ﬂ(pnfl)pgs
n=1 n=1
=3~ (900) — 9 1) )i
n=1

e _ P(s

:75 anIOanZ () O
S S
n=1

Let us now consider the function H(t) := J(e')e™" — 1. It follows from the lemma and
standard properties of the Laplace transform that on Re(s) > 0 we have

LH(s) = LO()e)(s) — (£1)(s) = L@ (s +1) — - = T D L
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Lemma 16.11. The function ®(s) — ﬁ extends to a meromorphic function on Re(s) >
that is holomorphic on Re(s) > 1.

N[

Proof. By Theorem 16.3, ((s) extends to a meromorphic function on Re(s) > 0, which we
also denote ((s), that has only a simple pole at s = 1 and no zeros on Re(s) > 1, by
Corollary 16.5. It follows that the logarithmic derivative ¢’(s)/¢(s) of {(s) is meromorphic
on Re(s) > 0, with no zeros on Re(s) > 1 and only a simple pole at s = 1 with residue —1
(see §16.3.1 for standard facts about the logarithmic derivative of a meromorphic function).
In terms of the Euler product, for Re(s) > 1 we have®

—g(f; — (~log((s))' = (— log [ 1 —p—s>—l> - (Z log(1 —p—8>>
_ p_*logp _ logp 1 1 o
_zp: —p zp:ps—l Z<p5+p5(p5—1)>lgp

lo

The sum on the RHS converges absolutely and locally uniformly to a holomorphic function

on Re(s) > 1/2. The LHS is meromorphic on Re(s) > 0, and on Re(s) > 1 it has only a

simple pole at s = 1 with residue 1. It follows that ®(s) — i extends to a meromorphic

function on Re(s) > 3 that is holomorphic on Re(s) > 1. O

Corollary 16.12. The functions ®(s + 1) — 1 and (LH)(s) = % — 1 both extend to

meromorphic functions on Re(s) > —% that are holomorphic on Re(s) > 0.

Proof. The first statement follows immediately from the lemma. For the second, note that

N I

s+ 1 s s+1

is meromorphic on Re(s) > —2 and holomorphic on Re(s) > 0, since it is a sum of products
of such functions. O

The final step of the proof relies on the following analytic result due to Newman |[8].

Theorem 16.13. Let f: R>o — R be a bounded piecewise continuous function, and suppose

its Laplace transform extends to a holomorphic function g(s) on Re(s) > 0. Then the integral
[e.9] .

Jo© f@)dt converges and is equal to g(0).

Proof. Without loss of generality we assume f(t) < 1 for all ¢t > 0. For 7 € Ry, define
g-(s) = [y f(t)e~*'dt, By definition [;* f(t)dt = lim, s g-(0), thus it suffices to prove
lim_g,(0) = 9(0).

T—00

For r > 0, let v, be the boundary of the region {s : |s| < r and Re(s) > —0,} with
6r > 0 chosen so that g is holomorphic on ~,; such a d, exists because g is holomorphic
on Re(s) > 0, hence on some open ball B<ys,(iy) for each y € [—r, 7], and we may take

6 As is standard when computing logarithmic derivatives, we are taking the principal branch of the complex
logarithm and can safely ignore the negative real axis where it is not defined since we are assuming Re(s) > 1.

18.785 Fall 2021, Lecture #16, Page 7



0 = inf{é(y) : y € [r,—r]}, which is positive because [—r,r| is compact. Each =, is a
simple closed curve, and for each 7 > 0 the function h(s) = (g(s) — g-(s))e* (1 + f—;) is
holomorphic on a region containing ,. Using Cauchy’s integral formula (Theorem 16.26)
to evaluate h(0) yields

0= -0 = h0) = 57 [ (o) =0r)e (5 + 5 ) . ®

2mi r2

We will show the LHS tends to 0 as 7 — oo by showing that for any € > 0 we can set
r = 3/e > 0 so that the absolute value of the RHS is less than e for all sufficiently large 7.

Let ;7 denote the part of 7, in Re(s) > 0, a semicircle of radius r. The integrand is
absolutely bounded by 1/r on ", since for |s| = r and Re(s) > 0 we have

o 1 s B o) L eRe(s)T r s
e <S+7”2>’_ /F f(t)e dt‘ ‘ +*‘

r s o
< /ooe— Re(s)t gy R 2Re(s)
- r r
e~ Re(s)T  oRe(s)r 9 Re(s)
Re(s) r  r

= 2/r2.

o / . (9(5) = g:(s)) e (1 + ) ds

Now let ,~ be the part of 4, in Re(s) < 0, a truncated semi-circle. For any fixed r, the
first term g(s)e*7(s™! + sr72) in the integrand of (2) tends to 0 as 7 — oo for Re(s) < 0
and |s| < r. For the second term we note that since g-(s) is holomorphic on C, it makes no
difference if we instead integrate over the semicircle of radius r in Re(s) < 0. For |s| =7
and Re(s) < 0 we then have

o (1 2)]-

l9(s) — 9:(s)|

Therefore

1 1
i 3
- 27 ™ rZ (3)

A, e~ Re(®)T\ ¢Re(s)T (_2 Re(s))
- Re(s) r r

=2/r%. (1 — BB Re(s)),
where the factor (1 — e®¢()” Re(s)) on the RHS tends to 1 as 7 — oo since Re(s) < 0. We

thus obtain the bound 1/r + o(1) when we replace ~," with ~,~ in (3), and the RHS of (2)
is bounded by 2/r 4 o(1) as 7 — oo. It follows that for any € > 0, for » = 3/e > 0 we have

19(0) — g-(0)] < 3/r =¢

for all sufficiently large 7. Therefore lim;_,~ g-(0) = g(0) as desired. O

18.785 Fall 2021, Lecture #16, Page 8



Remark 16.14. Theorem 16.13 is an example of what is known as a Tauberian theorem.
For a piecewise continuous function f: R>o — R, its Laplace transform

oo
Lf(s):= / e St f(t)dt,
0

is typically not defined on Re(s) < ¢, where c is the least ¢ for which f(t) = O(e"). Now
it may happen that the function £f has an analytic continuation to a larger domain; for
example, if f(t) = €’ then (Lf)(s) = -1 extends to a holomorphic function on C—{1}. But
plugging values of s with Re(s) < ¢ into the integral usually does not work; in our f(¢) = e
example, the integral diverges on Re(s) < 1. The theorem says that when Lf extends to a
holomorphic function on the entire half-plane Re(s) > 0, its value at s = 0 is exactly what
we would get by simply plugging 0 into the integral defining Lf.

More generally, Tauberian theorems refer to results related to transforms f — 7(f) that
allow us to deduce properties of f (such as the convergence of fooo f(t)dt) from properties
of T(f) (such as analytic continuation to Re(s) > 0). The term “Tauberian" was coined by
Hardy and Littlewood and refers to Alfred Tauber, who proved a theorem of this type as a
partial converse to a theorem of Abel.

Theorem 16.15 (PRIME NUMBER THEOREM). 7(x) ~ =

logz*

Proof. H(t) = 9(e')e™t — 1 is piecewise continuous and bounded, by Lemma 16.7, and its
Laplace transform extends to a holomorphic function on Re(s) > 0, by Corollary 16.12.
Theorem 16.13 then implies that the integral

/OOO H(t)dt = /OOO (ﬁ(et)e_t - 1) dt

converges. Replacing ¢ with log x, we see that

/100 <19(:U)i—1>cif:/looﬁ<322_xdx

converges. Lemma 16.8 implies J(x) ~ x, equivalently, () ~ 2, by Theorem 16.6. [

One disadvantage of our proof is that it does not give us an error term. Using more
sophisticated methods, Korobov 6] and Vinogradov [14] independently obtained the bound

m(z) = Li(z) + O (exp ((log §)3/5+0(1))> ’

in which we note that the error term is bounded by O(z/(logx)™) for all n but not by

O(x'7¢) for any € > 0. Assuming the Riemann Hypothesis, which states that the zeros of

¢(s) in the critical strip 0 < Re(s) < 1 all lie on the line Re(s) = 3, one can prove

7(z) = Li(z) + O(z'/2Fo0),

More generally, if we knew that ((s) has no zeros in the critical strip with real part greater
than ¢, for some ¢ > 1/2 strictly less than 1, we could prove m(x) = Li(x) + O(z¢t°(1).

There thus remains a large gap between what we can prove about the distribution of
prime numbers and what we believe to be true. Remarkably, other than refinements to the
o(1) term appearing in the Korobov-Vinogradov bound, essentially no progress has been
made on this problem in the last 60 years.
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16.3 A quick recap of some basic complex analysis

The complex numbers C are a topological field under the distance metric d(z,y) = |z — y|
induced by the standard absolute value |z| := /2%, which is also a norm on C as an R-
vector space; all references to the topology on C (open, compact, convergence, limits, etc.)
are made with this understanding.

16.3.1 Glossary of terms and standard theorems

Let f and g denote complex functions defined on an open subset of C.

f(Z)=f(z0)
0

pom exists.

o fis differentiable at zp if lim,_,,,

e f is holomorphic at zg if it is differentiable on an open neighborhood of zp.

f is analytic at zg if there is an open neighborhood of zg in which f can be defined by
a power series f(z) =, an(z — 20)"; equivalently, f is infinitely differentiable and
has a convergent Taylor series on an open neighborhood of zj.

e Theorem: f is holomorphic at zg if and only if it is analytic at z.

e Theorem: If C is a connected set containing a nonempty open set U and f and g are
holomorphic on C with fiy = gy, then fic = g|c-

e With U and C as above, if f is holomorphic on U and g is holomorphic on C with
fiu = gju, then g is the (unique) analytic continuation of f to C and f extends to g.

e If f is holomorphic on a punctured open neighborhood of zp and |f(2)| — oo as z — 2
then zg is a pole of f; note that the set of poles of f is necessarily a discrete set.

e f is meromorphic at zg if it is holomorphic at zy or has zy as a pole.

e Theorem: If f is meromorphic at zy then it can be defined by a Laurent series
f(2) = 5n, @n(2 — 20)" that converges on an open punctured neighborhood of 2.

e The order of vanishing ord,,(f) of a nonzero function f that is meromorphic at zg is
the least index n of the nonzero coefficients a,, in its Laurent series expansion at z.
Thus zp is a pole of f iff ord,,(f) < 0 and zp is a zero of f iff ord,,(f) > 0.

o If ord,,(f) =1 then zy is a simple zero of f, and if ord,,(f) = —1 it is a simple pole.

e The residue res,,(f) of a function f meromorphic at zg is the coefficient a_; in its
Laurent series expansion f(2) = -, an(z — 20)" at 20.

e Theorem: If z is a simple pole of f then res,,(f) = lim,_,,,(z — 20) f(2).

e Theorem: If f is meromorphic on a set S then so is its logarithmic derivative f'/f,
and f’/f has only simple poles in S and res,,(f'/f) = ord,,(f) for all zp € S. In
particular the poles of f’/f are precisely the zeros and poles of f.

16.3.2 Convergence

Recall that a series > 7 | a,, of complex numbers converges absolutely if the series >, |an| of
nonnegative real numbers converges. An equivalent definition is that the function a(n) := a,
is integrable with respect to the counting measure p on the set of positive integers N. Indeed,
if the series is absolutely convergent then

i = [t
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and if the series is not absolutely convergent, the integral is not defined. Absolute conver-
gence is effectively built-in to the definition of the Lebesgue integral, which requires that
in order for the function a(n) = z(n) 4 iy(n) to be integrable, the positive real functions
|z(n)| and |y(n)| must both be integrable (summable), and separately computes sums of the
positive and negative subsequences of (z(n)) and (y(n)) as suprema over finite subsets.

The measure-theoretic perspective has some distinct advantages. It makes it immediately
clear that we may replace the index set N with any set of the same cardinality, since the
counting measure depends only on the cardinality of N, not its ordering. We are thus free to
sum over any countable index set, including Z, QQ, any finite product of countable sets, and
any countable coproduct of countable sets (such as countable direct sums of Z); such sums
are ubiquitous in number theory and many cannot be meaningfully interpreted as limits of
partial sums in the usual sense, since this assumes that the index set is well ordered (not
the case with Q, for example). The measure-theoretic view makes also makes it clear that
we may convert any absolutely convergent sume of the form )y, into an iterated sum
Y. x 2y (or vice versa), via Fubini’s theorem.

We say that an infinite product [], a, of nonzero complex numbers is absolutely con-
vergent when the sum Y, logay, is, in which case [], a, := exp(}, logay).” This implies
that an absolutely convergent product cannot converge to zero, and the sequence (a,) must
converge to 1 (no matter how we order the a,). All of our remarks above about absolutely
convergent series apply to absolutely convergent products as well.

A series or product of complex functions f,,(z) is absolutely convergent on S if the series
or product of complex numbers f,(zg) is absolutely convergent for all zy € S.

Definition 16.16. A sequence of complex functions (f,,) converges uniformly on S if there is
a function f such that for every e > 0 there is an integer N for which sup,cg |fn(2)—f(2)] < €
for all n > N. The sequence (fy,) converges locally uniformly on S if every zp € S has an
open neighborhood U for which (f,,) converges uniformly on UNS. When applied to a series
of functions these terms refer to the sequence of partial sums.

Because C is locally compact, locally uniform convergence is the same thing as compact
convergence: a sequence of functions converges locally uniformly on S if and only if it
converges uniformly on every compact subset of S.

Theorem 16.17. A sequence or series of holomorphic functions f, that converges locally
uniformly on an open set U converges to a holomorphic function f on U, and the sequence
or series of derivatives f] then converges locally uniformly to f' (and if none of the f, has
a zero in U and f # 0, then f has no zeros in U ).

Proof. See |3, Thm.II1.1.3] and |3, Thm. II1.7.2]. O

Definition 16.18. A series of complex functions ) fn(z) converges normally on a set S
if > 1 fnll = D2, sup.eg | fn(2)| converges. The series ) fn(z) converges locally normally
on S if every zp € S has an open neighborhood U on which ) f,(z) converges normally.

Theorem 16.19 (WEIERSTRASS M-TEST). Ewvery locally normally convergent series of
functions converges absolutely and locally uniformly. Moreover, a series ), fn of holomor-
phic functions on S that converges locally normally converges to a holomorphic function f
on S, and then )", f;, converges locally normally to f'.

In this definition we use the principal branch of log z := log |z| 4 4 Arg z with Argz € (—m, ).
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Proof. See |3, Thm.II1.1.6]. O

Remark 16.20. To show a series ) f,, is locally normally convergent on a set S amounts
to proving that for every zg € S there is an open neighborhood U of zg and a sequence of
real numbers (M) such that |f,(z)] < M, for z € UNS and ), M, < oo, whence the
term “M-test".

16.3.3 Contour integration

We shall restrict our attention to integrals along contours defined by piecewise-smooth pa-
rameterized curves; this covers all the cases we shall need.

Definition 16.21. A parameterized curve is a continuous function v: [a,b] — C whose
domain is a compact interval [a,b] C R. We say that v is smooth if it has a continuous
nonzero derivative on [a,b], and piecewise-smooth if [a,b] can be partitioned into finitely
many subintervals on which the restriction of + is smooth. We say that v is closed if
~v(a) = v(b), and simple if it is injective on [a,b) and (a, b]. Henceforth we will use the term
curve to refer to any piecewise-smooth parameterized curve ~y, or to its oriented image of in
the complex plane (directed from 7(a) to v(b)), which we may also denote ~.

Definition 16.22. Let f: Q2 — C be a continuous function and let v be a curve in 2. We
define the contour integral

b
z)dz == '(t)dt,
L £(2) / ) (1)t

whenever the integral on the RHS (which is defined as a Riemann sum in the usual way)
converges. Whether fﬁ/ f(2)dz converges, and if so, to what value, does not depend on the
parameterization of ~: if 4" is another parameterized curve with the same (oriented) image

as v, then [, f(2)dz = [ f(2)dz.
We have the following analog of the fundamental theorem of calculus.

Theorem 16.23. Let v: [a,b] — C be a curve in an open set Q and let f: Q@ — C be a
holomorphic function Then

Proof. See |2, Prop.4.12]. O

Recall that the Jordan curve theorem implies that every simple closed curve 7 parti-
tions C into two components, one of which we may unambiguously designate as the interior
(the one on the left as we travel along our oriented curve). We say that v is contained in an
open set U if both v and its interior lie in U. The interior of v is a simply connected set, and
if an open set U contains v then it contains a simply connected open set that contains ~.

Theorem 16.24 (CAUCHY’S THEOREM). Let U be an open set containing a simple closed
curve . For any function f that is holomorphic on U we have

[yf(z)dz = 0.
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Proof. See |2, Thm. 8.6] (we can restrict U to a simply connected set). O
Cauchy’s theorem generalizes to meromorphic functions.

Theorem 16.25 (CAUCHY RESIDUE FORMULA). Let U be an open set containing a simple
closed curve . Let f be a function that is meromorphic on U, let z1, ..., z, be the poles of
f that lie in the interior of v, and suppose that no pole of f lies on v. Then

/f(z)dz = 27T2'Zreszi(f).
v i=1

Proof. See |2, Thm. 10.5] (we can restrict U to a simply connected set). O

To see where the 27i comes from, consider f,y df with y(t) = €' for t € [0,27]. In general one
weights residues by a corresponding winding number, but the winding number of a simple
closed curve about a point in its interior is always 1.

Theorem 16.26 (CAUCHY’S INTEGRAL FORMULA). Let U be an open set containing a
simple closed curve . For any function f holomorphic on U and a in the interior of v,

a) = L 1(z) dz.
s =g |

21 zZ—a

Proof. Apply Cauchy’s residue formula to g(z) = f(z)/(z — a); the only poles of g in the
interior of 7 are a simple pole at z = a with res,(g) = f(a). O

Cauchy’s residue formula can also be used to recover the coefficients f(™ (a)/n! appearing
in the Laurent series expansion of a meromorphic function at a (apply it to f(2)/(z—a)"*1).
One of many useful consequences of this is Liouville’s theorem, which can be proved by
showing that the Laurent series expansion of a bounded holomorphic function on C about
any point has only one nonzero coefficient (the constant coefficient).

Theorem 16.27 (LIOUVILLE’'S THEOREM). Bounded entire functions are constant.
Proof. See |2, Thm. 5.10]. O
We also have the following converse of Cauchy’s theorem.

Theorem 16.28 (MORERA’S THEOREM). Let f be a continuous function and on an open
set U, and suppose that for every simple closed curve v contained in U we have

/vf(z)dz _o.

Then f is holomorphic on U.
Proof. See |3, Thm.I1.3.5]. m
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18 Dirichlet L-functions, primes in arithmetic progressions

Having proved the prime number theorem, we would like to prove an analogous result for
primes in arithmetic progressions. We begin with Dirichlet’s theorem on primes in arithmetic
progressions, a result that predates the prime number theorem by sixty years.

Theorem 18.1 (Dirichlet 1837). For all coprime integers a and m there are infinitely many
primes p = a mod m.

In fact Dirichlet proved more than this. In a sense that we will make precise , he proved
that for every fixed modulus m the primes are equidistributed among the residue classes in
(Z/mZ)*. The equidistribution statement that Dirichlet was able to prove is a bit weaker
than one might like, but it is more than enough to establish Theorem 18.1.

Remark 18.2. Many of the standard tools of complex analysis we take for granted were not
available to Dirichlet in 1837. Riemann was the first to seriously study ((s) as a function of
a complex variable, some twenty years after Dirichlet proved Theorem 18.1. We will work
in a more modern setting, but our approach follows the spirit of Dirichlet’s proof.

18.1 Infinitely many primes

To motivate Dirichlet’s method of proof, let us consider the following (admittedly clumsy)
proof that there are infinitely many primes. It is sufficient to show that the Euler product

() =JJa-p"

p

diverges as s — 17. Of course we know ((s) has a pole at s = 1 (by Theorem 16.3), but let
us suppose for the moment that we did not already know this. Taking logarithms yields

log¢(s) = — > log(1—p~)=>_ p~*+0(1), (1)

p

as s — 17, where we have used the asymptotic bounds

—log(1—z)=z+0(z?) (asx — 0) and Z O *)=0(1) (Re(s) >1/2+e).
P

We can estimate > ]13 via Mertens’ second theorem, one of three he proved in [4].

Theorem 18.3 (Mertens 1874). As x — oo we have

(1) Y82 = logu + R(x), where |R(x)| < 2.!
p<zT

(2) Z % = loglogx + B + O(loéx)’ where B =0.261497 ... is Mertens’ constant;

p<x

(3) Z log(l—%> = —loglogz — v+ O(loém>, where v =0.577216 . .. is Euler’s constant.
p<z

Proof. See Problem Set 9. O

Tn fact, R(z) = —Bs + o(1) where B3 =1.332582. .. is an explicit constant.
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Thus not only does Y p~% diverge as s — 17, we can say with a fair degree of precision
how quickly this happens. We should note, however, that Mertens’ estimate is not as strong
as the prime number theorem. Indeed, as you will prove on Problem Set 9, the Prime
Number Theorem is equivalent to the statement

1
Zf =loglogx + B + o <loéz> ,
prp

which is (ever so slightly) sharper than Mertens’ estimate.?

18.2 Dirichlet characters

We now define the notion of a Dirichlet character. Historically, these preceded the notion of
a group character; they were introduced by Dirichlet in 1831, well before the notion of an
abstract group was in common use.? In order to simplify the exposition we will occasionally
invoke some standard facts about characters of finite abelian groups that we recall in §18.6.

Definition 18.4. A function f:Z — C is called an arithmetic function.* The function

[ is multiplicative if f(1) = 1 and f(mn) = f(m)f(n) for all coprime m,n € Z; it is
totally multiplicative (or completely multiplicative) if f(1) =1 and f(mn) = f(m)f(n) for
all m,n € Z. For m € Z~¢ we say that f is m-periodic if f(n +m) = f(n) for all n € Z,
and we call m the period of f it is the least m > 0 for which this holds.

Definition 18.5. A Dirichlet character is a periodic totally multiplicative arithmetic func-
tion x: Z — C.

The image of a Dirichlet character is a finite multiplicatively closed subset of C, hence
the union of a finite subgroup of U(1) and a subset of {0}. The constant function 1(n) =1
is the trivial Dirichlet character; it is the unique Dirichlet character of period 1. Each m-
periodic Dirichlet character x restricts to a group character x on (Z/mZ)*. Conversely,
every group character x of (Z/mZ)* can be extended to a Dirichlet character y by defining
x(n) =0 for n [ m; this is called extension by zero.

Definition 18.6. A Dirichlet character of modulus m is an m-periodic Dirichlet character y
that is the extension by zero of a group character on (Z/mZ)*; equivalently, an m-periodic
Dirichlet character for which x(n) # 0 <= m L n.

Remark 18.7. Some authors only define Dirichlet characters of modulus m, thinking of
them as extensions by zero of group characters on (Z/mZ)*, in which case every x has an
attached modulus m. But note that the function Z — C given by the extension by zero does
not uniquely determine m (see Lemma 18.8 below). Indeed, the unique Dirichlet character
of modulus 2 is a Dirichlet character of modulus 2% for all k > 1.

The Dirichlet characters of modulus m form a group under pointwise multiplication that
is canonically isomorphic to the character group of (Z/mZ)*. Not every m-periodic Dirichlet

2The error term in the PNT actually implies > L —loglogx + B + O(%), but an o(=—) bound is

p<z p log
already enough to show 7(z) ~ z/logz. That the difference between a little-o and a big-O is the difference
between proving the PNT and not proving it demonstrates how critical it is to understand error terms.
3Galois’ seminal paper was rejected that same year; it wasn’t published until 12 years after his death.
4Many authors restrict the domain of an arithmetic function to Z>1; for the periodic arithmetic functions
we are interested in here, this distinction is irrelevant, and it is slightly more natural to work with Z.
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character x is a Dirichlet character of modulus m, since an m-periodic Dirichlet character
need not vanish on n £ m, but if x has period m then this holds. More generally, we have
the following lemma.

Lemma 18.8. Let x be a Dirichlet character of period m. Then x is a Dirichlet character
of modulus m' if and only if m|m/|mF for some k (which holds in particular for m’ =m).

Proof. To prove x is a a Dirichlet character of modulus m we must show x(n) # 0 < m L n.
Suppose x(n) # 0 with m [/ n, and let p be a common divisor of m and n. Then x(p) # 0,
since x(p)x(n/p) = x(n) # 0, and for any r € Z we have

x(r)x(p) = x(rp) = x(rp +m) = x(r +m/p)x(p),

which implies x(r) = x(r + m/p), since x(p) # 0. Thus x is (m/p)-periodic, but this
contradicts the minimality of the period m. Therefore x(n) # 0= m L n.
For any n L. m we can pick a = n® = 1 mod m so that x(1) = x(a) = x(n°) = x(n)¢ # 0,
in which case x(n) # 0. Thusn L m = x(n) # 0, so x is a Dirichlet character of modulus m.
If m|m/|mF, then the prime divisors of m’ coincide with those of m. It follows that

nlm <=nlm<= x(n) #0,

and  is clearly m/-periodic (since m|m’), so x is a Dirichlet character of modulus m’.

Conversely, if x is a Dirichlet character of modulus m/, then y is m’-periodic, and
therefore m|m’, since m is the period of x. And since x is a Dirichlet character of modulus m
and of modulus m/, for each prime p we have

plm <= x(p) = 0 < p|m/,

thus the prime divisors of m and m/ coincide and m’ must divide some power m* of m. O

18.2.1 Primitive Dirichlet characters

Given a Dirichlet character x; of modulus m; dividing mg, we can always create a Dirichlet
character s of modulus mg by taking the extension by zero of the restriction of y; to
(Z/m2Z)™; in other words, let x2(n) := x1(n) for n € (Z/meZ)* and x2(n) := 0 otherwise.
If ms is divisible by a prime p that does not divide mq, the Dirichlet characters x; and xo
will not be the same (x2(p) = 0 # x1(p), for example), they will agree on n € (Z/moZ)*
but not on n € (Z/m1Z)*.> We can create infinitely many new Dirichlet characters from
x1 in this way, but they will differ from x; only in a rather trivial sense. We would like to
distinguish the Dirichlet characters that arise in this way from those that do not.

Definition 18.9. Let x; and x2 be Dirichlet characters of modulus m; and meo, respectively,
with my|me. If x2(n) = x1(n) for n € (Z/moZ)* then x3 is induced by xi. A Dirichlet
character that is not induced by any character other than itself is primitive.

Lemma 18.10. A Dirichlet character xs of modulus ms is induced by a Dirichlet character
of modulus mi|mg if and only if x2 is constant on residue classes in (Z/moZ)* that are
congruent modulo my. When this holds, the Dirichlet character x1 of modulus my that
nduces X 1S uniquely determined.

5Note that while #(Z/m1Z)* < #(Z/m2Z)*, the set of integers n € (Z/m17Z)* (the n coprime to m1)
contains the set of integers n € (Z/m2Z)* (the n coprime to m2) and is usually larger.
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Proof. If x4 is induced by x1 then it must be constant on residue classes in (Z/moZ)* that
are congruent modulo myq, since x1 is. To prove the converse we first show that the surjective
ring homomorphism Z/msZ — Z/m17Z given by reduction modulo m; induces a surjective
homomorphism 7: (Z/meZ)* — (Z/m1Z)* of unit groups.’

Suppose u; € Z is a unit modulo m;. Let a be the product of all primes dividing mq/m;
but not u;. Then ug = uj +mya is not divisible by any prime p|m; (since u; isn’t), nor is it
divisible by any prime p|(mg/m1): by construction, such a p divides exactly one of u; and
mia. Thus ug is a unit modulo my that reduces to u; modulo m; and 7 is surjective.

If x2 is a Dirichlet character of modulus ms constant on fibers of # we can define
a Dirichlet character x; of modulus my via xi1(n1) = x2(n2) for ny € (Z/miZ)* with
ng € 71(n1) (any such ng will do). Thus y; induces xa, and if x} also induces x2 it must
satisfy the same condition x1(n1) = x2(n2) that uniquely determines ;. O

Definition 18.11. A Dirichlet character y induced by 1 is called principal (and is primitive
if and only if x = 1). For m € Z~o we use 1,, to denote the principal Dirichlet character of
modulus m; it corresponds to the trivial character of (Z/mZ)*.

Lemma 18.12. Let x be a Dirichlet character of modulus m. Then

ne€Z/mL

Proof. We have x(n) = 0 for n ¢ (Z/mZ)*, and the sum over (Z/mZ)* is nonzero if and
only if y restricts to the trivial character on (Z/mZ)*, by the orthogonality of characters;
see Corollary 18.38. O

Note that the principal Dirichlet characters 1,, and 1,, necessarily coincide when
m|m/ |mk; for example the principal Dirichlet character of modulus 2 (the parity function)
is the same as the principal Dirichlet character of modulus 4 (and every power of 2).

Theorem 18.13. Every Dirichlet character x is induced by a primitive Dirichlet character x
that is uniquely determined by x.

Proof. Let us define a partial ordering < on the set of all Dirichlet characters by defining
X1 = X2 if x1 induces x2. The relation =< is clearly reflexive, and it follows from Lemma 18.10
that it is transitive.

Let x be a Dirichlet character of period m and consider the set X = {x’: X’ < x}. Each
X' € X necessarily has period m’ dividing m and there is at most one x’ of period m/ for
each divisor m’ of m, by Lemma 18.10. Thus X is finite, and nonempty (since y € X).

Suppose x1, x2 € X have periods m1 and mo, respectively. Then mq and my both divide
m, as does mg = ged(my, mg). We have a commutative square of surjective unit group
homomorphisms induced by reduction maps:

(Z/mZ)* —— (Z/mZ)*

l l

(Z)maZ)* — (Z/msZ)*.

5Tn fact, one can show that every surjective homomorphism of finite rings induces a surjective homomor-
phism of unit groups, but this does not hold in general (consider Z — Z/5Z, for example).
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From Lemma 18.10 we know that x is constant on residue classes in (Z/mZ)* that are
congruent modulo either mj or ma, and therefore x is constant on residue classes in (Z/mZ)*
that are congruent modulo mg, as are x; and x2 (which are determined by x). It follows
that there is a unique Dirichlet character x3 of modulus mg that induces x, x1, and xa2.
Thus every pair x1, x2 € X has a lower bound y3 under the partial ordering < that is
compatible with the total ordering of X by period. This implies that X contains a unique
element Y that is minimal, both with respect to the partial ordering < and with respect to
the total ordering by period; it must be primitive, by the transitivity of <. O

Definition 18.14. The conductor of a Dirichlet character x is the period of the unique
primitive Dirichlet character X that induces Y.

Corollary 18.15. For a Dirichlet character x of modulus m we have Znez/mz x(n) # 0 if
and only if x has conductor 1.

Proof. This follows immediately from Lemma 18.12. O

Corollary 18.16. Let M(m) denote the set of Dirichlet characters of modulus m, let X (m)
denote the set of primitive Dirichlet characters of conductor dividing m, and let G(m) denote
the character group of (Z/mZ)*. We have canonical bijections

M(m) =5 X(m) = G(m)

XX

Proof. By Theorem 18.13, the map y — X is injective, and it is also surjective: each
X € X(m) induces the character x € M(m) by setting x(n) := x(n) for n € (Z/mZ)*
and extending by zero. As previously noted, the map x — (m +— x(m)) defines a bijection
M — @(m) (a group isomorphism, in fact), and this bijection factors through the map
X — X, since x(n) = x(n) for n € (Z/mZ)*. O

Remark 18.17. Corollary 18.16 implies that we can make X(m) a group by defining
X1X2 = X1x2. Note that ¥1X2 is not the pointwise product of X1 and X2 (which is typically
not primitive), it is the unique primitive character that induces the pointwise product.

Example 18.18. 12-periodic Dirichlet characters, ordered by period m and conductor c.

m c 01 2 3 4 5 6 7 8 9 10 11 mod-12 principal primitive
1 1 1 1 1 1 1 1 1 1 1 1 1 1 no yes yes

2 1 01 0 1 0 1 0 1 0 1 0 1 no yes no

3 1 011 o0 1 1 0 1 1 0 1 1 no yes no

3J 3 01 -1 0 1 -1 01 -1 0 1 -1 no no yes

4 4 0 10 -1 061 0 -1 0 1 0 -1 no no yes

6 1 01 0 0O O 1 O 1 0 0 O 1 yes yes no

6 3 o010 O O -1 01 O 0 0 -1 yes no no

2 4 0 1 0 0 O 1 O -1 0 O O -1 yes no no
12 12 0 1 0 O O -1 0 -1 0 0 O 1 yes no yes

The fact that x(n) € {0,£1} for all 12-periodic Dirichlet characters x follows from the
fact that the exponent of (Z/mZ)* is 2; thus (im x) NU(1) C pg = {£1}.
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18.3 Dirichlet L-functions
Definition 18.19. The Dirichlet L-function associated to a Dirichlet character y is

L(s,x) = [J( = x()p™*) ™" =D x(n)n*.
p n>1

The sum and product converge absolutely for Res > 1, since |x(n)| < 1, thus L(s, x) is
holomorphic on Re(s) > 1.

For the trivial Dirichlet character 1 we have L(s, 1) = ((s). For the principal character
1,, of modulus m induced by 1 we have

C(s) = L(s, 1) H(l —p %)L
plm

The product on the RHS is finite, hence bounded and nonzero as s — 1, so the L-function
L(s, 1,,) has a simple pole at s = 1 with residue

resat L5, L) = lim (s — 1)¢(s) [[0 - ) = [J0—p ") = 27

s—1t m
plm plm

The L-functions of non-principal Dirichlet characters do not have a pole at s = 1.

Proposition 18.20. Let x be a non-principal Dirichlet character of modulus m. Then
L(s,x) extends to a holomorphic function on Res > 0.

Proof. Define the function 7': R>¢9 — C by

For any z € R>g Lemma 18.15 implies
T(z+m)-T@= 3 x(n)= Y x(n)=0
r<n<z+m neZ/mi
since x is non-principal. Thus T'(x) is periodic modulo m and therefore bounded.

Writing L(s, x) as a Stieltjes integral (see §18.5) and integrating by parts yields

L(s,x) => x(n)n™*

n>1

= /000 x%dT (x)

o0

=z °T(x)

_ /0 () d(a—)

0

=0- /OOO T(z)(—sz™*"1)dx
=s /OOO T(x)z* 1dz.

The RHS is holomorphic on Res > 0, since it is the limit of the uniformly converging
sequence of functions ¢n(s) := s [;' T'(z)z~* 'da (here we use the fact that T'(z) is bounded),
and is thus the analytic continuation of L(z, x) to Re(s) > 0. O

Remark 18.21. In fact, L(s, x) extends to a holomorphic function on C whenever x is
non-principal.
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18.4 Primes in arithmetic progressions

We now return to our goal of proving Dirichlet’s theorem on primes in arithmetic progres-
sions. It suffices to show that for any a | m the sum

>,
p=a modm

is unbounded as s — 17. To convert this to a sum over all primes we use Proposition 18.37
to construct the indicator function

1 Z x(p/a):{l if p = a mod m,

0 otherwise

where p/a is computed modulo m and x ranges over primitive Dirichlet characters of conduc-
tor dividing m, which we identify with the character group of (Z/mZ)* via Corollary 18.16.
As s — 1T we have

3 p_s:zp:p_s
= 2

XEX(m)

.

> x(p/a)

(M) Smy

W/a) > xp)p*

= &

o(m)

x(1/a)
B m)
log ¢(s) x(1/a)

= - log L(s,x) + O(1).
m) Kl S

(log L(s,x) + O(l))

~

We now make the key claim that so long as y is not principal, we have

L(1,x) # 0.

This implies that log L(s,x) = O(1) as s — 1T and therefore

> =2 o

p=amodm

is unbounded as s — 17, since ((s) is. Moreover, Mertens’ second theorem implies

1 N loglog x
2 p o o(m)

plw
p=a modm

which proves that there are infinitely many primes p = a mod m. We can makes this
statement more precise by using the notion of Dirichlet density.

Definition 18.22. The Dirichlet density of a set of primes S is given by

—S
d(S) == lim 21’675’;,
s1+ pr
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defined whenever this limit exists (one can also define notions of lower and upper Dirichlet
density using liminf and lim sup which both agree with d(S) whenever it is defined). This
definition differs from the more common notion of natural density

. #p<aipe Sy
AT s

The Dirichlet density of the set S = {p = a mod m} is

d(S) = lim LyesP T loal(s)/om) 1

s—1t Do, p° s—1t  log((s) d(m)

The primes are thus equidistributed modulo m in the sense that for all a 1 m we have

1 1 1 1
Z o~ 7Z—~7loglog:c.
oo dm)=p d(m)
p=a mod m
We should note that this statement is weaker than the prime number theorem for arithmetic
progressions, which states that

1
m(x;m,a) ~ )7'('(1‘),

o(m)

where 7(x; m,a) counts the primes p < x for which p = a mod m (see Problem Set 9).

18.5 Stieltjes integrals

For the benefit of those who have not seen them before, we recall a few facts about Stieltjes
integrals (also called Riemann-Stieltjes integrals), taken from [1, Ch. 7|. These generalize
the Riemann integral but are less general than the Lebesgue integral; they provide a handy
way for converting sums to integrals that is often used in analytic number theory.

Definition 18.23. Let f and g be (real or complex valued) functions defined on a nonempty
real interval [a,b]. For any partition P = (xq, ..., zy) of [a,b] and sequence T' = (t1,...,t,)
with ¢ € [zk_1, zk], we define the Riemann-Stieltjes sum

S(P.T, f,9) =Y () (9(ax) — glai1))
k=1

We say that f is Riemann-Stieltjes integrable with respect to g and write f € S(g) if there is
a (real or complex) number S such that for every € > 0 there is a partition P of [a, b] such
that for every refinement P = (xg,...,z,) of P. and every sequence T' = (t1,...,t,) with
ty € [zp_1, 7)) we have |S(P, T, f,g) — S| < €.

When such an S exists it is necessarily unique and we denote it by ff f dg, the Riemann-
Stieltjes integral of f with respect to g. Improper Riemann-Stieltjes integrals are then defined
as limits

0 b
/ fdg:= lim fdg
a b—oo J,

(and similarly for the lower limit), and we define fba fdg=— ff fdg and faa fdg=0.

"This definition (due to Pollard) is more general than that originally given by Stieltjes but is now standard.
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Taking g(x) = = yields the Riemann integral. The Riemann-Stieltjes integral satisfies
the usual properties of linearity, summability, and integration by parts.

Proposition 18.24. Let f,g, and h be functions on [a,b] and let ¢1 and cy be constants.
The following hold:

o If f,ge S(h) thenf 01f+02g)dh—c1f fdh—i—ch gdh.
If f € S(g),S(h) thenf fd(c1g + cah) :cif fdg+02fafdh,
If f € S(g) then for any c € [a, b] wehavef fdg—fcfdg—i—fcbfdg.

If f € S(g) then g € S(f) and [ fdg+ [ gdf = f(b)g(b) — f(a)g(a).
If f=f1+ife and g = g1 + igy with f1, fo € S(g1),S(g2) then

/abfdg— </abf1dg1—/abf2dg2> +i</abf2d91+/abf1d92>-

Proof. See |1, Thm. 7.2-7,7.50]. O

The last identity allows us to reduce complex-valued integrals to real-valued integrals.
The following proposition allows us to reduce Stieltjes integrals to Riemann integrals.

Proposition 18.25. Let f and g be real-valued functions on |a,b] and suppose g has a
continuous derivative g’ on [a,b]. Then

/abfdgz/abf(@g’ 2)dz

Proof. See |1, Thm. 7.8|. O

A key advantage of the Stieltjes integral fab fdg is that neither the integrand f nor
the integrator ¢ is required to be continuous. It suffices for f and g to be of bounded
variation and not share any discontinuities (and they can even share certain discontinuities,
see Theorem 18.27).

Definition 18.26. Let f be a (real or complex valued) function defined on a nonempty real
interval [a,b]. Then f is of bounded variation if there exists a real number M such that

Z |f $z+1 xz)‘ <M

for every partition P = (zo,...,2,) of [a,b]. If f has a continuous derivative f’ on [a, b]
this is equivalent to requiring f; |f/(z)|dx < co. Every piecewise monotone function is of
bounded variation. In particular, any step function with finitely many discontinuities on
[a, b] is of bounded variation.

Theorem 18.27. Let f and g be functions on [a,b] of bounded variation such that for every
¢ € la,b] the function f is continuous from the left at ¢ and the function g is continuous

from the right at c. Then f; fdg and f;gdf both exist.
Proof. See 2, Thm. 3.7]. O
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Corollary 18.28. Let f and g be functions on [a,b] such that f and g are not both discon-
tinuous from the left or from the right at integers n € [a,b], and let G(z) = >, <, 9(n).

Then
b
> s = [ 1) d6(a)

a<n<b
In particular, the integral on the RHS always exists.

Proof. See |1, Thm. 7.11]. O

As an example of using Stieltjes integrals, let us derive an asymptotic estimate for the

harmonic sum 1
H(x):= ) —.
1<n<Lz

Theorem 18.29. For x € R>q, as x — oo we have
H(x) = log:c—f—’y—i—O(%)
where v = limg_yo0 (H (z) — log z) =0.577216. .. is Euler’s constant.

Proof. Let [t] denote the greatest integer function. Applying Corollary 18.28 with g(¢) = 1
and G(t) =31, <, 1 = [t], we have

-3 o[

l<n<x
* 1
_ / [t] d=
1 t

— [t]
/ / o
[ ] Ct—t]
+ log R dt,
1
where we used integration by parts in the second line and applied Proposition 18.25 to get
the third line. Now let v =1 — [°(t — [t])/t* dt. Then

t]

\a &\& w\

ot
H(:c):[::z]+logx1+’y+/ tz“dt

:1ogx+y+(mx:”+/:otmdt>. 2)

t2

Both summands in the parenthesized quantity in (2) are clearly O(%); thus
v= lim (H(z)—logx),
Tr—r00
and the theorem follows. O

Remark 18.30. We can refine this estimate by applying a similar analysis to the paren-
thesized quantity in (2); the key point is that the error term is an exact expression, not
an asymptotic estimate, and we can continue this process until we obtain an asymptotic
expansion to whatever precision we require. For example, one finds that

1 1

1 1
H@):log“”*zx‘zxﬁw*()(ﬂ)'
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18.6 A quick recap of the character theory of finite abelian groups

In this section we recall some standard results on characters of finite abelian groups.

Definition 18.31. A character of a group G is a homomorphism x: G — U(1).® The
character group (or dual group) of G is the abelian group

G := Hom(G, U(1))

under pointwise multiplication: (x1x2)(9) = x1(9)x2(g9). The inverse of x is given by
complex conjugation: x~'(g9) = X(g9) := x(g9). The identity element of G is the trivial
character g+ 1.

Remark 18.32. This definition generalizes to locally compact abelian groups G, in which
case each character y: G — U(1) is a homomorphism of topological groups and the dual
group G is locally compact under the compact-open topology which has a basis of neigh-
borhoods of the identity the sets U(C,V) := {x € G : x(C) C V}, where C ranges over
compact subsets of G and V' ranges over open neighborhoods of the identity in U(1). The
locally compact group G is called the Pontryagin dual of G.° When G is finite it necessarily
has the discrete topology (since it must be Hausdorff), every homomorphism G — U(1) is
automatically continuous, and the compact-open topology on G is also discrete.

Proposition 18.33. Let G be a finite abelian group with character group G. Then G ~G.

Proof. As a finite abelian group we can write G as a direct product of cyclic groups
G={(g1) X x{gr) 2Z/MZL X - X L/n, 7L

with n; = |g;|, and each g € G can be uniquely written as g = [[, ;" with 0 < e; < n1.
Now fix (notA necessarily distinct) primitive n;-th roots of unity a; € U(1) and for 1 <4 <r

define x; € G via
(67} if i = j,
xilgj) = {1 if i # j.

Then |x;| = || = n;, and each x € G can be written uniquely as [L x;* with 0 < e; < ng,
where x(g;) = a5’ (because a character is completely determined by its values on generators
and the y; are clearly orthogonal). Therefore

~

G=(x1) %X x{Xn) XL/Zx - XL/InZL~G. O

Corollary 18.34. Let G be a finite abelian group. Then g € G is the identity if and only if
x(g) =1 forall x € G and X € G is the identity if and only if x(g) =1 for all g € G.

The isomorphism in Proposition 18.33 is not canonical. Indeed, there are #Aut(G)
distinct ways to choose the «; used to construct the isomorphism G ~ G. But there is a
canonical isomorphism from G to the character group of G, the double dual of G.

8Some authors call these unitary characters, allowing characters to have image in C*. When G is finite
every character is a unitary character, so this distinction won’t concern us.

9Some authors define the topology on the Pontryagin duality using uniform convergence on compact sets;
for topological groups this is equivalent to the compact-open topology. The unitary group U(1) ~ R/Z is
also referred to as the 1-torus or circle group and may be denoted T or S! and viewed as an additive group.
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Corollary 18.35. Let G be a finite abelian group. The evaluation map

9= (x = x(9))
is a canonical isomorphism from G to its double dual.

Proof. It is clear that the map above is a homomorphism, and Proposition 18.33 implies that
G is isomorphic to its dual group G, which is in turn isomorphic to its dual group, the double
dual of G). So it suffices to show the map is injective, which follows from Corollary 18.34:
if g lies in the kernel then x(g) =1 for all x € G and g = 1¢, by Corollary 18.34, O

Corollary 18.35 allows us to view G as the character group of G by defining g(x) := x(g).

Remark 18.36. Corollary 18.35 is a special case of Pontryagin duality, which applies to
any locally compact abelian group G. For infinite groups, G and G need not be isomorphic;
for example, the character group of Z is isomorphic to U(1) (but in some cases they are,
as when G is R or Q,, or any local field, see |3, XV, Lemma 2.2.1]). But the canonical
isomorphism between G and its double dual always holds.

This is analogous to the situation with vector spaces: a finite dimensional vector space
(which may be an infinite abelian group) is non-canonically isomorphic to its dual space but
canonically isomorphic to its double dual via the evaluation map. We should note that for
a locally compact topological vector space V over a field k, the Pontryagin dual is not the
same thing as the vector space dual: the Pontryagin dual corresponds to Hom(V, U(1)) (mor-
phisms of locally compact groups) while the vector space dual corresponds to Homg(V, k)
(morphisms of topological k-vector spaces). For example, the vector space dual of Q is iso-
morphic to Q, as is its double dual, but the Pontryagin dual of Q is uncountable (thus not
isomorphic to Q), even though the Pontryagin double dual is isomorphic to Q.

Proposition 18.37. Let G be a finite abelian group. For all g1, g2 € G we have

L if g1 = g9,

(91,92) : x(g1)x .
#G Z 0 of g1 # 92,

xGG
and for all x1,x2 € G we have

L if x1 = xe,

(x1, x2) x1(g .
T #G g; 0 if x1 # xe.

Proof. By duality it suffices to consider (g1, g2). If g1 = g then x(g1)x(g2) =1 for all x € G
and (g1, g2) = #G J#G = 1 If g1 # g2 then by Corollary 18.34 there exists A € G for which
o= Ag1)M(g2) = Mg1g5 ") # 1. We then have

a(g1,92) = #G > () (91) () (92) G > xlg)x(g2) = (91, 92),
xe@ XENG
which implies (g1, g2) = 0, since o # 1. O

Corollary 18.38. For x € G we have >_gec X(9) # 0 if and only X is the trivial character.
For g € G we have er@ x(g) # 0 if and only if g is the trivial element.
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Remark 18.39. The orthogonality of characters given by Proposition 18.37 is a special case
of the orthogonality of characters one encounters in Fourier analysis on compact groups; since
G is finite, the weighted sum over G amounts to integrating against its Haar measure (the
counting measure y normalized so that u(G) = 1).

We conclude our discussion of character groups with a theorem analogous to the funda-
mental theorem of Galois theory.

Proposition 18.40. Let G be a finite abelian group. There is an inclusion reversing bijection
 between subgroups H of G and subgroups K of G defined by

e(H) ={x € G x(h) =1 for allh € H}.
The inverse bijection ¢ is given by

O(K)={9€G:x(g9)=1 forall x € K},
and H ~ G/o(H) and K ~ G/$(K); in particular, #H = [G:p(H)] and #K = [G:¢(K)).

Proof. Tts clear from the definitions that ¢ and ¢ are inclusion reversing. Let H be a
subgroup of G. The group K = ¢(H) consists of the characters of G whose kernel contains H.
It is clear that H' := ¢(K) contains H, since it is equal to the intersection of these kernels,
and by duality it is similarly clear that K’ := ¢(H') contains K. We then have H C H' and
©(H) C ¢(H'), but ¢ is inclusion reversing so H = H’; thus ¢ o ¢ is the identity map, and
by duality, so is po .

The restriction map G — H defined by X + X|m is a group homomorphism with kernel
K = ¢(H). It is surjective because if we let x; := 15 then we have

HHAK =Y > x(h)=>_ Y xthxa(h) =>_ > x(9)xi(g) = #G,

heH xeK heH xeK geG xeK
by Proposition 18.37, and therefore #ﬁ#K = #CA? (by Proposition 18.33). It follows that
H ~ G/p(H), and by duality, K ~ G/¢(K). O
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19 The analytic class number formula

In the previous lecture we proved Dirichlet’s theorem on primes in arithmetic progressions
modulo the claim that the L-function L(s,x) is holomorphic and nonvanishing at s = 1 for
all non-principal Dirichlet characters y. To establish this claim we will prove a more general
result that has many other applications.

The Dedekind zeta function of a number field K is defined by

Cr(s) =Y N(a)~* =]J(1 = N(p)™)~",

p

where a ranges over nonzero Og-ideals and p ranges over nonzero prime ideals. The product
converges absolutely on Re(s) > 1 since {p|p} < n := [K : Q] and N(p) := [Or : p] > p
imply that

Z‘log(l —N(p)™9)| < nZ}lOg(l —-p )|,
p P

and the sum on the RHS converges on Re(s) > 1 since we know this holds for {g(s) = ((s).

The following theorem is often attributed to Dirichlet, although he originally proved it
only for quadratic fields (this is all he needed to prove his theorem on primes in arithmetic
progressions, but we will use it in a stronger form). The formula for the limit in the theorem
was proved by Dedekind [2, Supplement XI| (as a limit from the right, without an analytic
continuation to a punctured neighborhood of z = 1), and analytic continuation was proved
by Landau [3]. Hecke later showed that, like the Riemann zeta function, the Dedekind zeta
function has an analytic continuation to all of C and satisfies a functional equation [1], but
we won’t take the time to prove this; see Remark §19.13 for details.

Theorem (ANALYTIC CLASS NUMBER FORMULA). Let K be a number field of degree n.
The Dedekind zeta function (k(z) extends to a meromorphic function on Re(z) > 1—1 that
18 holomorphic except for a simple pole at z = 1 with residue
. 2"(2m)°hk RK

lim (z —1 Z)= ———FF—

z—>1+( )k (2) wr|Dic| /2
where r and s are the number of real and complex places of K, respectively, hx := #cl O
is the class number, Ry is the requlator, wy = #ux is the number of roots of unity, and
Dy := disc Ok is the absolute discriminant.

Recall that |Dg|'/2 is the covolume of O as a lattice in Kg := K ®g R ~ R” x C*
(Proposition 14.16), and Ry is the covolume of Ag = Log(Oj ) as a lattice in the trace-zero
hyperplane R ™ (see Definition 15.16). The residue of (x(2) at z = 1 thus reflects both the
additive and multiplicative structure of the ring of integers Op.

Remark 19.1. In practice the class number hx is usually the most difficult quantity in the
analytic class number formula to compute. We can approximate the limit on the LHS to
any desired precision using a finite truncation of either the sum or product defining (x(s).
Provided we can compute the other quantities to similar precision, this provides a method for
computing (or at least bounding) the class number hx; this explains the origin of the term
“analytic class number formula”. You will have an opportunity to explore a computational
application of this formula on Problem Set 9.

Lecture by Andrew V. Sutherland


https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec14.pdf#theorem.2.16
https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec15.pdf#theorem.2.16

Example 19.2. For K = Q we have n = 1, r =1, s =0, h = 1, w = #{£1} = 2,
D =1, and the regulator R is the covolume of a lattice in a zero-dimensional vector space,
equivalently, the determinant of a 0 x 0 matrix, which is 1. In this case the theorem states
that (g(2) = ((2) is holomorphic on Rez > 1—1 = 0 except for a simple pole at z = 1 with
residue

. 21(2m)0-1-1
ZEI{L(Z —1Déo(z) = W =

19.1 Lipschitz parametrizability

In order to prove the analytic class number formula we need an asymptotic estimate for
the number of Ok-ideals a with absolute norm N(a) bounded by a parameter ¢ € Rsq
that we will let tend to infinity; this is necessary for us to understand the behavior of
Cr(z) =Y N(a)7% as z — 17. Our strategy is to count points in Log(Ox N K*) that lie
inside a suitably chosen region S of R""* that we will than scale by ¢. In order to bound
this count as a function of £ we need a condition on S that ensures that the count grows
smoothly with ¢; this requires S to have a “reasonable" shape. A sufficient condition for this
is Lipschitz parametrizability.

Definition 19.3. Let X and Y be metric spaces. A function f : X — Y is Lipschitz
continuous if there exists ¢ € Ry such that for all 1,z € X we have

d(f(z1), f(x2)) < c-d(x1,72).

Every Lipschitz continuous function is uniformly continuous, but the converse need not
hold. For example, the function f(z) = v/« on [0, 1] is uniformly continuous but not Lipschitz
continuous, since [\/1/n —0|/|1/n — 0] = y/n is unbounded as 1/n — 0.

Definition 19.4. A set B in a metric space X is d-Lipschitz parametrizable if it is the union
of the images of a finite number of Lipschitz continuous functions f;: [0,1]¢ — X.

Before stating our next result, we recall the asymptotic notation
f#)=9@)+O(n))  (ast—a),
for real or complex valued functions f, g, h of a real variable ¢, which means

f(t) —g(t)

lim sup
h(t)

t—a

<

Typically a = oo, and this is assumed if a is not specified.

Lemma 19.5. Let S C R™ be a measurable set whose boundary 0S := S — 8% is (n — 1)-
Lipschitz parametrizable. Then

#(tSNZ") = p(SH" + 0" 1),
as t — oo, where u is the standard Lebesgue measure on R™.

Proof. Tt suffices to prove the lemma for positive integers, since # (¢S NZ") and u(S)t" are
both monotonically increasing functions of ¢ and u(S)(t +1)" — p(S)t" = O(t" ). We can
partition R™ as the disjoint union of half-open cubes of the form

Claty... an) ={(z1,...,20) € Ry 1 z; € [aj,a; + 1)},
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with ai,...,a, € Z. Let C be the set of all such half-open cubes C. For each ¢t > 0 define

Bo(t) :=#{C eC:C CtS},
Bi(t) :=#{C eC:CNtS # 0}.

For every t > 0 we have
Bo(t) < #(tSNZ") < By(t).

We can bound Bj(t) — By(t) by noting that each C(ay,...,ay) counted by this difference
contains a point (aq,...,a,) € Z™ within a distance y/n = O(1) of a point in 9tS = tdS.

Let fi,..., fm be Lipschitz functions [0,1]""! — 95 whose images cover 95, and let
c1,...Cm be constants such that d(fi(x1), fi(z2)) < cid(z1, x2) for all 21,29 € [0,1]" 1. For
any y € 05, we have y = fi(z1,...,2,—1) for some i, and if we put r; = |tz;| € Z so that
0< T; — Tj/t < 1/t, then

d(yafl(%aam%)) < Ci'd<($17"'7$n71)7(%a"'vrn%)) < C’L\/ﬁ/t < C/tv

where ¢ := y/nmax; ¢;. Thus every y € 95 lies within a distance ¢/t of a point in the set

P=A{fi(%,....,21):1<i<m, 0<r,...,rp1 < t},

which has cardinality m(t +1)"~! = O(¢t"~!). It follows that every point of 9tS is within a
distance ¢ of one of the O(t"~!) points in ¢P. The number of integer lattice points within a
distance y/n of a point in t0S is thus also O(t"~1), and therefore

Bi(t) — By(t) = O(t" ).
We now note that By(t) < p(tS) < Bi(t) and u(tS) = t"u(S); the lemma follows. O

Corollary 19.6. Let A be a lattice in an R-vector space V.~ R™ and let S C V be a
measurable set whose boundary is (n — 1)-Lipschitz parametrizable. Then

M(‘S’) n n—1
#ASNA) = covol(A)t +O(t" ).
Proof. The case A C Z" is given by the lemma; note that the normalization of the Haar
measure 4 is irrelevant, since we are taking a ratio of volumes which is necessarily preserved
under the isomorphism of topological vector spaces V' ~ R™. We now note that if the
corollary holds for sA, for some s > 0, then it also holds for A, since tS N sA = (¢/s)S N A.
For any lattice A, we can choose s > 0 so that sA is arbitrarily close to an integer lattice (for
example, take s to be the LCM of all denominators appearing in rational approximations
of the coordinates of a basis for A), which is necessarily a finite index subgroup of Z". The
corollary follows. O

Remark 19.7. Recall that covol(A) = p(F') for any fundamental region F for A, so the
ratio u(S)/ covol(A) = u(S)/p(F) in Corollary 19.6 does not depend on the normalization
of the Haar measure . However, we plan to apply the corollary to A = Ok and want to
replace covol(Og) with /| disc(Ok)| = |Dx|'/? via Proposition 14.16, which requires us
to use the normalized Haar measure on Ky defined in §14.2.
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19.1.1 Counting algebraic integers of bounded norm
Recall from §15.2 that the unit group Kg of Kr := K ®q R is the locally compact group

Ki~J[xx~ [ R*x ] ¢

v]oo real v|oo complex v|co

We have a natural embedding

K* — Kj
x = (xy),
where v ranges over the r 4+ s archimedean places of K; this allows us to view K* as a
subgroup of K} that contains the nonzero elements of Og. In Lecture 15 we defined the
continuous homomorphism
Log: Ky — R'*
(zy) = (log [|zyl|v),

and proved that we have an exact sequence of abelian groups
L
1—>uK—>O§$AK—>O,

in which Ak is a lattice in the trace-zero hyperplane R := {z € R""* : T(z) = 0} (where
T(z) is the sum of the coordinates of x). The regulator Rx is the covolume of Ag in Rj*?
(see Definition 15.16), where we endow R6+s with the Euclidean measure induced by any
coordinate projection R"™*$ — R™$~1 By Dirichlet’s unit theorem (Theorem 15.12), we
can write

x =U X ik,

where U C OF is free of rank r + s — 1 (the subgroup U is not uniquely determined, but let
us fix a choice).
We want to estimate the quantity

#{a:N(a) <t},

where a ranges over nonzero ideals of Ok, as t — oco. As a first step, let us restrict
our attention to principal ideals (o) € Ok. We then want to estimate the cardinality of
{(a) : N(a) < t}. For nonzero o,/ € K we have (a) = () if and only if a/a’ € O%, so
this is equivalent to

{ae K*NOk : N(a) <t}/OF,

where for any set S C K}, the notation S/O% denotes the set of equivalence classes of S
under the equivalence relation a ~ o/ < a = ud/ for some u € O If we now define

Ky o ={z € Kg :N(z) <t} C Ky C K,
then we want to estimate the cardinality of the finite set

(K< N OK) /OF,
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where the intersection takes place in Kg and produces a subset of K that we partition into
equivalence classes modulo Oj. To simplify matters, let us replace O with the free group
U C Oy; we then have a wx—to-1 map

(K5 <, N Ox)/U — (K5 N Ok ) /O

It suffices to estimate the cardinality of (K3 ., N O)/U and divide the result by wg.
Recall that for « = (z,) € K}, the norm map N: K — RZ, is defined by

N(z) == H [@]lo = H e H |1‘v|%>

v]oo v real v complex
and satisfies T(Log ) = log N(x) for all z € Kj;. We now define a surjective homomorphism

v: Ky — Kg
x — zN(z)" /",
The image of K ; under the Log map is precisely the trace zero hyperplane R6+S in R"+$

in which Log(U) = Log(O%) = Ak is a lattice. Let us fix a fundamental domain F for the
lattice Ag in R6+S so that
S :=v! (Log '(F))

is a set of unique coset representatives for the quotient K /U. If we now define
S<i={x € S :N(z) <t} C Ky,
we want to estimate the cardinality of the finite set
S<;NOk.

The set O is a lattice in the R-vector space KR of dimension n. We have tS<; = S<»,
so we can estimate the cardinality of S<; = t!/"S<; via Corollary 19.6 with S = S<; and
A = Ok by replacing ¢ with t'/" provided that the boundary of S<; is (n — 1)-Lipschitz
parametrizable, which we now argue.

The kernel of the Log map is {1}" x U(1)*, where U(1) := {z € C: 2z = 1} is the unit
circle in C. We thus have a continuous isomorphism of locally compact groups

K = (R*) x (C*)° = R™* x {£1}" x [0,27)* (1)
x=(T1,...,%p,21,...,25) — (Logz) X (sgnzy,...,sgnz,) x (arg z1, ..., arg zs),
where the map to R"** is the Log map, the map to {£1}" is the vector of signs of the r real
components, and the map to [0, 27)*® is the vector of angles arg z such that z/|z| = e'®®&% of

the s complex components.

The set S<; consists of 2" connected components, one for each element of {+1}". We
can parametrize each of these component using n real parameters as follows:

e 7+ s — 1 parameters in [0, 1) that encode a point in F' as an R-linear combination of
Log(€1),. .., Log(erys—1), where €1,..., €451 are a basis for U;

e s parameters in [0, 1) that encode an element of U(1)%;
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e a parameter in (0, 1] that encodes the nth-root of the norm.

These parameterizations define a continuously differentiable bijection from the set
C =10,1)"" x(0,1] € [0,1]"

to each of the 2" disjoint components of S<i; it can be written out explicitly in terms of
exponentials and the identity function. The boundary OC' is the boundary of the unit n-
cube, which is clearly (n — 1)-Lipschitz parametrizable; thus each component of S<;, and
therefore S<; itself, has a boundary that is (n — 1)-Lipschitz parametrizable.

We now apply Corollary 19.6 to the lattice Ox and the set S<; in the n-dimensional
R-vector space Kg with t replaced by t1/™, since S<t = 1/ "S<1. This yields

#(S< N OK) = m(t”n)” + O((tl/")”_1> - <"gi’511/)2> t4 O(tl_l/">. 2)

Our next task is compute p(S<1); as noted in Remark 19.7, we must use the normalized
Haar measure p on K defined in §14.2 when doing so. We will use the isomorphism in
(1) to make a change of coordinates, we just need to understand how this affects the Haar
measure g on Kg = HU| o Ky = R" x C°. In terms of the standard Lebesgue measures
dr and dA on R and C, we have p = (dx)"(2dA)®, where the 2dA reflects the fact that
the normalized absolute value || ||, for each complex place v is the square of the Euclidean
absolute value on C. For each factor of K =[], Ky =~ (R*)" x (C*)* C R" x C* we
define the maps

v|oo

R* — R x {£1} C* = R x [0,2m)
x +— (log|z|,sgnz) z +— (2log |z|,arg 2)
+e! i (0, 41) /0 i (1, 0)
da > e'dlpgsry 2dA s 2¢'/%d(e"?)do = e'dldd,

where df is the Lebesgue measure on R, 44y is the counting measure on {1}, and df is
the Lebesgue measure on [0,27). We thus have

Ky — R x {£1}" x [0,27)°
o €O sty 185 ),

where the trace function T(-) sums the coordinates of a vector in R"*5,
We now make one further change of coordinates:

Rr+s N Rr—i—s—l < R
= (21, Tpys) = (X1, ., Tpgs—1,y := T(x))

T(z)

e pprts > €Y puprrs—1dy.

If we let mg: R™™$ — R"+5~1 denote the coordinate projection, then the Lebesgue measure
of mo(F) in R™T*~1 is, by definition, the regulator Ry (see Definition 15.16).
The Log map gives us a bijection

~ 1 1 2 2
S§1—>F+(—OO7O] <n,...,n,n,...,n>7

1 1 2 2
= N(z)'/" L log N(z) [ =y.eoy =y =y, = )
¢ = N@)!"(a) o> Logu(a) +10gN@) (oo 2eenn 2
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The coordinate y € (—o0,0] is given by y = T(Log z) = logN(z), so we can view S<; as an
infinite union of cosets of Log™!(F) parameterized by e¥ = N(z) € (0,1].
Under our change of coordinates we thus have

K S RPTEXR x {£117 x [0,27)°
S<q — mo(F) x (—00,0] x {£1}" x [0, 27)°.

Since R = pgr+s—1(m(F')), we have

0
N(Sﬁl) = / €yRK2T(27T)de

=2"(27)°Rk.
Plugging this into (2) yields
. 2T<27T>SRK 1—1/n
#(S<iNOF) = <W> t+0 (t ) . (3)

19.2 Proof of the analytic class number formula

We are now ready to prove the analytic class number formula. Our main tool is the following
theorem, which uses our analysis in the previous section to give a precise asymptotic estimate
on the number of ideals of bounded norm.

Theorem 19.8. Let K be a number field of degree n As t — oo, the number of nonzero
Ok -ideals a of absolute norm N(a) <t is

2"(2m)°*hxg Ri 1-1
2T PRR Ny Lo (Y
( wy,| Dxc |1/ ) " ( )

where r and s are the number of real and complex places of K, respectively, hx = #cl Ok
is the class number, Ry is the requlator, wi = #uK is the number of roots of unity, and
Dy := disc Ok is the absolute discriminant.

Proof. In order to count the nonzero Og-ideals a of absolute norm N(a) < ¢ we group them
by ideal class. For the trivial class, we just need to count nonzero principal ideals («),
equivalently, the number of nonzero a € Ok with N(a) < ¢, modulo the unit group O%.
Dividing (3) by wg to account for the wg-to-1 map

Sgt NOg — (Kﬁgt M OK)/OX,

we obtain

#{(a) C O : N(a) < t} = <2(2W)RK> t+0 (tl’l/"> . (4)

UJK’DKP/Q

To complete the proof we now show that we get the same answer for every ideal class; the
nonzero ideals a of norm N(a) < ¢ are asymptotically equidistributed among ideal classes.

Fix an ideal class [a], with a C Ok nonzero (every ideal class contains an integral ideal,
by Theorem 14.20). Multiplication by a gives a bijection

{ideals b € [a™!] : N(b) < t} =% {nonzero principal ideals (a) C a : N(a) < tN(a)}
— {nonzero o € a: N(a) < tN(a)}/Oj.
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Let S[q),<¢ denote the set on the RHS. The estimate in (4) derived from Corollary 19.6 applies
to any lattice in Kg, not just Og. Replacing Ok with a in (4) we obtain

#S)a),<t = (W() tN(a) + O(tlfl/”>

wy, covol(a)

- (wk 02(:\1(317251?)[;\1(11)) tN(a) + O<tl_1/">

= <2T(27r)sRK> t+ O(tl—l/"),

Umﬂl)Kﬂ1/2

since covol(a) = N(a) covol(Of), by Corollary 14.17. Note that the RHS does not depend
on the ideal class [a]. Summing over ideal classes yields

2" (2m)*
#{nonzero ideals b C Ok : N(b) < t} = Z #Sa,<t = <(7T)hK1R2K> t+0 (tl—l/n> ,
Wed©x) w Dl

as claimed. O

Lemma 19.9. Let ay,a9,... be a sequence of complex numbers and let o be a real number.
Suppose that
ap+---+a = 0(t%) (as t — 00).

Then the Dirichlet series Y apn™% defines a holomorphic function on Res > o.

Proof. Let A(x) = g ,<, @n. Writing the Dirichlet sum as a Stieltjes integral (apply
Corollary 18.28 with f(n) =n~*% and g(n) = a,), for Re(s) > o we have

Zann_s :/ x *dA(x)
n=1 1=
= A(f) A(z)dx™®
T 1- 1-

=(0-0)— /Oo A(x)(—sz* 1) dx

> A(x)
= 3/1 poews| dz.

Note that we used |A(z)| = O(z?) and Re(s) > o to conclude lim,_,o, A(z)/2® = 0. The
integral on the RHS converges locally uniformly on Re(s) > o and the lemma follows. [

Remark 19.10. Lemma 19.9 gives us an abscissa of convergence o for the Dirichlet series
> ann~%; this is analogous to the radius of convergence of a power series.

Lemma 19.11. Let ay,as,... be a sequence of complex numbers that satisfies
ar + - +ap = pt + O(17) (as t — o0)

for some o € [0,1) and p € C*. The Dirichlet series > a,n~° converges on Re(s) > 1 and
has a meromorphic continuation to Re(s) > o that is holomorphic except for a simple pole
at s = 1 with residue p.
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Proof. Define b,, :== a,, — p. Then by +--- 4+ by = O(t7) and

Z a,n”_ % = pz n_ %+ Z bpn~ % =p((s) + Z b,n"%.

We have already proved that the Riemann zeta function ((s) is holomorphic on Re(s) > 1
and has a meromorphic continuation to Re(s) > 0 that is holomorphic except for a simple
pole at 1 with residue 1. By the previous lemma, > b,n~* is holomorphic on Re(s) > o, and
since o < 1, it is holomorphic at s = 1. So the entire RHS has a meromorphic continuation
to Re(s) > o that is holomorphic except for the simple pole at 1 coming from ((s), and the
residue at s=1is p-1+0=p. O

We are now ready to prove the analytic class number formula.

Theorem 19.12 (ANALYTIC CLASS NUMBER FORMULA). Let K be a number field of
degree n. The Dedekind zeta function (i (z) extends to a meromorphic function on Re(z) >
1-— % that is holomorphic except for a simple pole at z = 1 with residue

. _2"(27)°hk Rk
Zl_lgﬂr(z = 1)Ck (2) = px = Wa

where r and s are the number of real and complex places of K, respectively, hx := #cl O
is the class number, Ry is the regulator, wx = pg is the number of roots of unity, and
Dy = disc Ok is the absolute discriminant.

Proof. We have

Cre(2) = SON(@ " =Yt

t>1

where a ranges over nonzero ideals of Ok, and a; := #{a : N(a) =t} with t € Z>,. If we

now define
B 2"(2m)°hx Ry

PK = UjK|DK|1/2 )
then by Theorem 19.8 we have
a1+ +a; = #{a:N(a) <t} = pgt +O(t~7")  (ast = o).

Applying Lemma 19.11 with ¢ = 1 — 1/n, we see that (x(z) = > ast™* extends to a
meromorphic function on Re(z) > 1 — 1/n that is holomorphic except for a simple pole at
z = 1 with residue pg. O

Remark 19.13. As previously noted, Hecke proved that (x(z) extends to a meromorphic
function on C with no poles other than the simple pole at z = 1, and it satisfies a functional
equation. If we define the gamma factors’

Tr(z) =7 T (%), and T¢(2):=Tr(z)Tr(z +1) = 2(27) °T(2),
and the completed zeta function

€k (2) = |Dk|**Tr(2) Tc(2)* ¢k (2),

'The rightmost equality follows from the duplication formula for I'(s). In older texts one may find T'c(s)
defined as (27)*T'(z), which yields the same functional equation.
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where r and s are the number of real and complex places of K, respectively, then {x(z) is
holomorphic except for simple poles at z = 0,1 and satisfies the functional equation

Erx(z) =&k (1 — 2).

In the case K = Q, we have r =1 and s = 0, so

fo(2) = Tr(2)((2) = 7 *T(5)¢o(2),

which is precisely the completed zeta function Z(z) we defined for the Riemann zeta function
¢(2) = (o(#) in Lecture 17 (without any extra factors to remove the zeros at z =0, 1).

19.3 Cyclotomic zeta functions and Dirichlet L-functions

Having proved the analytic class number formula, we now want to complete the proof of
Dirichlet’s theorem on primes in arithmetic progressions that we began in the previous
lecture. To do this we need to establish a connection between Dirichlet L-functions and
Dedekind zeta functions of cyclotomic fields.

Recall from Problem Set 4 that we have an isomorphism ¢: Gal(Q((,,)/Q) — (Z/mZ)*

canonically defined by o((n) = Qﬁ(g) (independent of the choice of (,,). The canonical
bijection given by Corollary 18.16 allows us to identify the set X (m) of primitive Dirichlet
characters of conductor dividing m with the character group of (Z/mZ)* ~ Gal(Q((m)/Q).2

More generally, given any finite set of primitive Dirichlet characters, if we let m be the
LCM of their conductors and consider the subgroup H of X(m) they generate, we may
associate to H the subfield K = Q((,,)?H), where

¢(H) = {0 € Gal(Q((n)/Q) : x(0) =1 for all x € H};

we may then regard H as the character group of Gal(K/Q) via Proposition 18.40. The same
applies if we replace m with any multiple m/, since H C X (m) C X (m’) for all m|m’ and
we will get the same field K C Q((n) € Q(Go)-
Conversely, for each subfield K of a cyclotomic field Q((,,) there is a corresponding
subgroup
H:={xeX(m): x(o)=1forall 0 € Gal(Q({n)/K)},

for which K = Q(¢n)?®). Note that K/Q is Galois, since Gal(Q((,)/Q) is abelian (every
subgroup is normal), and we may view H as the character group of Gal(K/Q). We thus have
a one-to-one correspondence between subgroups H C X (m) and subfields of K C Q((,,) in
which H corresponds to the character group of Gal(K/Q) and K = Q(¢,,)?H),

We will prove that under this correspondence, the Dedekind zeta function of (x(s) is
the product of the Dirichlet L-functions L(s, x) for x € H. We first note the following.

Proposition 19.14. Let p be a prime, let m be a positive integer, and let m' = m/p”f'(m).
Then Q((py) is the mazimal extension of Q in Q((y,) unramified at p. In particular, if p
does not divide m then Q((pn) is unramified at p.

Proof. By Corollary 10.18, the extension Q,((y)/Q), is unramified. It follows from Proposi-
tion 12.4 that Q((,)/Q is unramified at p. Applying the same argument to all primes g # p

2As noted in Remark 18.17, the group operation on X (m) is not pointwise multiplication, one multiplies
elements of X (m) by taking the unique primitive character that induces the pointwise product.
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dividing m shows that the extension Q(vap(m>) is ramified only at p. By Corollary 14.27,
there are no nontrivial unramified extensions of QQ, so every subfield of @(vap(m>) that prop-
erly contains Q is ramified at p. Now Q((,,) is the compositum of Q((pvp(m)) and Q((),
which intersect in @, so any nontrivial extension of Q(¢],) in Q((,) contains a subfield of
Q(vap(m)) properly containing Q which must be ramified at p; the proposition follows. [

Theorem 19.15. Let H C X(m) be a group of primitive Dirichlet characters and let K =
Q(Cm)?M) be the corresponding subfield of Q(Cm), with ¢(H) defined as above. Then

¢ (s)= [T L(s,0).

x€H

Proof. On the LHS we have

() =[[-Nep)™) " =T[T[Q-N@)™) ",
p

P plp

and on the RHS we have

[T20=TITIC-xwr )" =TT (0 - xw») "

x€H xX€H p p x€H

It thus suffices to prove

[Ta-No=) = [T @ —xwpr™) (5)

plp x€H

for each prime p.
Since K/Q is Galois, we have [K : Q] = e, f,gp, where e, is the ramification index, f, is
the residue field degree, and g, = #{p|p}. On the LHS of (5) we have

I1 -3 (-6 = (-07)"

plp

which we note does not change if we replace K with the maximal subfield K’ of K in which p
is unramified (since K /K’ is totally ramified at every prime of K" above p, only e, changes,
not fp or g,). On the RHS of (5), we have x(p) = 0 for all x € H with conductor divisible
by p, so we can replace H with the subgroup H’ of Dirichlet characters with conductors
prime to p. It follows from Proposition 19.14 that K’ = Q(¢n)?H") (to see this, note that
if we put m’ = m/p*»™ then K’ = K N Q(() and H = H N X (m’)). Thus without loss
of generality we assume p /' m, so K is unramified at p and we have #H = [K : Q] = f,gp.
Since K/Q is abelian and unramified at p, the Artin map gives us a Frobenius element o,
corresponding to the Frobenius automorphism z — zP of the residue field, which by defini-
tion has order f,, so o, has order f, in Gal(K/Q). Viewing H as the character group of
Gal(K/Q), the map x — x(op) defines a surjective homomorphism from H to the group
of fp-th roots of unity o € U(1), and the kernel of this map has cardinality #H/f, = gp.

Therefore
9p

[T 0 =xtwp) = T (1=er)” = (1-079")",

XEH afr=1

where the second equality follows from the identity [ s_,(1 —aT) =1-T% € C[T]. O
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19.4 Non-vanishing of Dirichlet L-functions with non-principal character

We are now ready to prove the key claim needed to complete our proof of Dirichlet’s theorem
on primes in arithmetic progressions.

Theorem 19.16. Let ¢ be any non-principal Dirichlet character. Then L(1,1) # 0.

Proof. Let 1 be a non-principal Dirichlet character, say of modulus m. Then ¢ is induced
by a non-trivial primitive Dirichlet character QZ of conductor m dividing m. The L-functions
of 1 and @Z differ at only finitely many Euler factors (1 — «(p)p~*)~' (corresponding to
primes p dividing m/m), and these factors are clearly nonzero at s = 1, since p > 1. We
thus assume without loss of generality that ¢ = 1; is primitive.

Let K be the mth cyclotomic field Q((,,). By Theorem 19.15 we have

Ce(s) =[] Lis ),

where y ranges over the primitive Dirichlet characters of conductor dividing m, including .
By the analytic class number formula (Theorem 19.12), the LHS has a simple pole at s = 1,
and the same must be true of the RHS. Thus

ords—1(x (s) = ords—1 H L(s, x)

X
—1=ords—1L(s,1) H L(s,x)
x#1
—1 = ords=1¢(s) H L(s,x)
x#1
—1=-1+ Z ords—1L(s, x).
x#1

Each x # 1 in the sum is necessarily non-principal (since it is primitive). We proved in
Proposition 18.20 that for non-principal x the Dirichlet L-series L(s,x) is holomorphic on
Re(s) > 0, thus ords—1L(s, x) > 0 for all x appearing in the sum, which can therefore be
zero if and only if every term ords—1L(s, x) is zero. So L(1,x) # 0 for every non-trivial
primitive Dirichlet character x of conductor dividing m, including ). O
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20 The Kronecker-Weber theorem

In the previous lecture we established a relationship between finite groups of Dirichlet char-
acters and subfields of cyclotomic fields. Specifically, we showed that there is a one-to-
one-correspondence between finite groups H of primitive Dirichlet characters of conductor
dividing m and subfields K of Q((,,) under which H can be viewed as the character group
of the finite abelian group Gal(X/Q) and the Dedekind zeta function of K factors as

Ck(s) = ] L(s, ).

x€H

Now suppose we are given an arbitrary finite abelian extension K/Q. Does the character
group of Gal(K/Q) correspond to a group of Dirichlet characters, and can we then factor
the Dedekind zeta function (i (s) as a product of Dirichlet L-functions?

The answer is yes! This is a consequence of the Kronecker- Weber theorem, which states
that every finite abelian extension of Q lies in a cyclotomic field. This theorem was first
stated in 1853 by Kronecker [2]|, who provided a partial proof for extensions of odd degree.
Weber [7] published a proof 1886 that was believed to address the remaining cases; in fact
Weber’s proof contains some gaps (as noted in [5]), but in any case an alternative proof was
given a few years later by Hilbert [1]. The proof we present here is adapted from [6, Ch. 14|

20.1 Local and global Kronecker-Weber theorems

We now state the (global) Kronecker-Weber theorem.

Theorem 20.1. Every finite abelian extension of Q lies in a cyclotomic field Q((p,).
There is also a local version.

Theorem 20.2. Every finite abelian extension of Q, lies in a cyclotomic field Qp((m)-
We first show that the local version implies the global one.

Proposition 20.3. The local Kronecker-Weber theorem implies the global Kronecker- Weber
theorem.

Proof. Let K/Q be a finite abelian extension. For each ramified prime p of Q, pick a prime
p|p and let K}, be the completion of K at p (the fact that K/Q is Galois means that every
p|p is ramified with the same ramification index; it makes no difference which p we pick). We
have Gal(K,/Qp) ~ D, C Gal(K/Q), by Theorem 11.23, so K, is an abelian extension of
Qp and the local Kronecker-Weber theorem implies that K, C Qp((’mp) for some m,, € Z>1.
Let ny = vp(myp), put m := [],p" (this is a finite product), and let L = K (). We will
show L = Q((,), which implies K C Q((n)-

The field L = K - Q((y,) is a compositum of Galois extensions of @, and is therefore
Galois over Q with Gal(L/Q) isomorphic to a subgroup of Gal(K/Q) x Gal(Q((,,)/Q), hence
abelian (as recalled below, the Galois group of a compositum K - - - K, of Galois extensions
K;/F is isomorphic to a subgroup of the direct product of the Gal(K;/F)). Let q be a
prime of L lying above a ramified prime p|p; as above, the completion Lq of L at q is a finite
abelian extension of @Q,, since L/Q is finite abelian, and we have Ly = K - Qp((m). Let
Fy be the maximal unramified extension of Qp, in Lg. Then Ly/Fjy is totally ramified and
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Gal(Lq/Fy) is isomorphic to the inertia group I, := I; € Gal(L/Q), by Theorem 11.23 (the
I, all coincide because L/Q is abelian).

It follows from Corollary 10.18 that Ky, C Fy(Gyre ), since Ky C Qp(Gm,, ) and Qp(Gr, /pmr)
is unramified, and that Lq = Fy((pne ), since Qp(Gyypme) is unramified. Moreover, we have
FyNQp(Gre) = Qyp, since Qp(prr)/Qp is totally ramified, and it follows that

I ~ Gal(Lq/Fy) ~ Gal(Qp(Gprr ) /Qp) ~ (Z/p" Z)*.

Now let I be the group generated by the union of the groups I, C Gal(L/Q) for p|m. Since
Gal(L/Q) is abelian, we have I C [] I, thus

#1<[[#L, = [[#@/r2) =] (™) = ¢(m) = [Q(¢m) : Q.

plm plm plm

Each inertia field L» is unramified at p (see Proposition 7.12), as is L C L. So L1/Q is
unramified, and therefore L/ = Q, by Corollary 14.27. Thus

[L:Q] = [L: L] = #I < [Q(Gn) : Q),
and Q(¢n) C L, so L = Q((n) as claimed and K C L = Q((n). O

To prove the local Kronecker-Weber theorem we first reduce to the case of cyclic exten-
sions of prime-power degree. Recall that if L1 and Lo are two Galois extensions of a field K
then their compositum L = LiLs is Galois over K with Galois group

Gal(L/K) ~ {(0'1,0'2) : O'1|leL2 = 02|L10L2} g Gal(Ll/K) X Gal(LQ/K).

The inclusion on the RHS is an equality if and only if L1 N Ly = K. Conversely, if
Gal(L/K) ~ H; x Hy then by defining Lo := L™ and Ly := L2 we have L = L1L,
with Ly N Ly = K, and Gal(Ly/K) ~ Hy and Gal(Ly/K) ~ Hs.

It follows from the structure theorem for finite abelian groups that we may decompose
any finite abelian extension L/K into a compositum L = L - - - L,, of linearly disjoint cyclic
extensions L;/K of prime-power degree. If each L; lies in a cyclotomic extension K ((p,),
then so does L. Indeed, L C K((my) -+ K(Gm,,) = K(¢m), where m :==my -+ - my,.

To prove the local Kronecker-Weber theorem it thus suffices to consider cyclic extensions
K/Q, of prime power degree ¢". There two distinct cases: ¢ # p and £ = p.

20.2 The local Kronecker-Weber theorem for ¢ # p

Proposition 20.4. Let K/Q, be a cyclic extension of degree £ for some prime £ # p. Then
K lies in a cyclotomic field Qp(Gn)-

Proof. Let F be the maximal unramified extension of Q,, in K; then F' = Q,((,) for some
n € Z>1, by Corollary 10.17. The extension K/F' is totally ramified, and it must be tamely
ramified, since the ramification index is a power of ¢ # p. By Theorem 11.10, we have
K = F(x'/¢) for some uniformizer 7, with e = [K : F]. We may assume that m = —pu for
some u € O, since F'//Q, is unramified: if q|p is the maximal ideal of Op then the valuation
vq extends v, with index e = 1 (by Theorem 8.20), so vq(—pu) = v,(—p) = 1. The field
K = F(x'/¢) lies in the compositum of F((—p)'/¢) and F(u'/¢), and we will show that both
fields lie in a cyclotomic extension of Q.
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The extension F(u!/¢)/F is unramified, since vy(disc(z®—u)) = 0 for p { e, so F(u'/¢)/Q,
is unramified and F(u'/¢) = Q,(¢x) for some k € Z>;. The field K (u!/¢) = K - Q,((1) is a
compositum of abelian extensions, so K (u!/€)/ Qp is abelian, and it contains the subextension
Qp((—p)'/¢)/Q,, which must be Galois (since it lies in an abelian extension) and totally
ramified (by Theorem 11.5, since it is an Eisenstein extension). The field Q,((—p)Y/®)
contains (. (take ratios of roots of x°+p) and is totally ramified, but Q,(¢.)/Q, is unramified
(since p fe), so we must have Q,(¢.) = Q,. Thus e|(p — 1), and by Lemma 20.5 below,

Qp((—p)*) € Qu((—p) P V) = Qu(Gp)-

It follows that F((—p)'/¢) = F - Q,((—p)"/¢) € Qp(¢n) - Qp(¢p) € Qp(Cnp). We then have
K C F(u'/®) - F((-p)"¢) € Q(¢k) - Q(Cnp) € Q(Chnp) and may take m = knp. O

Lemma 20.5. For any prime p we have Qp<( p)l/ = 1)) Qp(¢p)-

Proof. Let a = (—p )1/ (»=1) Then « is a root of the Eisenstein polynomial zP~! + p, so the
extension Q,((—p)/®P~D) = Q,(a) is totally ramified of degree p— 1, and « is a uniformizer
(by Lemma 11.4 and Theorem 11.5). Let m = (, — 1. The minimal polynomial of 7 is

(x+1)P -1
x

f(z) = = 2" paP 2 e,
which is Eisenstein, so Qp(7) = Q,({p) is also totally ramified of degree p — 1, and 7 is a
uniformizer. We have u := —7P~1/p = 1 mod 7, so u is a unit in the ring of integers of
Qp(¢p). If we now put g(x) = 2P~! — u then g(1) = 0 mod 7 and ¢’(1) = p — 1 # 0 mod T,
so by Hensel’s Lemma 9.15 we can lift 1 to a root § of g(x) in Qp((p).

We then have pfP~! = pu = —7P~, so (7/B)P~! + p = 0, and therefore 7/8 € Q,((p) is
a root of the minimal polynomial of a. Since Q,({p) is Galois, this implies that o € Q,((p),
and since Q, () and Q,(¢p) both have degree p — 1, the two fields coincide. O

To complete the proof of the local Kronecker-Weber theorem, we need to address the
case £ = p. Before doing so, we first recall some background on Kummer extensions.

20.3 The local Kronecker-Weber theorem for ¢/ =p > 2
We are now ready to prove the local Kronecker-Weber theorem in the case £ = p > 2.

Theorem 20.6. Let K/Q, be a cyclic extension of odd degree p". Then K lies in a cyclo-
tomic field Qp(Cm)-

Proof. There are two obvious candidates for K, namely, the cyclotomic field Qp((,er_1),
which by Corollary 10.17 is an unramified extension of degree p”, and the index p—1 subfield
of the cyclotomic field Q,((,r+1), which by Corollary 10.18 is a totally ramified extension
of degree p” (the p"*!-cyclotomic polynomial ®,r+1(z) has degree d(p™t) =p"(p—1) and
remains irreducible over Q). If K is contained in the compositum of these two fields then
K C Qp(Gn), where m := (pP" —1)(p"!) and the theorem holds. Otherwise, the field K (¢x,)
is a Galois extension of @, with

Gal(K (Cn)/Qp) = Z/p"Z X Z/p"Z x L/ (p — 1)L x Z/p°L,

for some s > 0; the first factor comes from the Galois group of Qp(Cpprfl), the second two
factors come from the Galois group of Q,((pr+1) (note Qp(Cpr+1)NQp(Cper —1) = Qp), and the
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last factor comes from the fact that we are assuming K Z Q,(¢p), so Gal(K (¢m)/Qp(m))
is nontrivial and must have order p* with 1 < s <.

It follows that the abelian group Gal(K((y,)/Q,) has a quotient isomorphic to (Z/pZ)3,
and the subfield of K((,,) corresponding to this quotient is an abelian extension of Q, with
Galois group (Z/pZ)3. By Proposition 20.7 below, no such field exists. O

Proposition 20.7. For odd p every totally wildly ramified Galois extension of Q) is cyclic.
In particular, there is no abelian extension of Q, with Galois group (Z/pZ)? when p is odd.

Proof. See Problem Set 10 for the first statement. For the second, if Gal(K/Q,) ~ (Z/pZ)?
we can write G := Gal(K/Q)) as the internal direct sum of the inertia subgroup I < G and
a cyclic subgroup H < G, since L’ is an unramified, hence cyclic extension of Qp with Galois
group isomorphic to G/I ~ H. But then L is a totally wildly ramified abelian extension
of Q, whose Galois group G/H is not cyclic. O

Remark 20.8. There is an alternative proof to Proposition 20.7 that is more explicit. One
can show that for odd p the field Q, has exactly p ramified abelian extensions of degree p,
namely, Q,[z]/(z? + pzP~t + p(1 + ap)), for integers a € [0,p — 1]; see [3, Prop. 2.3.1].
Any noncyclic totally wildly ramified abelian extension of @, would contain at least p + 1
ramified abelian extensions of degree p, since (Z/pZ)? has p + 1 quotients of order p.

Remark 20.9. Another approach to Proposition 20.7 uses Kummer theory. One shows
that for odd p the elementary abelian p-group Q,((p)*/Qp(¢p)*? has rank at most 2, and
this rules out the existence of a (Z/pZ)? extension; see [6, Lemma 14.8].

For p = 2 there is an extension of Qs with Galois group isomorphic to (Z/2Z)3: the
cyclotomic field Q2(C24) = Q2(¢3) - Q2({g). So the proof we used for p > 2 will not work.
However we can apply a completely analogous argument.

Theorem 20.10. Let K/Qy be a cyclic extension of degree 2". Then K lies in a cyclotomic
field Q2(Gm)-

Proof. The unramified cyclotomic field Q2((y2r _;) has Galois group Z/2"Z, and the totally
ramified cyclotomic field Q2({yr+2) has Galois group Z/27 x 7Z/2"7 (up to isomorphism).
Let m = (2% — 1)(2"+2). If K is not contained in Q2((,,) then

7.)27. % (Z)2"7)? x 7.J2°7 with 1 < s <7

Gal(K ((m)/Q2) ~ { or
(Z/27Z)* X Z/2°Z with 2 < s < r

and thus admits a quotient isomorphic to (Z/2Z)* or (Z/4Z)3. By Lemma 20.11 below, no
extension of Qg has either of these Galois groups, thus K must lie in Q2((y,). O

Lemma 20.11. No extension of Qg has Galois group isomorphic to (Z/27)* or (Z/4AZ)3.

Proof. As you proved on Problem Set 4, there are exactly 7 quadratic extensions of Qsq; it
follows that no extension of Q has Galois group (Z/27)*, since this group has 15 subgroups
of index 2 whose fixed fields would yield 15 distinct quadratic extension of Qs.

As you proved on Problem Set 5, there are only finitely many extensions of Qo of any
fixed degree d, and these can be enumerated by considering Eisenstein polynomials in Qs[z]
of degrees dividing d up to an equivalence relation implied by Krasner’s lemma. One finds
that there are 59 quartic extensions of Q2, of which 12 are cyclic; you can find a list of them
here. It follows that no extension of Qy has Galois group (Z/47)3, since this group has 28
subgroups whose fixed fields would yield 28 distinct cyclic quartic extensions of Qs. O
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18.785 Number theory I Fall 2021
Lecture #21 11/22/2021

21 Class field theory: ray class groups and ray class fields

In the previous lecture we proved that every abelian extension L of Q is contained in a
cyclotomic field Q(¢,,). The isomorphism Gal(Q((n)/Q) ~ (Z/mZ)* then allows us to
view Gal(L/Q) as a quotient of (Z/mZ)*. We would like to replace the base field Q with
an arbitrary number field K, but we need analogs of the cyclotomic fields Q((,,) and the
abelian Galois groups (Z/mZ)*. These analogs are ray class fields, and their Galois groups
are isomorphic to ray class groups. Ray class fields are not, in general, cyclotomic extensions
of K; their construction is rather more complicated. Before defining them, let us first recall
some properties of the Artin map we defined in Lecture 7.

21.1 The Artin map

Let L/K be a finite Galois extension of global fields, and let p be a prime of K. Recall
that the Galois group Gal(L/K) acts on the set {q|p} (primes q of L lying above p) and the
stabilizer of q|p is the decomposition group Dy C Gal(L/K). By Proposition 7.9, we have a
surjective homomorphism

mq: Dqg — Gal(Fq/Fy)

o0 = (a—o(a)),

where o € O, is any lift of @ € Fy := O /q to O, and o(«) is the reduction of o(a) € Op,
to Fy; kernel of my is the inertia group Iy. If q is unramified then I is trivial and 7y is an
isomorphism. The Artin symbol (Definition 7.20) is defined by

L/K
({]> =0 =, (x> 2,

where (z — x#F%) € Gal(F,/Fy) is the Frobenius automorphism, a canonical generator for
the cyclic group Gal(F,/F,). Equivalently, o is the unique element of Gal(L/K) for which

oq(x) = 27 mod q

for all x € Or. For q|p the Frobenius elements o, are all conjugate (they form the Frobenius
class Froby), and when L/K is abelian they coincide, in which case we may write o, instead
of o4 (or use Frob, = {0y} to denote 0p), and we may write the Artin symbol as

()

Now assume L/K is abelian, let m be an Og-ideal divisible by every ramified prime
of K, and let Z¢ denote the subgroup of fractional ideals I € Zx for which v, (1) = 0 for all
plm. The Artin map (Definition 7.23) is the homomorphism

ULk Ik — Gal(L/K)
L/K > s
oy —_— .
e
pfm pfm
A key ingredient of class field theory that we will prove in this lecture is surjectivity of

the Artin map ¢7 . This allows us to identify Gal(L/K) with the quotient Zj¢ /ker ¢ ..
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Every p € ker ¢ 7' /K is unramified and has the property that the Frobenius elements o are
trivial for all q|p, meaning that all the residue field extensions Fy/Fy are trivial. This implies
that p splits completely in L (it is unramified and primes above it have residue degree one).
Conversely, every prime p € Iz that splits completely in L lies in ker o' K

Proposition 21.1. Let K C L C M be a tower of finite abelian extension of global fields
and let m be an Og-ideal divisible by all primes p of K that ramify in M. We have a
commutative diagram

M/K

Gal(M/K)
@/X s
Gal(L/K)

where the vertical map is the homomorphism o — 0|, induced by restriction.

Proof. 1t suffices to check commutativity at primes p { m, which are necessarily unramified.
The proposition then follows from Proposition 7.22. O

21.2 Class field theory for Q

We now specialize to K = Q. The Kronecker-Weber theorem tells us that every abelian
extension L/K lies in a cyclotomic field Q((,,). Each o € Gal(Q((,,)/Q) is determined by
its action on (,, and we have an isomorphism

w: Gal(Q(¢n)/Q) — (Z/mZ)*

defined by o((n) = C[fn(o). The primes p that ramify in Q((,,) are precisely those that
divide m (by Corollary 10.18). For each prime p f m the Frobenius element o, is the
unique o € Gal(Q((,)/Q) for which o(z) = 2P mod q for any (equivalently, all) g|(p).
Thus w(op) = p mod m, and it follows that the Artin map induces an inverse isomorphism
(Z/mZ)* — Gal(Q(¢n)/Q): for every integer a coprime to m we have (a) € Zg' and

- (49

where @ = a mod m. As you showed on Problem Set 4, the surjectivity of the Artin map
follows immediately, since a ranges over all integers coprime to m.

Now let L be a subfield of Q((,,). We cannot apply w to Gal(L/Q), since Gal(L/Q) is a
quotient of Gal(Q((m)/Q), not a subgroup, but the Artin map Zj' — Gal(L/Q) is available;
notice that the modulus m works for L as well as Q({,), since any primes that ramify in
L also ramify in Q((,,) and therefore divide m. By Proposition 21.1, the Artin map factors
through the surjective homomorphism Gal(Q({,)/Q) — Gal(L/Q) induced by restriction
and thus induces a surjective homomorphism (Z/mZ)* — Gal(L/Q).

To sum up, we can now say the following about abelian extensions of Q:

e Existence: for each integer m we have a ray class field Q((y): an abelian extension
ramified only at p|m with Galois group isomorphic to the ray class group (Z/mZ)*.

e Completeness: every abelian extension of Q lies in a ray class field Q((n).

18.785 Fall 2021, Lecture #21, Page 2


https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec7.pdf#theorem.2.22
https://ocw.mit.edu/courses/18-785-number-theory-i-fall-2021/mit18_785f21_lec10.pdf#theorem.2.18

e Reciprocity: if L is an abelian extension of Q contained in the ray class field Q((,,),
the Artin map Zg' — Gal(L/Q) induces a surjective homomorphism from the ray class
group (Z/mZ)* to Gal(L/Q), letting us view Gal(L/Q) as a quotient of (Z/mZ)*.

All of these statements will be made more precise; in particular, we will refine the first
two statements so that ray class fields are uniquely determined by the modulus m, and we
will give an explicit description of the kernel of the Artin map that allows us to identify
Gal(L/Q) with a quotient of (Z/mZ)*. But let us first consider how to generalize these
statements to number fields other than Q and define the terms ray class field, and ray class
group. In order to do so, we first need to make the role of the integer m more precise by
introducing the notion of a modulus.

21.3 Moduli and ray class groups

Recall that for a global field K we use Mg to denote its set of places (equivalence classes of
absolute values). We generically denote places by the symbol v, but for finite places, those
arising from a discrete valuation associated to a prime p of K (a nonzero prime ideal of
Ok ), we may write p in place of v. We write v|oo to indicate that v is an infinite place (one
not arising from a prime of K); recall that when K is a number field all infinite places are
archimedean, and they may be real (K, ~ R) or complex (K, ~ C).

Definition 21.2. Let K be a number field. A modulus (or cycle) m for K is a function
My — Z>( with finite support such that for v|oo we have m(v) < 1 with m(v) = 0 unless v
is a real place. We view m as a formal product [] ™) over My, which we may factor as

m = moMe, mg = H pm(p)’ Moo i= H ,Um('u)’

pfoo v|oo

where mg is an Og-ideal and m, represents a subset of the real places of K; we use #my,
to denote the number of real places in the support of m. If m and n are moduli for K we
say that m divides n and write m|n if m(v) < n(v) for all v € Mg. We define the product
modulus mn by mn(v) := m(v) + n(v) for v { oo and mn(v) := max(m(v) 4+ n(v), 1) for v | oo;
we also define ged(m,n)(v) = min(m(v),n(v) and lem(m,n)(v) = max(m(v),n(v)). The
zero function is the trivial modulus, with mg = (1) and #my = 0.

We use Zg to denote the ideal class group of O and define the following notation:!

e a fractional ideal I € Tk is coprime to m (or prime to m) if vy (1) = 0 for all pjmy.
o I3 C Ik is the subgroup of fractional ideals coprime to m.
e K™ C K* is the subgroup of elements aw € K* for which (a) € Z}.

e K™ C K™ is the subgroup of elements v € K™ with vy(av — 1) > wvy(my) for all plmg
and a, > 0 for v|my (here ay, is the image of o under K — K, ~ R).

e R C T is the subgroup of principal fractional ideals () € I with o € K™!.

The groups R are called rays or ray groups.

!This notation varies from author to author; there is no universally accepted notation for these objects
(in particular, the modulus m may appear as a subscript rather than a superscript). Things will improve
when we come to the adelic/idelic formulation of class field theory where there is more consistency.
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Definition 21.3. Let m be a modulus for a number field K. The ray class group for the
modulus m is the quotient
Cly :=I¢/R%.

A finite abelian extension L/K that is unramified at all places? not in the support of m for
which the kernel of the Artin map @ZJ?/K: I® — Gal(L/K) is equal to the ray group R is
a ray class field for the modulus m.

When m is the trivial modulus, the ray class group is the same as the usual class group
Clg := cl(Ok), but in general the class group Clg is a quotient of the ray class group Cl%
(as we will prove shortly). While not immediately apparent from the definition, we will see
that ray class fields are uniquely determined by m, so it makes sense to speak of the ray
class field for the modulus m (assuming existence).

Remark 21.4. The definitions above make sense for any global field, but in our ideal-
theoretic treatment of class field theory we will mostly restrict our attention to number
fields. Our adelic/idelic formulation of class field theory will address all global fields.

Remark 21.5. If m(v) = 1 for every real place v of K then Clf is a narrow ray class
group. The narrow ray class group with mg = (1) is the narrow class group; the usual class
group Clg = cl Ok is sometimes called the wide class group to distinguish the two. Note
that the wide class group is a quotient of the narrow class group, thus smaller in general;
this terminology can be confusing, but the thing to remember is that narrow equivalence is
stronger than ordinary equivalence, so there are more narrow equivalence classes, in general.
Of course for number fields with no real places (imaginary quadratic fields, in particular)
there is no distinction.

Example 21.6. For K = Q with the modulus m = (5) we have K™ = {a/b: a,b # 0 mod 5}
and K™! = {a/b:a=0b% 0mod5}. Thus

I = {(1),(1/2),(2), (1/3),(2/3),(3/2), (3), (1/4), (3/4), (4/3), (4), (1/6), (6), .. .},
x = {(1),(2/3),(3/2), (1/4), (4), (6), (1/6),(2/7),(7/2),. .. }-
You might not have expected (2/3) € R%, since 2/3 ¢ K™!, but note that —2/3 € K™!
and (—2/3) = (2/3). The ray class group is
Clg = I /Ri = {[(D], [(2)]} =~ (Z/5Z)" [{+1},

which is isomorphic to the Galois group of the totally real subfield Q(¢5)™ of Q((5), which
is the ray class field for this modulus. If we change the modulus to m = (5)oo we instead

get R = {(1),(6),(1/6),(2/7),(7/2),...}, Clg ~ (Z/5Z)*, and the ray class field is Q((5).

Lemma 21.7. Let A be a Dedekind domain and let a be an A-ideal. Every ideal class in
cl(A) contains an A-ideal coprime to a.

Proof. Let I be a nonzero fractional ideal of A. For each prime p|a we can pick m, € p such

that vg(my) = vq(p) for all gla, by Corollary 3.17. If we then put o := [, W;vp(l), then
vp(ad) = 0 for all p|a; thus ol is coprime to a and [al] = [I].

2 Archimedean places of K are unramified in L except for real places v with a complex place w of L above
them. But if L is unramified at all p { mo (necessary for 7, to be defined), and ker¢7,; = Rk, then L
will necessarily be unramified at all infinite places v { moo; so in the definition of a ray class field it is enough
for L to be unramified away from my.
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Now let S be the finite set of primes p for which vy(af) < 0 and pick m, € p such
that vq(my) = ve(p) for all ¢ € S and gla (again using Corollary 3.17). If we now put

—vp(al)

a = [lpesm € A, then vy(aad) > 0 for all p and vy(aal) = 0 for all pla. Thus aal is
an A-ideal coprime to a and [aal] = [I]. O

Theorem 21.8. Let m be a modulus for a number field K. We have an exact sequence
1— O NK™ — 0f — K™/K™! — CIft — Clg — 1
and a canonical isomorphism
K™/ K™ ~ {£1}# M x (O /mg)*.
Proof. Let us consider the composition of the maps K™! C K™ and a ~ (a):
™ L g L7

The kernel of f is trivial, the kernel of g o f is Oj N K™! (since (a) = (1) <= a € OF),
the kernel of g is O, the cokernel of f is K™/K™! the cokernel of go f is CIf = IR/RE
(by definition), and the cokernel of g is Clg (by Lemma 21.7). Applying the snake lemma
(see [2, Lemma5.13|, for example) to the following commutative diagram with exact rows

f

1 —5 Kml ¢ Km Km/Km,1 1
\J{gof \Lg \Lﬂ
1 m =T 1

yields the exact sequence ker g o f — ker g — ker m — coker g o f — coker g — coker 7:
1— ONK™ — 0f — K™/K™' — CIt — Clg — 1,

where the initial 1 follows from the fact that f is injective (and ker m = coker f).
We can write each a € K™ as o = a/b with a,b € Ok chosen so that (a) and (b) are
both coprime to my. We now define the homomorphism

p: K™ — [ T {£1} | x (O /mo)*

VMoo

s H sgn(ay) | x (@),

VMoo

where @ = ab~! € (Og/mg)* (here a,b are the images of a,b € Ok in Ok /mg, and they
both lie in (O /mg)* because (a) and (b) are coprime to mp). The ring (Ox/mg)* is iso-
morphic to lemo (O /p™®))* by the Chinese remainder theorem, and weak approximation
(Theorem 8.5) implies that ¢ is surjective. The kernel of ¢ is clearly K™!, thus ¢ induces
an isomorphism K™/K™! ~ {+1}#™e x (O /mg)*. This isomorphism does not depend on
the choices of a and b; every choice yields the same image & of @ = a/b in (Ox/mg)*. O
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Corollary 21.9. Let K be a number field and let m be a modulus for K. The ray class
group Cl% is a finite abelian group whose cardinality h's := #CI% is given by

¢(m)hi
(0% : O N K™Y’

h =
where hy = #Clg and ¢p(m) 1= #(K™/K™) = ¢p(mso)p(mg), with

B(moo) = 27™< g(mg) = #(Ok /mp)* = N(mg) [ (1 = N(p)™).

plmo
In particular, hg divides hiy and b divides hg(m).

Proof. The exact sequence implies ¢(m)/[OF : OF N K™ = k't /hi, and that both sides
of this equality are integers. O

Computing the ray class number A% is not a trivial problem, but there are algorithms
for doing so; see [1], which considers this problem in detail.

21.4 Polar density

We now want to prove the surjectivity of the Artin map for finite abelian extensions L/K
of number fields (as noted in §21.2, we already know this for K = Q). In order to do so we
first introduce a new way to measure the density of a set of primes that is defined in terms
of a generalization of the Dedekind zeta function. Throughout this section and the next, all
number fields are assumed to lie in some fixed algebraic closure of Q.

Definition 21.10. Let K be a number field and let S be a set of primes of K. The partial
Dedekind zeta function associated to S is the complex function

Crs(s) == (1 =N ™),

pesS

which converges to a holomorphic function on Re(s) > 1 (by the same argument we used
for (x(s) in Lecture 18).

If S is finite then (k g(s) is certainly holomorphic (and nonzero) on a neighborhood of 1.
If S contains all but finitely many primes of K then it differs from (x(s) by a holomorphic
factor and therefore extends to a meromorphic function with a simple pole at s = 1, by
Theorem 19.12.

Between these two extremes the function (x g(s) may or may not extend to a function
that is meromorphic on a neighborhood of 1, but if it does, or more generally, if some power
of it does, then we can use the order of the pole at 1 (or the absence of a pole) to measure
the density of S.

Definition 21.11. If for some integer n > 1 the function (j ¢ extends to a meromorphic
function on a neighborhood of 1, the polar density of S is defined by

p(S):=—,  m=—ords=1(k 5(5)

(so m is the order of the pole at s = 1, if one is present). Note that if (!¢ and (3>, both
extend to a meromorphic function on a neighborhood of 1 then we necessarily have
ning

ngordszlg“?&s(s) = ordS:1CK7S = nlordszlgés(s),
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which implies that p(S) does not depend on the choice of n. We will show below that
(whenever it is defined) p(S) is a rational number in the interval [0, 1].

In Lecture 17 we encountered two other notions of density, the Dirichlet density

T NET TN
d(9) = sl—>1+ pr N(p)—* 7sl—l>1+ plog

)

(the equality of the two expressions for d(S) follows from the fact that (x(s) has a simple
pole at s = 1, see Problem Set 9), and the natural density

— lim #{p € S: N(p) <z}
6(S) := lim 400 Np) <a]

On Problem Set 9 you proved that if S has a natural density then it has a Dirichlet density
and the two coincide. We now show that the same is true of the polar density.

Proposition 21.12. Let S be a set of primes of a number field K. If S has a polar density
then it has a Dirichlet density and the two are equal. In particular, p(S) € [0,1] whenever
it is defined.

Proof. Suppose S has polar density p(S) = m/n. By taking the Laurent series expansion of
Ck, 5(s) at s =1 and factoring out the leading nonzero term we can write

a
CK,s(S)”:(T L+ a(s=1)" ),
r>1

for some a € C*. We must have a € R-q, since (k s(s) € Ry for s € Ry and therefore
limg 1+ (s — 1)™Ck, s(s)™ is a positive real number. Taking logs of both sides yields

nZN(p)_s ~ mlog (as s — 17),

S p—
pesS

which implies that S has Dirichlet density d(S) = m/n (note that log(a) = O(1) plays no
role, since —mlog(s — 1) — oo as s — 17). O

Corollary 21.13. Let S be a set of primes of a number field K. If S has both a polar
density and a natural density then the two coincide.

We should note that not every set of primes with a natural density has a polar density,
since the later is always a rational number while the former need not be.

Recall that a degree-1 prime in a number field K is a prime with residue field degree 1
over Q, equivalently, a prime p whose absolute norm N(p) = [Ok : p] = #[F, is prime.

Proposition 21.14. Let S and T denote sets of primes in a number field K, let P be the
set of all primes of K, and let Py be the set of degree-1 primes of K. The following hold:

(a) If S is finite then p(S) = 0; if P — S is finite then p(S) = 1.
(b) If S C T both have polar densities, then p(S) < p(T).

(¢) If two sets S and T have finite intersection and any two of the sets S, T, and SUT
have polar densities then so does the third and p(SUT) = p(S) + p(T).
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(d) We have p(P1) =1, and p(S N P1) = p(S) whenever S has a polar density.

Proof. We first note that for any finite set S, the function (x g(s) is a finite product of
nonvanishing entire functions and therefore holomorphic and nonzero everywhere (including
at s = 1). If the symmetric difference of S and T is finite, then (x s(s)f(s) = Cxr(s)g(s)
for some nonvanishing functions f(s) and g(s) holomorphic on C. Thus if S and T differ by
a finite set, then p(S) = p(T") whenever either set has a polar density

Part (a) follows, since p(f) = 0 and p(P) = 1 (note that (xp(s) = (x(s), and
ords=1(x(s) = —1, by Theorem 19.12).

Part (b) follows from the analogous statement for Dirichlet density proved on Problem
Set 9.

For (c) we may assume S and T are disjoint (by the argument above), in which case
Ck,sur(s)™ = Ck,5(5)"Crr(s)™ for all n > 1, and the claim follows.

For (d), let Py := P—"P; so that P = P;UP5. For each rational prime p there are at most
n = [K : Q] (in fact n/2) primes p|p in P2, each of which has absolute norm N(p) > p?. It
follows by comparison with ¢(2s)" that the product defining (i p,(s) converges absolutely
to a holomorphic function on Re(s) > 1/2 and is therefore holomorphic (and nonvanishing,
since it is an Euler product) on a neighborhood of 1; thus p(P2) = 0 and p(P;) = 1. We
therefore have p(S NPz2) =0, so p(S) = p(S N P1) whenever p(S) exists, by (c). O

For a Galois extension of number fields L/K, let Spl(L/K) denote the set of primes of
K that split completely in L. When K is clear from context we may just write Spl(L).

Theorem 21.15. Let L/K be a Galois extension of number fields of degree n. Then

p(Spl(L)) = 1/n.

Proof. Let S be the set of degree-1 primes of K that split completely in L; it suffices to
show p(S) = 1/n, by Proposition 21.14. Recall that p splits completely in L if and only if
both the ramification index e, and residue field degree f, are equal to 1. Let T" be the set
of primes q of L that lie above some p € S. For each q € T lying above p € S we have
Npr(q) = pfr =p, so N(q) = N(Nr/k(q)) = N(p), thus q is a degree-1 prime, since p is.

On the other hand, if q is any unramified degree-1 prime of L and p = q N Ok, then
N(q) = N(Ng/x(q)) = N(p/) is prime, so we must have f, = 1, and e, = 1 since q is
unramified, which implies that p is a degree-1 prime that splits completely in L and is thus
an element of S. Only finitely many primes ramify, so all but finitely many of the degree-1
primes in L lie in T, thus p(T') = 1, by Proposition 21.14. Each p € S has exactly n primes
q € T lying above it (since p splits completely), and we have

Cr(s) =[] =N@™) 7" = [T = NWVre(@) ™)~ = [T = N@) ™) ™" = Crs(s)™

qeT qeT pesS

It follows that p(S) = Lp(T) = L as desired. O

n

Corollary 21.16. If L/K is a finite extension of number fields with Galois closure M /K
of degree n, then p(Spl(L)) = p(Spl(M)) = 1/n.

Proof. A prime p of K splits completely in L if and only if it splits completely in all the
conjugates of L in M; the Galois closure M is the compositum of the conjugates of L, so p
splits completely in L if and only if it splits completely in M. O
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Corollary 21.17. Let L/K be a finite Galois extension of number fields with Galois group
G := Gal(L/K) and let H be a normal subgroup of G. The set S of primes for which
Frob, C H has polar density p(S) = #H/#G.

Proof. Let F = L; then F/K is Galois (since H is normal) and Gal(F/K) ~ G/H. For
each unramified prime p of K, the Frobenius class Frob, lies in H if and only if every
o4 € Froby acts trivially on LH = F, which occurs if and only if p splits completely in F.
By Theorem 21.15, the density of this set of primes is 1/[F : K| = #H/#G. O

If S and T are sets of primes whose symmetric difference is finite, then either p(S) = p(T")
or neither set has a polar density. Let us write S ~ T to indicate that two sets of primes
have finite symmetric difference (this is clearly an equivalence relation), and partially order
sets of primes by defining S ST < S ~ SNT (in other words, S — T is finite). If S and T
have polar densities, then S = T implies p(S) < p(T'), by Proposition 21.14.

Theorem 21.18. If L/K and M/K are two finite Galois extensions of number fields then

pl(L) <= Spl(M) C

L C M <= Spl(M) =
~ Spl(L) <= Spl(M) = Spl(L),

S
L=M <= Spl(M) ~S
and the map L — Spl(L) is an injection from the set of finite Galois extensions of K (inside
some fized algebraic closure) to sets of primes of K that have a positive polar density.

Proof. The implications L C M =- Spl(M) C Spl(L) = Spl(M) 3 Spl(L) are clear, so it
suffices to show that Spl(M) 3 Spl(L) = L C M.

A prime p of K splits completely in the compositum LM if and only if it splits completely
in both L and M: the forward implication is clear and for the reverse, note that if p splits
completely in both L and M then it certainly splits completely in LN M, so we may assume
K = LN M; we then have Gal(LM/K) ~ Gal(L/K) x Gal(M/K), and if the decomposition
subgroups of all primes above p are trivial in both Gal(L/K) and Gal(M/K) then the same
applies in Gal(LM/K). Thus Spl(LM) = Spl(L) N Spl(M).

It follows that Spl(M) = Spl(L) = Spl(LM) ~ Spl(M). By Theorem 21.15, we have
p(Spl(M)) =1/[M : K] and p(Spl(LM)) = 1/[LM : K], thus Spl(LM) ~ Spl(M) implies

(LM : K] = p(SpL(LM)) ™" = p(SpL(M)) ™" = [M : K],

in which case LM = M and L C M. This proves Spl(M) = Spl(L) = L C M, so the three
conditions in the first line of biconditionals are all equivalent, and this immediately implies
the second line of biconditionals. The last statement of the theorem is clear, since Spl(L)
has positive polar density, by Theorem 21.15. ]

21.5 Ray class fields and Artin reciprocity

As a special case of Corollary 21.16, if F//K is a finite extension of number fields in which
all but finitely many primes split completely, then [F': K] = 1 and therefore FF = K. We
will use this fact to prove that the Artin map is surjective.

Theorem 21.19. Let L/K be an abelian extension of number fields and m a modulus divis-
ible by all ramified primes. Then the Artin map wz"‘/K: IR — Gal(L/K) is surjective.
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Proof. Let H C Gal(L/K) be the image of YT and let F' = LY be its fixed field, which
we note is a Galois extension of K, since H is normal (because Gal(L/K) is abelian). For
each prime p € I} the automorphism 1/12‘/ () € H acts trivially on F' = L# | therefore p
splits completely in F'. The group Z% contains all but finitely many primes p of K, so the

polar density of the set of primes of K that split completely in F'is 1. Thus [F : K| =1
and H = Gal(L/K), by Corollary 21.16. O

We now show that the kernel of the Artin map 47 /K uniquely determines the field L.

Theorem 21.20. Let m be a modulus for a number field K and let L and M be finite abelian
extensions of K unramified at all primes not in the support of m. If ker wz‘/K = ker w%/}(
then L = M. In particular, ray class fields are unique whenever they exist.

Proof. Let S be the set of primes of K that do not divide m. Each prime p in S is unramified
in both L and M, and p splits completely in L (resp. M) if and only if it lies in the kernel

of ¢?/K (resp. @/)ﬂ/K). If ker w?/K = kerq/J]\m/[/K then
SpI(L) ~ (S Nkeryy, x) = (S Nker hy x) ~ Spl(M),
and therefore L = M, by Theorem 21.18. O
Theorem 21.19 implies that we have an exact sequence
1 = ker 7/ = I — Gal(L/K) — 1.

One of the key results of class field theory is that for a suitable choice of the modulus m,
we have Ry C ker 9} s This implies that the Artin map induces an isomorphism between
Gal(L/K) and a quotient of the ray class group Clg = I /R%. When L is the ray class
field for the modulus m, the Artin map allows us to relate subfields of L to quotients of
the ray class group Cl% ~ Gal(L/K) in a way that we will make more precise in the next
lecture; this is known as Artin reciprocity.
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22 The main theorems of global class field theory

In this lecture we refine the correspondence between quotients of ray class groups and sub-
fields of ray class fields given by the Artin map so that we can more precisely state the main
theorems of global class field theory (for number fields) in their ideal-theoretic form. Let us
first recall the notational setup.

We have a number field K and a modulus m: Mg — Z>( that we view as a formal
product over the places of K; we may write m = momy,, where mg = Hpm(p) is a product
over primes (finite places) of K and my = Hv| o v™®) defines a subset of the real places
of K (recall that for v|oo we have m(v) < 1 with m(v) = 0 if v is not real). The moduli for K
are partially ordered by the divisibility relation m|n, which holds if and only if m(v) < n(v)
for all v € Mg. We then define

o I3 C Tk, the subgroup of fractional ideals prime to m (equivalently, mg);

e K™ C K*, the subgroup of a € K* for which («) € ZF;

e K™ C K™ the subgroup of o € K™ for which vy(av — 1) > vy(mg) for pjmg
and a, > 0 for v|my (here a,, € R is the image of a under the real-embedding v);

e R C I the subgroup of ideals () € IR with a € K™! (the ray group for m);
Clg =IF/R% (the ray class group for m);
Spl(L) := Spl(L/K), the set of primes of K that split completely in an extension L;

* Ui Ik — Gal(L/K), Artin map of an abelian extension L/K unramified at p { m.

In the previous lecture we defined the ray class field of K for the modulus m as a finite
abelian extension L/K unramified at all p f m such that the kernel of the Artin map ¥ K
is equal to the ray group RY-. We did not prove that such fields exist, but we did prove that
there is at most one of them; see Theorem 21.20. Let K (m) denote this field.

Assuming the ray class field K(m) exists, it follows from the surjectivity of the Artin
map @b}(m) /i Ig = Gal(K(m)/K) proved in Theorem 21.19 that we have a canonical
isomorphism

CIR = I /RY ~ Gal(K (m)/K)

between the ray class group and the Galois group of the ray class field. More generally, if L
is any intermediate field between K and K(m), the kernel of the Artin map is a subgroup
C C Iy that contains the ray group

Rk €CC Iy,
and we have an isomorphism
IR/)C ~ Cl}/C ~ Gal(L/K)

where C denotes the image of C in CIf = Z% /R under the quotient map.

Thus if L is a subfield of K(m) then ker wz‘/ 5 18 a subgroup of Z% containing R (a
congruence subgroup, as defined below). To prove that a given abelian extension L/K lies
in a ray class field, it is enough to show that there exists a modulus m for K such that
R C ker w?/[@ since we then have Spl(K(m)) = Spl(L) and L C K(m), by Theorem 21.18.

In this lecture we want to better understand the structure of congruence subgroups, and
to specify a minimal modulus m for which we should expect a given finite abelian extension
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L/K to lie in a subfield of the ray class field K (m); this minimal modulus is known as the
conductor of the extension. So far we have not addressed this question even for K = Q (but
see Problem Set 10); our proof of the Kronecker-Weber theorem showed that every abelian
extension lies in some cyclotomic field Q(¢,,), but we made no attempt to determine such
an integer m (or more precisely, a modulus m of the form m = (m)oo or m = (m)).

22.1 Congruence subgroups

Our presentation of congruence subgroups in this section follows [1, 3.3], but our notation
differs slightly.

Definition 22.1. Let K be a number field and let m be a modulus for K. Afongruence
subgroup for the modulus m is a subgroup C of Z¢ that contains R. We use C to denote
the image of C in I}t /R = Cl% under the quotient map.

As explained above, congruence subgroups are precisely the groups we expect to arise as
the kernel of an Artin map ¢, Iig — Gal(L/K) associated to a finite abelian extension
L/K, for a suitable choice of modulus m. The choice of m is critical; as can be seen in
Example 22.2 below, ker ¢}', ;- need not be a congruence subgroup for the modulus m; there
are constraints on the modulus m that must be satisfied beyond the basic requirement that
m must be divisible by all the primes of K that ramify in L (so that ¢} e is defined).

Example 22.2. Let K = Q, and consider the cyclic cubic extension L := Q[z]/(23 -3z —1),
which is ramified only at 3. The Artin map ¢ /K is well-defined for any modulus m divisible
by (3). The ray class field for m = (3) is Q(¢3)™ = Q, and the ray class field for m = (3)oc is
Q(¢3) = Q(v/=3), neither of which contains L, so ker YTk does not contain Ry for either

of these moduli and is not a congruence subgroup. On the other hand, L is equal to Q((o)™,
the ray class field for m = (9), so ker wg‘/ ;- contains (and is equal to) R, and is thus a
congruence subgroup for the modulus m = (9).

If ker o7 e is a congruence subgroup for the modulus m, then ker ¢} K is a congruence
subgroup for each modulus n divisible by m. If m divides n then R} C RY% and ¢} K is
the restriction of ¥}’ K to I}, which contains RY.. If m and n are supported on the same
primes, then 72 = 7y and ¢} I = (3 K but the ray groups R and R}, may differ.

To deal with these complications, we define an equivalence relation on congruence sub-
groups and show that each equivalence class has a canonical representative whose modulus
divides the modulus of every equivalent congruence subgroup.

Definition 22.3. Let K be a number field with moduli m; and ms. If C; is a congruence
subgroup for m; and Cy is a congruence subgroup for my, then we say that (C;,m;) and
(C2,my) are equivalent and write (C1,my) ~ (C2, m2) whenever

Ilngl NCy = Iln? NCy.
Note that when m; = my this reduces to C1 = Cs.

Proposition 22.4. Let K be a number field. The relation (C1,my) ~ (Co,m2) is an equiv-
alence relation. If (C1,my) ~ (Co,my) then I2'/Ci ~ I;2*/Cy are related by a canonical
isomorphism that preserves cosets of fractional ideals prime to both my and ms.
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Proof. The relation ~ is clearly symmetric, and reflexive. To show that it is transitive, let
C1,Cy,Cs be congruence subgroups for moduli m;, mg, m3 and suppose (C1,m;) ~ (C2,mg)
and (Cz,mg) ~ (C3,m3). Let I € Ii* NC; and pick o € K™™! 50 that ol € Zp'™™ (this
is possible by Lemma 21.7 and Theorem 8.5). Then (a) € RE™ C RE! C Cy and I C Cy,
so ol € Cy, and we also have al € T3*™™ C T2 so

since C1 ~ Cy, and ol € I}“}lmzmg C I}n}37 .
ol e TP NCy =13 NC3 C Cs,

since Cy ~ C3. We have (o) € RpF™ C R%, so (a) € C3 and therefore (a)~! € Cs, since C3
is a group. Thus a~'al = I € C3, and we also have I € C; C I@t, so I € I' NCs. Since
I € T7* N Cy was chosen arbitrarily, this proves that

IPNC CIE NCs.

The reverse inclusion follows by symmetry, so (C1,m;) ~ (C3, m3) as desired.

For the last statement, for any fractional ideal I € Zp2' we can pick o € K ™l 5o that
al € T;? (via Lemma 21.7 and Theorem 8.5). The image of aI in Z;2? /Cy does not depend on
the choice of a, since for any o/ € K™>! with o/I € I3* we have (al)/(o/]) = (a/a’) € IR?
and (a/d/) € RE, so (a/d)) € TR NRE = I NRE? C RE2. This defines a group
homomorphism ¢: Zg' — Zg? /Cy. For I € C1, we have o € T2 NCy = Ig' NCay C Cy, but
for I € Z' — C; we have ol € Z3* — C; and therefore al ¢ Ca, so ker¢ = C;. It follows
that ¢ induces an injective homomorphism Zy' /C; — Z? /C, and by symmetry we have an
injective homomorphism in the opposite direction, so ' /C; ~ Z3? /Cy as claimed.

This isomorphism is independent of the choice of o used to define it (hence canonical),
and for fractional ideals I coprime to both m; and ms we can choose @ = 1, in which case
the coset of I in Z' /C; will be identified with the coset of I in Z;*/Cs. O]

We now observe that if C is a congruence subgroup for two moduli m; and my, then
(C,my) ~ (C,my). In particular, each subgroup of Zx lies in at most one equivalence class of
congruence subgroups. We can thus view the equivalence relation (C1,m;) ~ (Co,mg) as an
equivalence relation on the congruence subgroups of Zx and write C; ~ Co without ambiguity.
It follows from Proposition 22.4 that each equivalence class of congruence subgroups uniquely
determines a finite abelian group that is the quotient of a ray class group.

Within an equivalence class of congruence subgroups there can be at most one congruence
subgroup for each modulus (since C; ~ C2 < C; = Co whenever C; and Cy are congruence
subgroups for the same modulus). The following lemma gives a criterion for determining
when there exists a congruence subgroup of a given modulus within a given equivalence
class.

Lemma 22.5. Let C1 be a congruence subgroup of modulus my for a number field K. There
exists a congruence subgroup Co of modulus ma|m; equivalent to Cy if and only if

m m
M AR C ey,

in which case Co = CiRY2.
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Proof. Note that mo|m; implies Zp' C Z?, so C; C It C Ip2.

Suppose Cp ~ C; has modulus my. Then Zg' NCy = I NCy = Cq, and RE? C Ca, so
I NRE2 C C; as claimed. Now suppose i N R C Cy, and let Co := CiR%2. Then Cs is
a congruence subgroup of modulus ms and we have

I}T}Q NCi=Cy = Cl(l}? ﬂ'R;}Q) = I}? NCIRE? = Ilngl N Cay,

80 C1 ~ Cy. The equivalence class of C; contains at most one congruence subgroup of modulus
my, so if one exists it must be Co = CiRE2. O

Proposition 22.6. Let C1 ~ Cy be congruence subgroups of modulus mi and ms, respectively.
There ezists a congruence subgroup C ~ Cy ~ Co with modulus n := ged(my, ma).

Proof. Put m :=lem(my, mg) and D :=Z2* NC; = Zg' NCy; then
=R NRE CDCIg,
so D is a congruence subgroup of modulus m, and we have
IgNRE CD  and IRNRE CD,

so D ~ C; ~ Cy, by Lemma 22.5. To prove the existence of an equivalent congruence
subgroup C of modulus n it suffices to show I N R}, C D (again by Lemma 22.5).

So let a = (a) € IR N'RY, and choose B € K™ N K™»! so that af € K™ ! (this is
possible by Theorem 8.5 because m = lem(m;, my) and n = ged(my, mg)). Then (5) € D
and fa € IR NRE C D, so B~1Ba=aeD. Thus Ig NRY € D and therefore C = DR,
is a congruence subgroup of modulus n equivalent to D ~ C; ~ Cs. O

Corollary 22.7. Let C be a congruence subgroup of modulus m for a number field K. There
1S a unique congruence subgroup in the equivalence class of C whose modulus ¢ divides the
modulus of every congruence subgroup equivalent to C.

Definition 22.8. Let C be a congruence subgroup for a number field K. The unique
modulus ¢ = ¢(C) given by Corollary 22.7 is the conductor of C, and we say that C is
primitive if C = CRY, (the unique congruence subgroup of modulus ¢ equivalent to C).

Proposition 22.9. Let C be a primitive congruence subgroup of modulus m for a number
field K. Then m is the conductor of every congruence subgroup of modulus m contained in C;
in particular, m is the conductor of RY%.

Proof. Let Cy C C be a congruence subgroup of modulus m and let ¢ be its conductor. Then
¢jm and ZE NRY% C Cp C C, by Lemma 22.5, and this implies that there is a congruence
subgroup of modulus ¢ equivalent to C, and therefore m|c, so ¢ = m. O

The proposition implies that a modulus m occurs as a conductor if and only if R is
primitive. This does not always hold: consider K = Q and m = (2), for example; the

conductor of R? = 7% is (1 , since RPNz = 71 A7 implies RP ~ W Thus (2
Q Q Q Q Q Q Q Q
is not the conductor of any congruence subgroup for Q.
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22.2 Ray class characters

We now want to prove a generalization of Dirichlet’s theorem on primes in arithmetic pro-
gressions. Given a congruence subgroup C for a modulus m we would like to compute the
Dirichlet density d(C) := d({p € C}) of the set of prime ideals p € Z}} that lie in C. We first
need to generalize our notion of a Dirichlet character.

Definition 22.10. Let K be a number field and let x: Zx — C be a totally multiplicative
function with finite image; so x(Ox) = 1, x({J) = x(I)x(J) for all I,J € Tk, and x
restricts to a homomorphism from a subgroup of Zx to a finite subgroup of U(1) whose
kernel we denote ker x. If m is a modulus for K such that x~1(U(1)) = Z% and R C ker y,
then x is a ray class character of modulus m and its kernel is a congruence subgroup of
modulus m. Equivalently, x is the extension by zero of a character of the finite abelian

group Clg =ZR/RY% defined by setting x(I) =0 for I ¢ Z}.

Example 22.11. For K = Q there is a one-to-one correspondence between Dirichlet char-
acters x: Z — C and ray class characters x': Zg — C with x(a) = x/((a)) for all a € Z>;.
Each Dirichlet character x of modulus m corresponds to a ray class character of modulus
m = (m)oo whose conductor divides (m) if and only if y is an even Dirichlet character,
meaning that x(—1) = 1.

Definition 22.12. Let x1, x2 be ray class characters of moduli m;, my of a number field K,
with my|mo. If xo(I) = x1(I) for all I € T2, then x2 is induced by x1. A ray class character
is primitive if it is not induced by any ray class character other than itself.

Definition 22.13. The conductor of a ray class character y is the conductor ¢(x) = c(ker x)
of its kernel (as a congruence subgroup).

Theorem 22.14. A ray class character is primitive if and only if its kernel is primitive.
Every ray class character x is induced by a unique primitive ray class character x.

Proof. Let x be a ray class character of modulus m, let x: Z/(ker x) — U(1) be the
group character induced by x, and let C be the primitive congruence subgroup equivalent
to ker x with modulus ¢ = ¢(x) dividing m given by Corollary 22.7. By Proposition 22.4,
we have a canonical isomorphism ¢: Z% /C = I%/(ker ) that we can use to define a ray
class character x¥ of modulus ¢ as the extension by zero of the character s o ¢ of Zj./C.
The isomorphism ¢ preserves cosets of fractional ideals in 7T C Zj., so x(I) = x(I) for all
I € T and y is induced by ¥.

If xs is a ray class character of conductor ms induced by a ray class character y; of
conductor mq, then ker y1 N II"? = ker xo = ker xy2 N Ilngl and ker x1 ~ ker yo, and we also
note that if x1 # x2 then Zg' # Z2* and m; # my. It follows that X is primitive, it is the
unique primitive ray class character that induces x. Thus x is primitive if and only if it is
equal to X, which holds if and only if ker y = ker x is primitive. O

Theorem 22.14 is a direct generalization of Theorem 18.13 for Dirichlet characters. For a
modulus m of K we use X (m) to denote the set of primitive ray class characters of conductor
dividing m, which we note is in bijection with the character group of Cl}%, and thus has a
group structure given by X1X2 = X1x2. Indeed, for each character of CI%, its extension by
zero is a ray class character y of modulus m induced by a primitive ray class character ¥
whose conductor divides m, and each primitive ray class character X of conductor dividing
m induces a ray class character x of modulus m that determines a character of Cl%; these
two maps are inverses, hence bijections. This generalizes Corollary 18.16.
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Definition 22.15. A ray class character x is principal if ker y = x~1(U(1)). We use 1 to
denote the unique primitive principal ray class character.

Remark 22.16. For Dirichlet characters, 1 is the unique Dirichlet character of conductor 1,
but for ray class characters this holds only when the class group Clg is trivial (as when
K = Q). In general, the extension by zero of any character of Clg is a ray class character
of conductor (1) and need not be principal (but is necessarily primitive).

Like Dirichlet characters, each ray class character has an associated L-function.

Definition 22.17. The Weber L-function L(s,x) of a ray class character y for a number
field K is the complex function

L(s.0) = [T (1 - xeNE) ) =3 x@N(@) ™

p

where the product is over prime ideals of Ok and the sum is over nonzero Og-ideals; the
product and sum both converge to a non-vanishing holomorphic function on Re(s) > 1 (this
follows from comparison with the Dedekind zeta function (x(s), since |x(a)| < 1).

Example 22.18. For K = QQ, Weber L-functions are Dirichlet L-functions. For any number
field K, the Weber L-function for 1 is the Dedekind zeta function: L(s,1) = (x(s).

More generally, we have the following theorem, which is analogous to Theorem 19.15 but
avoids the need to assume the existence of a ray class field.

Proposition 22.19. Let x be a ray class character of modulus m for a number field K of
degree n. Then L(s,x) extends to a meromorphic function on Re(s) > 1 — % that has at
most a simple pole at s = 1 and is holomorphic if x is non-principal.

Proof. Associated to each ray class v € Cl we have a Dirichlet series

Cio(s) =D N(a)™

acy

that is holomorphic on Re(s) > 1. For the trivial modulus m, our proof of analytic class
number formula (Theorem 19.12) implies that (x (s) has a meromorphic continuation to
1 — 1 with a simple pole at s = 1 and residue p = 2"(27)2Rg /(wi |Dk|*/?), independent
of 7. Recall that in our proof of Theorem 19.8 we treated each v € Clg = cl(Ok) separately
and obtained the same value of p for each ~, leading to the residue px = hxp that appears
in Theorem 19.12.

The same proof works for Clf, mutatis mutandi: replace covol(Ok) with covol(myg),
replace the regulator Ry = covol(m(Log(O}))) with R := covol(m(Log(Ox N K™1))), and
replace wr = #px with wi = #(ux N K™1). The exact value of p is not important to us
here, the key point is that (x ,(s) has a meromorphic continuation to Re(s) > 1 — % with a
simple pole at s = 1 whose residue p depends only on K and m (not +).

We then have

L(s,x) = > x(1)CkA(s)

~veCI%
= 3 X (Gen(s) = <)) + D x(pC(s),
~eCIE veClk
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The first sum is a finite sum of functions holomorphic on Re(s) > 1 — 1 (since ((s) has
a simple pole at s = 1 with residue 1), and the second sum vanishes whenever x is non-

principal (by Corollary 18.38). The proposition follows. O

We now prove a generalization of Dirichlet’s theorem on primes on arithmetic progres-
sions for arbitrary number fields. We proved the nonvanishing of Dirichlet L-functions
L(1, x) for non-principal x using the analytic class number formula for Q((,,), the ray class
field Q((m)oo), by writing the Dedekind zeta function for Q((,,) as a product of Dirichlet
L-functions (see Theorem 19.15). A similar approach works for Weber L-functions, assum-
ing the existence of ray class fields K (m): the Dedekind zeta function of K(m) is equal to
the product of the Weber L-functions for x € X (m). But we will prove the non-vanishing
of L(1,x) for non-principal y without assuming the existence of ray class fields.

For a congruence subgroup C, let X (C) denote the set of primitive ray class characters
whose kernels contain C. If C is a congruence subgroup of modulus m then X (C) is a subgroup
of X (m) isomorphic to the character group of Zj? /C and we may view X (C) as the character
group of T2 /C.

Theorem 22.20. Let C be a congruence subgroup of modulus m for a number field K and
let n:= [T} : C]. The set of primes {p € C} has Dirichlet density

0 otherwise.

d(C) = {,11 if L(1,x) # 0 for all x # 1 in X(C),

In fact d(C) = % always holds, as we will prove in Corollary 22.22 below, but it is easier
to prove the theorem as stated and then use this to derive the corollary.

Proof. We proceed as in the proof of Dirichlet’s theorem on primes in arithmetic progressions
(see §18.4). We first construct the indicator function for the set {p € C}:

Ly X(P)Z{l hee

LX) 0 otherwise.

Note that summing over x € X(C) is equivalent to summing over the character group of
% /C, so Corollary 18.38 applies: therefore > x(p) = 0 unless the image of p in I} /C is the
identity, meaning that p € C, in which case Y x(p) = #X(C) =
As s — 17 we have
log L(s, x) Zx ’,

and therefore

Z log L(s, x) ~ Z ZX

XEX(C) xeX(C

NnZpr

peC

By Proposition 22.19, we may write
L(s,x) = (s = 1)*™g(s)
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for some function g(s) that is holomorphic and nonvanishing on a neighborhood of 1, where
e(x) := ords=1L(s,x) is —1 when x = 1, and e(x) > 0 otherwise. We have

—Z log NnZN

x#1 peC

log

Dividing both sides by nlog =7 vields

- Sael)  Te
n log

P

E (as s — 17),
s—1

thus
d(C) = lim 2pee NP _ 1—27116@).

s—1t  log -

(p
I
-1

The e(x) are integers and the Dirichlet density is nonnegative so either e(x) = 0 for all
x # 1, in which case L(l x) # 0 for all x # 1 and d(C) = =, or e(x) = 1 for exactly one of
the X 75 1 and d(C) = 0. (in fact this never happens, as noted above). O

Proposition 22.21. Let C be a congruence subgroup of modulus m for a number field K
and let n = [I}R:C|. For every I € I} the set {p € IC} has Dirichlet density

d(IC) = % if L(1,x) # 0 for all characters x # 1 in X (C),
10 otherwise.

Proof. The proof is the same as in Theorem 22.20, except we now use the indicator function

Ly x<f>1x<p>={1 heeIe

0 otherwise,

XE€X(C)
and obtain
> x)MogLis,x) ~ D> > x() T X(PIN(P) " ~n Y N(p)
XEX(C) XEX(C) b pelC
The rest of the proof is the same. O

Corollary 22.22. Let C be a congruence subgroup of modulus m for a number field K and
let n = [I% :C]. For every ideal I € T} the set {p € IC} has Dirichlet density 1/n, and for
every x # 1 in X (C) we have L(1,x) # 0.

Proof. Let I,...,I, € I be a complete set of coset representatives for C C Ig. All
but finitely many primes p of K lie in Z, hence in one of the cosets I;C partitioning Z%,

therefore
d(LC)+ -+ d(I,C) = 1.

By Proposition 22.21, every term in this sum is either 0 or 1/n, and the equality implies they
must all be equal to 1/n, which then implies L(1, x) # 0 for all x # 1 in X(C). O
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Corollary 22.23. Let L/K be an abelian extension of number fields and let C be a congru-
ence subgroup for a modulus m of K. If Spl(L) 3 {p € C} then

Ik - Cl < [L: K],
with equality whenever Spl(L) ~ {p € C}.

Proof. We know from Theorem 21.15 that Spl(L) has polar density 1/[L: K], and this is also
its Dirichlet density, by Proposition 21.12. The set {p € C} has Dirichlet density 1/[Z} : C],
by Theorem 22.22; and Spl(L) < {p € C} (by assumption), so

1 1

K] =d(Spl(L)) < d(C) = 7Y O

22.3 The conductor of an abelian extension

We now introduce another notion of conductor, one attached to an abelian extension of
number fields, which is defined as a product of local conductors attached to corresponding
abelian extensions of the local field K, for each place v € M.

Definition 22.24. Let L/K be a finite abelian extension of local fields. The conductor
¢(L/K) is defined as follows.! If K is archimedean then ¢(L/K) = 1 when K ~ R and
L ~C and ¢(L/K) = 0 otherwise. If K is nonarchimedean and p is the maximal ideal of its
valuation ring Ok, then

¢(L/K) :=min{n: 14 p" C Ny g (L")}

(here 1+ p" is a subgroup of O, with 1+ p% := O%). If L/K is a finite abelian extension
of global fields then its conductor is the modulus

«(L/K): Mg —Z
v = ¢(Ly/Ky)

where K, is the completion of K at v and L,, is the completion of L at a place w|v. (the
fact that L/K is Galois ensures that ¢(L,,/K,) is the same for every w|v). As with any
modulus, we may view the finite part of ¢(L/K) as an Og-ideal and the infinite part as a
subset of ramified infinite places.

It is not hard to show that conductor is supported on ramified places (in particular, it
has finite support, as required for a modulus). More generally, we have the following.

Proposition 22.25. Let L/K be a finite abelian extension of local or global fields. For each
prime p of K we have

0 if and only if p is unramified,
vp(e(L/K)) =41 if and only if p is ramified tamely,
> 2 if and only if p is ramified wildly.

Proof. See Problem Set 11. O

"Many authors use f(L/K) rather than ¢(L/K), we use ¢ to avoid confusion with the residue field degree.
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The finite part of the conductor of an abelian extension divides the discriminant ideal
and is divisible by the same set of primes, but the valuation of the conductor at these
primes is typically smaller than that of the discriminant. For example, the discriminant of
the extension Q(¢,)/Q is (p)P~2, but its conductor is (p)oc.

Lemma 22.26. Let L1/K and Lo/K be two finite abelian extensions of a local or global
field K. If Ly C Ly then ¢(L1/K) divides ¢(L2/K).

Proof. If K ~ R,C the result is clear, and for nonarchimedean local K we may apply
NLQ/K(L;) = NLl/K(NLQ/Ll (L;)) Q NLl/K(L?) The global case follows. O

22.4 Norm groups

We can now identify a candidate for the kernel of the Artin map 7' Ik = Gal(L/K).
Recall from Lecture 6 that the norm map Ny i : Zr, — Zg can be defined by

H q?z‘ — Hp?ifi’
) [

where p; := q; N Ok and f; := [Fy, :Fp,] is the residue field degree.

Definition 22.27. Let L/K be a finite abelian extension of number fields and let m be
a modulus for K divisible by the conductor of L/K. The norm group (or Takagi group)
associated to m is the congruence subgroup

Lk = RgNp/k(I1),
where Z7' denotes the subgroup of fractional ideals in Zj, that are coprime to mOy..

Proposition 22.28. Let L/K be a finite abelian extension of number fields and let m be a

modulus for K divisible by the conductor of L/K. Then ker ¢2‘/K C TF/K'

Proof. Let p be a prime of K that lies in ker w?/ i+ Then p is coprime to m and splits

completely in L, so e, = f, = 1. There is at least one prime q of L above p, and for this
prime we have Ny x(q) = pf» = p (by Theorem 6.10), so p € Npx(ZF) C TE‘/K. O

We now record the following theorem, which is one of the two fundamental inequalities of
class field theory (it was historically the “first" fundamental inequality of class field theory,
proved by Weber, even though in modern terminology it is often called the second).

Theorem 22.29. Let L/K be a finite abelian extension of number fields and let m be a
modulus for K divisible by the conductor of L/K. Then

% F/K] <[L:K].

Proof. 'This follows from Corollary 22.23, since T}" - is a congruence subgroup that contains
all the primes of K that split completely in L. Indeed, if p splits completely then f, = 1 and
for any prime q|p we have Ny /x(q) = pfe = p and therefore p € TE‘/K =RENy/k(I}F). O

With Theorem 22.29 in hand, the proof of Artin reciprocity is reduced to showing TE‘/ K C
ker ! 1K for any modulus m divisible by the conductor of L/K. We will prove this for the
trivial modulus m over the course of the next two lectures.
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22.5 The main theorems of class field theory (ideal-theoretic version)

We can give a more precise statement of the main theorems of class field theory. Let m be
a modulus for a number field K. The three main theorems of class field theory state that:

e Existence: The ray class field K (m) exists.

e Completeness: If L/K is finite abelian then L C K (m) if and only ¢(L/K) | m.
In particular, every finite abelian L/K lies in a ray class field.

e Artin reciprocity: For each subextension L/K of K(m) we have ker ¢ ik =Tl
with conductor ¢(L/K)|m and a canonical isomorphism Z3 / T ™~ Gal(L/K).

Artin reciprocity gives us a commutative diagram of canonical bijections:

LsT™
{abelian L/K with ¢(L/K)|m} —L/>K{congruence subgroups C C I} }

J/Lb—)Gal(L/K) lc»z;g /C

{quotients of Gal(K (m)/K)} o { quotients of CI% }
L/K

22.6 The Hilbert class field

Definition 22.30. Let K be global field. The Hilbert class field of K is the maximal
unramified abelian extension of K (the compositum of all finite unramified abelian extensions
of K inside a fixed separable closure of K).

While it is not obvious from the definition, it follows from the completeness theorem
of class field theory that the Hilbert class field must be the ray class field for the trivial
modulus, and in particular, that it is a finite extension of K. This is a remarkable result
(which we will prove in a later lecture), since infinite unramified extensions of number fields
do exist (they are necessarily nonabelian).

Indeed, one way to construct such an extension is by considering a tower of Hilbert class
fields. Starting with a number field Ky := K, for each integer n > 0 define K, 11 to be the
be the Hilbert class field of K,. This yields an infinite tower of finite abelian extensions

KoCKi CKyC---

and we may then consider the field L := |J, K,. There are two possibilities: either we
eventually reach a field K,, with class number 1, in which case K,, = K,, for all m > n and
L/K is a finite unramified extension of K, or this does not happen and L/K is an infinite
unramified extension of K (which is necessarily nonabelian). It was a longstanding open
question as to whether the latter could occur, but in 1964 Golod and Shafarevich proved
that indeed it can; in particular, the field

Ko = Q(v/—30030) = Q(v/—2-3-5-7-11-13)

is the base of an infinite tower of Hilbert class field extensions. One might ask whether one
can use an imaginary quadratic field of smaller discriminant than this. It is known that no
imaginary quadratic field of discriminant |D| < 420 has an infinite Hilbert class field tower
[3]; they all stabilize at either Ky or Ks.
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Extensions arising from Hilbert class field towers are necessarily solvable, since they are
towers of finite abelian extensions. One might ask whether infinite nonsolvable unramified
extensions exist. As shown by Maire |2|, they do, and this can happen even when the base
field has class number one and the Hilbert class field tower is trivial. Indeed, the biquadratic
extension

Q(v/17601097, v/17380678572169893)

has class number one and its maximal unramified extension is an infinite extension.
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18.785 Number theory I Fall 2021
Lecture #23 bonus lecture

23 Tate cohomology

In this lecture we introduce a variant of group cohomology known as Tate cohomology, and we
define the Herbrand quotient (a ratio of cardinalities of two Tate cohomology groups), which
will play a key role in our proof of Artin reciprocity. We begin with a brief review of group
cohomology, restricting our attention to the minimum we need to define the Tate cohomology
groups we will use. At a number of points we will need to appeal to some standard results
from homological algebra whose proofs can be found in Section 23.6. For those seeking a more
thorough introduction to group cohomology, see [1]; for general background on homological
algebra, we recommend [7].

23.1 Group cohomology

Definition 23.1. Let G be a group. A G-module is an abelian group A equipped with a
G-action compatible with its group structure: g(a 4 b) = ga + gb for all g € G,a,b € Al
This implies |ga| = |a| (where |a| := #(a) is the order of a); in particular ga = 0 < a = 0.

A trivial G-module is an abelian group with trivial G-action: ga = a for all g € G,a € A
(so every abelian group can be viewed as a trivial G-module). A morphism of G-modules
is a morphism of abelian groups a: A — B satisfying a(ga) = ga(a). Kernels, images,
quotients, and direct sums of G-modules are also G-modules.

Definition 23.2. Let A be a G-module. The G-invariants of A constitute the G-module
A% ={aecA:ga=aforall ge G}
consisting of elements fixed by G. It is the largest trivial G-submodule of A.

Definition 23.3. Let A be a G-module and let n € Z>¢. The group of n-cochains is
the abelian group C™(G, A) = Map(G™, A) of maps of sets f: G™ — A under pointwise
addition. We have C°(G, A) ~ A, since GY = {1} is a singleton set. The nth coboundary
map d": C"(G, A) — C"1(G, A) is the homomorphism of abelian groups defined by
d"(f)(g0;---s9n) = g0f(g1:- -, 9n) = (909192, - - s 9n) + [(90, 9192, - -, gn)
i (_l)nf(g()7 vee 79n—279n—1gn) + (_1)n+lf(907 s 7gn—1)-

The group C™(G, A) contains subgroups of n-cocycles and n-coboundaries defined by
Z"(G,A) =kerd" and B"(G,A) =imd"
with BY(G, A) := {0}.

The coboundary map satisfies d**1 o d® = 0 for all n > 0 (this can be verified directly,
but we will prove it in the next section), thus B"(G,A) C Z"(G,A) for n > 0 and the
groups C"(G, A) with connecting maps d" form a cochain complex

0— @, A) L ol 4) L (G, A) — -

that we may denote C4. In general, a cochain complex (of abelian groups) is simply a
sequence of homomorphisms d” that satisfy d”t! o d® = 0. Cochain complexes form a
category whose morphisms are commutative diagrams with cochain complexes as rows.

'Here we put the G-action on the left (one can also define right G-modules), and for the sake of readability
we write A additively, even though we will be primarily interested in cases where A is a multiplicative group.
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Definition 23.4. Let A be a G-module. The nth cohomology group of G with coefficients
in A is the abelian group

H™(G, A) = Z™(G, A)/B"(G, A).

Example 23.5. We can work out the first few cohomology groups explicitly by writing out
the coboundary maps and computing kernels and images:

e d': C°(G, A) — CY(G, A) is defined by d°(a)(g) == ga — a (note C°(G, A) ~ A).

o HYG,A) ~kerd® = A% (note BY(G, A) = {0}).

e imd’={f:G—>A|JacA: f(g)=ga—aforal gecG}
(principal crossed homomorphisms).

o d': CY(G,A) — C?(G, A) is defined by d*(f)(g,h) == gf(h) — f(gh) + f(g).
o kerd! ={f: G— A| f(gh) = f(g) + gf(h) for all g,h € G}

(crossed homomorphisms).
e HY(G, A) = crossed homomorphisms modulo principal crossed homomorphisms.
e If A is a trivial G-module then H'(G, A) ~ Hom(G, A).
Lemma 23.6. Let a: A — B be a morphism of G-modules. We have induced group ho-
momorphisms o™: C"(G,A) — C™(G,B) defined by f +— « o f that commute with the
coboundary maps. In particular, ™ maps cocycles to cocycles and coboundaries to cobound-

aries and thus induces homomorphisms o™: H"(G,A) — H"(G, B) of cohomology groups,
and we have a morphism of cochain complexes a: Co — Cp:

0 —— %G, A) —2 cy(a, A) —4 G, A) —Ls

N .

0 —— %G, B) % ¢\, B) -4 @G, B) L ...

Proof. Consider any n > 0. For all f € C"(G, A), and g, ..., g, € G we have

o (@ ((gor- - 90)) = 0" (90 (1, 90) =+ () (g0 gam)

=go(ao f)(gr,--- gn) — -+ (=1)" (o (g0, gn-1)
= dn(a © f)(g()? v ,gn) = dn(an(f))(g(]a cee >gn)7
thus ot o d” = d" o @". The lemma follows. O

Lemma 23.6 implies that we have a family of functors H"(G, ) from the category of G-
modules to the category of abelian groups (note that idof = f and (o) o f = ao(Bo f)),
and also a functor from the category of G-modules to the category of cochain complexes.

Lemma 23.7. Suppose that we have a short exact sequence of G-modules

0-—A-%B 0o

Then for every n > 0 we have a corresponding exact sequence of n-cochains
0— O"(G, A) 25 o, B) L oG, o) — o
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Proof. The injectivity of o follows from the injectivity of a. If f € ker 8", then So f =0
and im f C ker 8 = im «; via the bijection a™!: ima — A we can define a~lof € C"(G, A),
and therefore ker " C ima™. We also have ima”™ C ker 8", since foao f =00 f =0
for all f € C"(G, A), and exactness at C"(G, B) follows. Every f € C"(G,C) satisfies
im f C C =1im 3, and we can define h € C"(G, B) satisfying foh = f: for each gy, ..., gy let
h(go, - - -, gn) be any element of B371(f(go,.-.,gn)). Thus f € im 8" and B" is surjective. [

Lemmas 23.6 and 23.7 together imply that we have an exact functor from the category
of G-modules to the category of cochain complexes.

Theorem 23.8. FEvery short exact sequence of G-modules

0—A-SB 00

induces a long exact sequence of cohomology groups
0
0 HG,A) 2% HYG, B) L HYG,0) 2 HYG, A) —

and commutative diagrams of short exact sequences of G-modules induce corresponding com-
mutative diagrams of long exact sequences of cohomology groups.

Proof. Lemmas 23.6 and 23.7 give us the commutative diagram

00— oG, A) —2" oG, B) — on@,0) —— 0

I I I

0 —— CmH(G, A) 2 o, By P ent (G, 0) —— 0

We have B"(G,A) C Z"(G,A) C C"(G, A) N B"Y(G, A) C 2@, A) C C"PH(G, A),
thus d" induces a homomorphism d": C"(G, A)/B™(G, A) — Z"*}(G, A), and similarly for
the G-modules B and C. The fact that o™ maps coboundaries to coboundaries and cocycles
to cocycles implies that we have induced maps C"(G, A)/B"(G,A) — C*(G, B)/B"(G, B)
and Z"(G, A) — Z"1(G, B); similar comments apply to 8".

We thus have the following commutative diagram:

C(G,A) an Cc™(G,B) B Cm(G,C) 0
B (C,A) B7(C,B) B7(C.,0)
0 —— Z0H(G, A) 2 vy, By 2 ra, o)

The kernels of the vertical maps d" are (by definition) the cohomology groups H™(G, A),
H"(G, B), H"(G,(C), and the cokernels are H"*1(G, A), H"*Y(G, B), H"*1(G,C). Apply-
ing the snake lemma yields the exact sequence

HY(@, A) 2 H(@,B) D E (@, 0) s Y G, A) Y B 6, B) T B @, 0),

where o and " are the homomorphisms in cohomology induced by «a and 3 (coming from
o™ and " in the previous diagram via Lemma 23.6), and the connecting homomorphism 4"
given by the snake lemma can be explicitly described as

5" HY(G,C) — H" (G, A)
(1= [~ o d™(f)]
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where [f] denotes the cohomology class of a cocycle f € C"(G,C) and feC"(G,B)is a
cochain satisfying [ o f f. Here a~! denotes the inverse of the isomorphism A — a(A).
The fact that §" is well defined (independent of the choice of f ) is part of the snake lemma.
The map H(G, A) — H°(G, B) is the restriction of a: A — B to A%, and is thus injective
(recall that H°(G, A) ~ A%). This completes the first part of the proof.

For the second part, suppose we have the following commutative diagram of short exact
sequences of G-modules

B

0 A C y 0
e iw ¢
0 A B s O 0

By Lemma 23.6, to verify the commutativity of the corresponding diagram of long exact
sequences in cohomology we only need to check commutativity at squares of the form

H"(G,C) —— H"1(G, A)
Lpn l¢n+1 (1)
H™G,C') 2= H" (G, A)

Let f: G" — C be a cocycle and choose f € C"(G, B) such that So f = f. We have
¢ ([f]) = ¢" (o e d™()]) = [po a0 d (f)].
Noting that po f =gofof = oo fand poa~! =o' Loy (as maps a(A) — A') yields

(" (/) = 8" (B oo fl) =o' od" (o )l =o' oo d(f)] = [poat o d"(f)),
thus diagram (1) commutes as desired. O

Definition 23.9. A family of functors F'™ from the category of G-modules to the category
of abelian groups that associates to each short exact sequence of G-modules a long exact
sequence of abelian groups such that commutative diagrams of short exact sequences yield
commutative diagrams of long exact sequences is called a §-functor. A d-functor is said to
be cohomological if the connecting homomorphisms in long exact sequences are of the form
5" F*(G,0) — F"M(G, A). If we instead have 6": F""Y(G,C) — F"(G, A) then the
o-functor is homological.

Theorem 23.54 implies that the family of functors H™(G, e) is a cohomological d-functor.
In fact it is the universal cohomological J-functor (it satisfies a universal property that
determines it up to a unique isomorphism of d-functors), but we will not explore this further.

23.2 Cohomology via free resolutions

Recall that the group ring Z[G] consists of formal sums }: a4g indexed by g € G with
coefficients ay € Z, all but finitely many zero. Multiplication is given by Z-linearly extending
the group operation in G; the ring Z[G] is commutative if and only if G is. As an abelian
group under addition, Z[G] is the free Z-module with basis G, equivalently, the group of
finitely supported functions G — Z under pointwise addition.
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The notion of a G-module defined in the previous section is equivalent to that of a
(left) Z]G]-module: to define multiplication by Z[G] one must define a G-action, and the
G-action on a G-module extends Z-linearly, since every G-module is also a Z-module. The
multiplicative identity 1 of the ring Z[G] is the identity element of G; the additive identity 0
is the empty sum, which acts on A by sending a € A to the identity element of A.?

For any n > 0 we view Z[G"] as a G-module with G acting diagonally on the left:
g-(91,---,9n) = (991,-..,99n). This makes Z[GY] = Z a trivial G-module (here we are
viewing the empty tuple as the identity element of the trivial group G°).

Definition 23.10. Let G be a group. The standard resolution of Z by G-modules is the
exact sequence of G-module homomorphisms

e Z[GMTY) 6 — - S zi6) 2% 7 — o,

where the boundary maps d,, are defined by

n

dn(QOa L 7gn) = Z(_1>Z(907 e 7gi7 s 7g’rl)
=0

and extended Z-linearly (the notation g; means omit g; from the tuple). The map dy sends
each g € G to 1, and extends to the map Zg agg Zg ag, which is also known as the
augmentation map and may be denoted €.

Let us verify the exactness of the standard resolution.
Lemma 23.11. The standard resolution of Z by G-modules is exact.

Proof. The map dy is clearly surjective. To check imd,+; C kerd, it suffices to note that
for any go,...,gn € G we have

dn(dn—l-l(gOa-'-,gn)): Z ( Z (_1)i+j(907---agjv"-agi---agn) +

0<i<n \0<j<i

) <—1>2‘+j—1<go,...,gi,...,gj,...,gm) ~o.

1<j<n

Let G be the subgroup 1 x G™ of G™*1, and let h: Z[G"'] — Z[G1?] C Z]G"F?]
be the Z-linear map defined by (go, - .., gn+1) — (1,90, -, gns1). For x € Z[G" '] we have
dny1(h(z)) € 4+ Z[GTT), and if 2 € kerd,, then x — d,,+1(h(x)) € kerd,, N Z[G} 1], since
imd,11 C kerd,. To prove kerd,, C imd,,+1, it suffices to show ker d,, N Z[G?H} Cimdyy.
For n = 0 we have ker dy N Z[G}] = {0}, and we now proceed by induction on n > 1.

Let Gt =1 x 1 x G 1 C GT"!. We can write the free Z-module Z[G} "] as the
internal direct sum Z[G?Jrl] + X, where X is the free Z-module generated by elements of
the form (1,g1,...,9,) with g1 # 1. For g; # 1 the image of (1,g1,...) under d, has the
form (g1,...,9n) +y with y € G7, and it follows that the restriction of d,, to X is injective
and thus has trivial kernel. It therefore suffices to show ker d,, N Z[GT,™] C im d,,41.

Let 2 € kerd, NZ[G{"]. Tf n = 1 then x = da(h(x)) € imdyy1. For n > 2, let
7 Z|G" Y — Z[G™ 1] be the Z-linear map defined by (go, g1, 92, - - -, gn) = (92, -+, gn). We

When A is written multiplicatively its identity is denoted 1 and one should think of 0 as acting via
exponentiation (but for the moment we continue to use additive notation and view A as a left Z[G]-module).
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have 7(x) € kerd,_o C imd,_1 (by the inductive hypothesis), and for any y € d_*,(r(z))
we have = dy11(h11(y)) € imd,y1, where hyp: Z[G" Y — Z[G™F!] is the Z-linear map
defined by (go,---,9n—1) — (1,1,90,...,gn—1). Therefore ker d,, N Z[Gqﬁﬂ] Cimd,41. O

Definition 23.12. Let R be a (not necessarily commutative) ring. A free resolution P of a
(left) R-module M is an exact sequence of free (left) R-modules P,
g e p Aoy,

Free resolutions arise naturally as presentations of an R-module. Every R-module M
admits a surjection from a free module (one can always take P; to be the free R-module with
basis M). This yields an exact sequence Py — M — 0, and the kernel of the homomorphism
on the left is itself an R-module that admits a surjection from a free R-module P; continuing
in this fashion yields a free resolution.

Now let A be an abelian group. If we truncate the free resolution P by removing the
R-module M and apply the contravariant left exact functor Homp(e, A) we obtain a cochain
complex of R-modules®

d:L-H * d, *drl—l di *
i1 < Py — - — Py +— 0.

where dj,(p) := ¢ od,. The maps dj, satisfy d;;, ody = 0: for all ¢ € Homp(P,, A) we have
(A1 0dn) () = (dnodny1)"(p) = podpodnir = po0=0.

This cochain complex need not be exact, because the functor Homp(e, A) is not right-exact,*
so we have potentially nontrivial cohomology groups kerd ,/imdy, which are denoted
Ext's(M, A). A key result of homological algebra is that (up to isomorphism) these coho-
mology groups do not depend on the resolution P, only on A and M see Theorem 23.71.

Recall that Z[G] is a free Z-module (with basis G), and for all n > 0 we have
ZI" = D ZICIL g1, 90)-
(9177gn)€Gn

It follows that the standard resolution is a free resolution of Z by Z[G]-modules; note that Z,
like any abelian group, can always be viewed as a trivial G-module, hence a Z[G]-module.
With a free resolution in hand, we now want to consider the cochain complex

0— HomZ[G] (Z[G], A) —_—  — HomZ[G] (Z[Gn], A) i HOH]Z[G} (Z[GnJrl], A) —_—
where d; is defined by ¢ — ¢ od,. Let S4 denote this cochain complex.

Proposition 23.13. Let A be a G-module. For every n > 0 we have an isomorphism of
abelian groups

®": Homgq(Z[G"T'], A) = C™(G, A)
that sends ¢: Z[G"1] — A to the function f: G™ — A defined by
flg1, - 9n) = @(1, g1, 9192, -, G192 Gn)-

The isomorphisms ®" satisfy ®"+1 o dy,y = d"o®" for all n > 0 and thus define an
isomorphism of cochain complexes ®4: Sq4 — Ca.

3The intuition here is that P contains a presentation of M that effectively serves as a replacement for M.
* Applying Homz(e,Z) to 0 = Z — Q — Q/Z — 0 yields 0 < Z < 0 < 0 < 0, for example.
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Proof. We first check that ®” is injective. Let ¢ € ker ®”. Given gg,...,9, € G, let
h; = gi__llgi for 1 <i<nsothat hy---h; = go_lgi and observe that

©(90:---+9n) = 902(L, g5 1.+ 95 9n) = goo(L, b1, haha, .o by - hy) = 0.
s0 ¢ = 0 as desired. For surjectivity, let f € C"(G, A) and define ¢ € Homyg (Z|G™1], A)
via ©(go, - -, gn) = 9of (95 91,91 92, - - -+ 9p19n)- For any g1,...,gn € G we have
(pn(sp)(gl’ .. agn) - 90(1591791927 9192 gn) = f(glv cee )gn)7

so f € im @™ and P" is surjective.

It is clear from the definition that ®" (1 + @2) = " (1) + D" (p2), so " is a bijective
group homomorphism, hence an isomorphism. Finally, for any ¢ € Homgyg (Z[G™ 1], A)
and g1,...,9nt+1 € G we have

" (dr 1 (0) (g1, s gns1) = diy 1 (©) (L, g1, 9192, -5 91" Gn1)

= @(dnt1(1,91, 9192, - 91~ Gnt1))
n+1

=3 (=D'(lg1, ... 01 Gic1, G1" Gitts- -2 01 Gna1)
=0
= q12"(¢)(92, - - -+ gnt1)
n
+ Z(—l)iq’n(@(gl, e 3 0i=25 Gi—10is Git1s -+ Gnt1)
=1
+ (=" (9) (g1, - 5 gn)

=d"(®"(9))(g1,- - -+ Gnt1)s

which shows that ®"*! od}, | = df o ®" as claimed.
O

Corollary 23.14. Let A be a G-module. The cochain compleres S4 and C4 have the same
cohomology groups, in other words, H"(G, A) ~ Ext%[G] (Z,A) for all n > 0, and we can
compute H" (G, A) using any free resolution of 7. by G-modules.

Proof. This follows immediately from Proposition 23.13 and Theorem 23.71. 0

Corollary 23.15. For any G-modules A and B we have
H™(G,A® B) = H"(G, A) & H"(G, B)

for alln > 0, and the isomorphism commutes with the natural inclusion and projection maps
for the direct sums on both sides.

Proof. By Lemma 23.73, the functor Exty, (Z, o) is an additive functor. O

Definition 23.16. A category containing finite coproducts (such as direct sums) in which
each set of morphisms between objects has the structure of an abelian group whose addition
distributes over composition (and vice versa) is called an additive category. A functor F'
between additive categories is an additive functor if it maps zero objects to zero objects and
satisfies F(X @Y) ~ F(X) @ F(Y), where the isomorphism commutes with the natural
inclusion and projection maps for the direct sums on both sides.
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Definition 23.17. Let G be a group and let A be an abelian group. The abelian group
CoInd®(A) := Homy(Z[G], A)
with G-action defined by (g¢)(z) == ¢(zg) is the coinduced G-module associated to A.

Warning 23.18. Some texts [3, 5] use Ind“(A) instead of Colnd“(A) to denote the G-
module Homyz(Z[G], A) and refer to it is as “induced” rather than “coinduced". Here we
follow [1, 4, 7| and reserve the notation Ind“(A) for the induced G-module Z[G] ®z A
defined below (see Definition 23.25). As shown by Lemma 23.27, this clash in terminology
is fairly harmless when G is finite, since we then have Ind“(A) ~ CoInd®(A).

Lemma 23.19. Let G be a group and A an abelian group. Then HY(G, CoIndG(A)) ~ A
and H™(G, CoIlnd%(A)) =0 for alln > 1.

Proof. For all n > 1 we have an isomorphisms of abelian groups

a: Homgg (Z]G™], CoInd“(A)) = Homgz(Z[G"], A)

@ = (2= (2)(1))
(2= (y+=0(y2)) < ¢

Indeed,

ala™H(9) = alz = (y = (y2)))) = (2 = ¢(2)) = ¢,
aHalp)) =a (zm p(2)(1) = (2= (y = @(y2)(1)) = (2= 0(2)) = .

Thus computing H"(G, CoInd®(A)) using the standard resolution P of Z by G-modules
is the same as computing H™ ({1}, A) using the resolution P viewed as a resolution of Z
by {1}-modules (abelian groups); note that Z[G"] is also a free Z[{1}]-module, and the G-
module morphisms d,, in the standard resolution are also {1}-module morphisms (morphisms
of abelian groups). Therefore H™(G, CoInd“(A)) ~ H™({1}, A) for all n > 0.

But we can also compute H"({1}, A) using the free resolution --- - 0 - Z — Z — 0,
which implies H"({1}, A) = 0 for n > 1 and H°({1}, A) ~ Homgz(Z, A) ~ A. O

23.3 Homology via free resolutions

In the previous section we applied the contravariant functor Homgzg (e, A) to the truncation
of the standard resolution of Z by G-modules to get a cochain complex with cohomology
groups H"(G,A) ~ Ext%[G} (Z,A). If we do the same thing using the covariant functor
® ®z7iq A we get a chain complex (of Z-modules)

where d,,, is defined by (go, ..., 9n) ® a — dy(go, - - -, gn) ® a. One minor technical point: in
order for these tensor products to make sense we need to view Z[G"] as a right Z|G]-module,
so we define (g1,...,9n) - 9 = (919, - .., gng); the corresponding G-module is isomorphic to
the left Z[G]-module defined above (right action by g corresponds to left action by g—1).
We then have homology groups ker d,,,/imd,+1,. As with the groups Ext%[G} (Z,A), we
get the same homology groups using any free resolution of Z by right Z[G]-modules, and

they are generically denoted Tor%[G} (Z, A); see Theorem 23.75.
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Definition 23.20. Let A be a G-module. The nth homology group of G with coefficients
in A is the abelian group H, (G, A) = TorZ¥ (z,A). If a: A — B is a morphism of G-
modules, the natural morphism o, : H,(G,A) — H,(G, B) is given by x ® a — x ® ¢(a).
Each H,, (G, e) is a functor from the category of G-modules to the category of abelian groups.

The family of functors H, (G, e) is a homological J-functor.

Theorem 23.21. Every short exact sequence of G-modules

0—A4-%B 2050

mnduces a long exact sequence of homology groups
s HY (G, O) 2 Ho (G, A) 2% Ho(G, B) 2% Ho(G,C) — 0,

and commutative diagrams of short exact sequences of G-modules induce corresponding com-
mutative diagrams of long exact sequences of homology groups.

Proof. The proof is directly analogous to that of Theorem 23.8 (or see Theorem 23.50). [
As with H"(G, e), the functors H, (G, ) are additive functors.
Corollary 23.22. For any G-modules A and B we have
H,(G,A® B) ~ H,(G,A) & H,(G, B)

for all n > 0, and the isomorphism commutes with the natural inclusion and projection maps
for the direct sums on both sides.

Proof. By Lemma 23.77, the functor Tor%[G] (Z, o) is an additive functor. O
For n = 0 we have
Ho(G, A) = Tory Nz, A) = Z @y A,

where we are viewing Z as a (right) Z[G]-module with G acting trivially; see Lemma 23.78 for
a proof of the second equality. This means that ) azg € Z[G] acts on Z via multiplication
by the integer ) ay. This motivates the following definition.

Definition 23.23. Let G be a group. The augmentation map e: Z[G] — 7Z is the ring ho-
momorphism Y a9 — Y a,.> The augmentation ideal I is the kernel of the augmentation
map; it is a free Z-module with basis {g —1:¢ € G}.

The augmentation ideal I is precisely the annihilator of the Z[G]-module Z; therefore
Z ®ziq) A~ AllGA.
Definition 23.24. Let A be a G-module. The group of G-coinvariants of A is the G-module
Ag = A/l A,

it is the largest trivial G-module that is a quotient of A.

5The augmentation map is the boundary map do in the standard resolution of Z by G-modules.
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We thus have Hy(G, A) ~ Ag and HO(G, A) ~ AC.
Definition 23.25. Let G be a group and let A be an abelian group. The abelian group
Ind%(A) = Z[G] @z A
with G-action defined by g(z ® a) = (9z) ® a is the induced G-module associated to A.

Lemma 23.26. Let G be a group and A an abelian group. Then Ho(G,Ind%(A)) ~ A and
H,(G,Ind%(A)) =0 for alln > 1.

Proof. Viewing Z[G"| as a right Z[G]-module and Z[G] as a left Z|G]-module, for all n > 1,
ZIG"] @zjq) (Z|G] ®z A) = (Z[G"] @z)q) Z|G]) @z A = Z|G"] @z A,

by associativity of the tensor product (and the fact that M ®p R ~ M for any right R-
module M). This implies that computing H,, (G, Ind“(A)) using the standard resolution P
of Z by (right) G-modules is the same as computing H,({1}, A) using the resolution P
viewed as a resolution of Z by {1}-modules (abelian groups). Thus

H,(G,Ind%(A)) = TorZl(z, Ind% (A)) ~ Tor2(Z, A) = H,({1}, A).

But we can also compute H,, ({1}, A) using the free resolution --- — 0 — Z — Z — 0, which
implies H,({1},A) =0for n > 1 and Hy({1},A) ~Z® A ~ A. O

Lemma 23.27. Let G be a finite group and A an abelian group. The G-modules IndG(A)
and CoInd%(A) are isomorphic.

Proof. We claim that we have a canonical G-module isomorphism given by
a: Colnd®(A4) = Ind“(A)
e > g ®elg)

geG
(g*1 = a)—gRa

where (97! + a)(h) = 0 for h € G — {g~'}. Tt is obvious that a and a~! are inverse
homomorphisms of abelian groups, we just need to check that there are morphisms of G-
modules. For any h € G and ¢ € CoInd“(A) we have

=Y g '@ (p)(g)=h> (gh) " @elgh) =n)_ g ' @p(g) = ha(p),
geG geG geq

and for any h € G and g ® a € Ind“(A) we have
o~ (h(g®a)) =a  (hg®a) = ((hg)™' = a) =h(g™" = a) =ha" (g ®a),
since for ¢ = (¢g7! + a) the identity (hy)(z) = ¢(zh) implies hg = ((hg)™! + a). O

Corollary 23.28. Let G be a finite group, A be an abelian group, and let B be IndG(A) or
CoInd®(A). Then Ho(G,B) ~ H°(G,B) ~ A and H,(G,B) = H"(G,B) =0 for alln > 1.

Proof. This follows immediately from Lemmas 23.19, 23.26, 23.27. O
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23.4 Tate cohomology
We now assume that G is a finite group.
Definition 23.29. The norm element of Z[G] is N¢ =} ¢ 9-

Lemma 23.30. Let A be a G-module and let Ng: A — A be the G-module endomorphism
a — Nga. We then have IgA C ker Ng and im Ng C A%, thus N¢ induces a morphism
Ng: Ag — AS of trivial G-modules.

Proof. We have gNg = Ng for all g € G, so im Ng € A%, and Ng(g—1) =0 for all g € G,
so N¢ annihilates the augmentation ideal I and IgA C ker Ng. The lemma follows. ]

Definition 23.31. Let A be a G-module for a finite group G. For n > 0 the Tate cohomology
and homology groups are defined by

A7(G, A) = coker N forn =0 o ) = ker N forn=20
H"(G,A) forn>0 H,(G,A) forn>0
H™(G,A) = H, 1(G,A) H_,(G, A) = H" (G, A).

Note that H(G, A) is a quotient of HO(G, A) ~ A (the largest trivial G-module in A) and
Hy(G, A) is a submodule of Hy(G, A) ~ Ag (the largest trivial G-module quotient of A).

Thus any morphism of G-modules induces natural morphisms of Tate cohomology and
homology groups in degree n = 0 (and all other degrees, as we already know). We thus have
functors H™(G, e) and H,(G,e) from the category of G-modules to the category of abelian
groups.

Given that every Tate homology group is also a Tate cohomology group, in practice one
usually refers only to the groups H"(G, A), but the notation H,(G,A) can be helpful to
highlight symmetry.

Theorem 23.32. Let G be a finite group. Every short exact sequence of G-modules
0—A-%B 00

induces a long exact sequence of Tate cohomology groups

s (e, A) S e, B) D re.e) U G ) —

equivalently, a long exact sequence of Tate homology groups

s B,(G, A) 2% [,(G,B) % 0,(G,C) 2 A,_1(G,A) —
Commutative diagrams of short exact sequences of G-modules induce commutative diagrams

of long exact sequences of Tate cohomology groups (equivalently, Tate homology groups).

Proof. Tt follows from Theorems 23.8 and 23.21 that it is enough to prove exactness at the
terms HO(G, o) = H_1(G, o) and Hy(G,e) = H (G, ). We thus consider the diagram

00 Bo

H,(C,G) Ag 2 Bg Ca 0
[t lwe o [w
0 s AG 2, ge B o6 & g q)
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whose top and bottom rows are the end and beginning of the long exact sequences in
homology and cohomology given by Theorems 23.21 and 23.8, respectively; here we are
using Hy(G, o) ~ eg and H°(G, e) ~ .

For any [a] € Ag = A/IgA we have Ng(ao([a])) = Nga(a) = a(Nga) = o (Ng([a])),
so the first square commutes, as does the second (by the same argument). Applying the
snake lemma yields an exact sequence of kernels and cokernels of Ng

Ho(G, A) % Fo(c, B) B Fo(c,0) % B, A) % VG, B) S Y@, 0),

where 6([c]) = [a] for any @ € A, b € B, ¢ € C with a(a) = Ngb and B(b) = ¢ €
ker Ng (that this uniquely defines the connecting homomorphism 5 is part of the snake
lemma). Note that imdy = kerag = ker &g C ker Ng, since o is injective, so dy gives a
well-defined map do: H1(G, C) — Ho(G, A) that makes the sequence is exact at Ho(G, A).
Similarly, im Ng C im 8% = ker 69, since f is surjective, so 8° induces a well-defined map
6% HY(G,C) — H'(A, G) that makes the sequence exact at H(G,C).

For the last statement of the theorem, suppose we have the following commutative dia-
gram of exact sequences of G-modules

B

0 » A —— B C 0
ool e
0 P ANy o —

By Theorems 23.21 and 23.8, we only need to verify the commutativity of the square

Hy(G,C) —— H(G, A)

bl

Ho(G, ¢y~ B, A

Let a € A, b€ B, c € C satisfy a(a) = Ngb and 5(b) = ¢ € ker N¢; as in the definition of §
above, so that 0([c]) = [a]. Now let @’ = ¢(a), b’ = ¢(b), ¢ = ¢(c). Then

o (d') = o/(¢(a)) = P(a(a)) = ¥(Ngb) = Natp(b) = Nat/
B'(t') = B'(1(b)) = p(B(b)) = ¢(c) = ¢’ € ker N,

where we have used Ng¢' = Ngo(c) = o(Nge) = (0) = 0. Thus §([¢/]) = [¢/] and
¢°(5(c)) = ¢°(la)) = [$(a)] = [a'] = &'([¢]) = &'([p(e)]) = &' (o([e])),
so ¢ o §=4o o as desired. O

>

Theorem 23.32 implies that the family H "(G, e) is a cohomological o-functor, and that
the family H, (G, e) is a homological d-functor.

Corollary 23.33. Let G be a finite group. For any G-modules A and B we have
H"(G,A® B) ~ H"(G, A) & H"(G, B),

for allm € Z, and the isomorphisms commute with the natural inclusion and projection maps
for the direct sums on both sides.

18.785 Fall 2021, Lecture #23, Page 12



Proof. For n # 0, —1 this follows from Corollaries 23.15 and 23.22. For n = 0, —1 it suffices
to note that Ng acts on A @& B component-wise, and the induced morphism Ng thus acts
on (A® B)g = Ag ® B component-wise. d

Theorem 23.34. Let G be a finite group and let B be an induced or co-induced G-module
associated to some abelian group A. Then H"(G,B) = H,(G,B) =0 for all n € Z.

Proof. By Corollary 23.28, we only need to show ﬁo(G,B) = ﬁO(G, B) = 0, and by
Lemma 23.27 it suffices to consider the case B = Ind“(A) = Z[G] ®7; A. Equivalently,
we need to show that Ng: B — B has kernel I¢B and image B¢. By definition, the Z[G]-
action on B = Z[G] ®z A only affects the factor Z[G], so this amounts to showing that, as
an endomorphism of Z[G], we have ker Ng = Ig and im Ng = Z[G]%. But this is clear:
the action of Ng on Z[G] is 3 cqag9 — (3 ,eq ag)NG- The kernel of this action is the

augmentation ideal I, and its image is Z[G]¢ = {2 e agg s all ag € Z equal} = NgZ. O

Remark 23.35. Theorem 23.34 explains a major motivation for using Tate cohomology.
It is the minimal modification needed to ensure that induced (and co-induced) G-modules
have trivial homology and cohomology in all degrees.

Corollary 23.36. Let G be a finite group and let A be a free Z|G]-module. Then we have
H,(G,A)=H"(G,A) =0 for all n € Z.

Proof. Let S be a Z[G]-basis for A and let B be the free Z-module with basis S. Then
A ~nd%(B) and the corollary follows from Theorem 23.34. O

23.5 Tate cohomology of cyclic groups

We now assume that G is a cyclic group (g) of finite order. In this case the augmentation
ideal I is principal, generated by g — 1 (as an ideal in the ring Z[G], not as a Z-module).
For any G-module A we have a free resolution

o — 716 58 z[6) 5 z[6) XS 7[6) £ Z[6) - Z — 0. 2)

The fact that augmentation ideal I = (g — 1) is principal (because G is cyclic) ensures
im N¢g = ker(g — 1), making the sequence exact.

The group ring Z[G] is commutative, since G is abelian, so we need not distinguish left
and right Z[G]-modules. For any G-module A we can view Z[G] ®zq) A as a G-module via
g(h®a) = gh®a = h®ga and view Homg)(Z[G], A) as a G-module via (gp)(h) = ©(gh).b

Theorer{l 23.37. Let G = (g) be aﬁm’zﬁe cyclic groupfmd let A be aAG-module. ForAall newz
we have H*™(G, A) ~ Ho,_1(G, A) ~ H°(G, A) and Ho, (G, A) ~ H>""YG, A) ~ Hy(G, A).

Proof. We have canonical G-module isomorphisms Homgz ) (Z[G], A) ~ A ~ Z[G] ®@z(q) A
induced by ¢ — ¢(1) and a — 1 ® a, respectively, and these isomorphisms preserve the
multiplication-by-¢g endomorphisms (that is, (g¢)(1) = gp(1) and 1 ® ga = g(1®a)). Using
the free resolution in (2), we can thus compute H"(G, A) using the cochain complex

0— AT AlNe 4978 g N g

5Note that we must have g1g2p0(h) = g1(g200)(R) = (ga)(g1h) = ©(g2g1h) = g2g10(h) in order for ¢ to
be both a Z[G]-module morphism and an element of a Z[G]-module, so this will not work if G is not abelian.
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and we can compute H, (G, A) using the chain complex

SN\ U7 A<\ [k U7 R}
We now observe that A® = ker(g — 1), so for all n > 1 we have
H?(G,A) = Hyp_1(G, A) = ker(g — 1)/ im Ng = coker N¢ = H°(G, A),

so H?™(G, A) = Hy, 1(G, A) = H(G, A) for all n € Z, since H=>"(G, A) = Hy, 1(G, A)
and H_9py1 = H?" for all n > 0.
We also note that im(g — 1) = IgA, so for all n > 1 we have

Hy, (G, A) = H*Y(G, A) = ker N/ im(g — 1) = ker Ng = Ho(G, A),

so Hon(G, A) = H""Y(G, A) = Ho(G, A) for all n € Z, since H_9,(G, A) = H*"1(G, A)
and H2"t! = H,, for all n > 0. O

It follows from Theorem 23.37 that when G is a finite CyclicA group, all of the Tate
homology /cohomology groups are determined by Ho(G, A) = ker Ng = ker N/ im(g — 1)
and H°(G, A) = coker Ng = ker(g — 1)/im Ng. This motivates the following definition.

Definition 23.38. Let G be a finite cyclic group and let A bAe a G-module. We define
h"(A) = h"(G, A) := #H"(G, A) and h,(A) = h,(G, A) = #H,(G, A). Whenever h°(A)
and ho(A) are both finite, we also define the Herbrand quotient h(A) = h°(A)/ho(A) € Q.

Remark 23.39. Some authors define the Herbrand quotient via h(A) := h°(A)/h'(A) or
h(A) = h°(A)/h=(A) or h(A) == h%(A)/h'(A), but Theorem 23.37 implies that these
definitions are all the same as ours. The notation ¢(A) is often used instead of h(A), and
one occasionally sees the Herbrand quotient defined as the reciprocal of our definition (as in
[2], for example), but this is less standard.

Corollary 23.40. Let G be a finite cyclic group. Given an exact sequence of G-modules

0-—A-%B o0

we have a corresponding exact heragon

HY(G, A) - HY(G, B)

Hy(G, B) ¢5— Ho(G, 4)
Proof. This follows immediately from Theorems 23.32 and 23.37. O
Corollary 23.41. Let G be a finite cyclic group. For any exact sequence of G-modules
0—A-SB L0,

if any two of h(A), h(B), h(C) are defined then so is the third and h(B) = h(A)h(C).
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Proof. Using the exact hexagon given by Corollary 23.40 we can compute the cardinality
RO(A) = #H°(G, A) = # ker %4 im &° = # ker a%4 ker 8°.
Applying a similar calculation to H(G, C) and H'(G, B) yields
hO(A)RY(C)ho(B) = # ker 6°# ker 34 ker 6°# ker do# ker So# ker .
Doing the same for H(G, B), Ho(G, A), Ho(G, C) yields
KO (B)ho(A)ho(C) = # ker B°# ker 6°# ker Go# ker Bo# ker do# ker a° = h(A)h°(C)ho(B).

If any two of h(A),h(B),h(C) are defined then at least four of the groups in the exact
hexagon are finite, and the remaining two are non-adjacent, but these two must then also
be finite. In this case we can rearrange the identity above to obtain h(B) = h(A)h(C). O

Corollary 23.42. Let G be a finite cyclic group, and let A and B be G-modules. If h(A)
and h(B) are defined then so is h(A® B) = h(A)h(B).

Proof. Apply Corollary 23.41 to the split exact sequence 0 > A - A® B — B — 0. O

Lemma 23.43. Let G={g) be a finite cyclic group. If A is an induced or finite G-module
then h(A) =

Proof. If A is an induced G-module then ho(A) = h°(A) = h(A) = 1, by Theorem 23.34.
If A is finite, then the exact sequence

0— A% 5 A3 A — Ag — 0
implies #A% = # ker(g — 1) = # coker(g — 1) = #Ag, and therefore
ho(A) = #ker N = # coker N = h(A),
so h(A) = hP(A)/ho(A) = 1. O

Corollary 23.44. Let G be a finite cyclic group and let A be a G-module that is a finitely
generated abelian group. Then h(A) = h(A/Aor) whenever either is defined.

Proof. Apply Corollary 23.41 and Lemma 23.43 to 0 — Ayor = A — A/Ator — 0. O

Remark 23.45. The hypothesis of Corollary 23.44 actually guarantees that h(A) is defined,
but we won’t prove this here.

Corollary 23.46. Let G be a finite cyclic group and let A be a trivial G-module that is a
finitely generated abelian group. Then h(A) = (#G)", where r is the rank of A.

Proof We have A/Aior ~ Z", where Z is a trivial G-module. Then Zg = Z = ZC, and
Ng: Ze — ZC is multiplication by #G, so h(Z) = # coker Ng/# ker N = #G. Now apply
Corollaries 23.42 and 23.44. O

Lemma 23.47. Let G be a finite cyclic group and let o: A — B be a morphism of G-modules
with finite kernel and cokernel. If either h(A) or h(B) is defined then h(A) = h(B).
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Proof. Applying Corollary 23.41 to the exact sequences

0—=kera - A—ima—0
0—imoa— B — cokera — 0

yields h(A) = h(ker a)h(ima) = h(ima) = h(ima)h(coker o) = h(B), by Lemma 23.43,
since ker o and coker « are finite. The lemma follows. O

Corollary 23.48. Let G be a finite cyclic group and let A be a G-module containing a
sub-G-module B of finite index. Then h(A) = h(B) whenever either is defined.

Proof. Apply Lemma 23.47 to the inclusion B — A. O

23.6 A little homological algebra

In an effort to keep these notes self-contained, in this final section we present proofs of
the homological results that were used above. For the sake of concreteness we restrict our
attention to modules, but everything in this section generalizes to suitable abelian categories.
We use R to denote an arbitrary (not necessarily commutative) ring (in previous section
R was the group ring Z[G]). Statements that use the term R-module without qualification
are understood to apply in both the category of left R-modules and the category of right
R-modules.

23.6.1 Complexes

Definition 23.49. A chain complex C is a sequence of R-module morphisms
'&02L01ﬂ>00—>0,

with d,, od,11 = 0; the d,, are boundary maps. The nth homology group of C'is the R-module
H,(C) = Z,(C)/B,(C), where Z,(C) = kerd,—1 and B,(C) = imd,, are the R-modules
of cycles and boundaries, respectively; for n < 0 we define C,, = 0 and d,, is the zero map.
A morphism of chain complexes f: C — D is a sequence of R-module morphisms
fn: Cy — D, that commute with boundary maps (so f, o d, = dy © fny1).” Such a
morphism necessarily maps cycles to cycles and boundaries to boundaries, yielding natural
morphisms H,(f): H,(C) — H,(D) of homology groups.® We thus have a family of func-
tors H,(e) from the category of chain complexes to the category of abelian groups. The
category of chain complexes has kernels and cokernels (and thus exact sequences). The set
Hom(C, D) of morphisms of chain complexes C' — D is an abelian group under addition:

(f+9n=fo+gn

The category of chain complexes of R-modules contains direct sums and direct products:
if A and B are chain complexes of R-modules then (A ® B),, := A,, @ B,, and the boundary
maps dp,: (A® B)pt1 — (A® B),, are defined component-wise: d,(a @ b) := d,(a) ® d,(b).

"We use the symbols d,, to denote boundary maps of both C' and Dj in general, the domain and codomain
of any boundary or coboundary map should be inferred from context.

8In fact H,(f): Hn(C) — H, (D) is a morphism of R-modules, but in all the cases of interest to us, either
the homology groups are all trivial (as occurs for exact chain complexes, such as the standard resolution of
Z by Z|G]-modules), or R = Z (as in the chain complexes used to define the Ext and Tor groups below), so
we will generally refer to homology groups rather than homology modules.
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Because the boundary maps are defined component-wise, the kernel of the boundary map of
a direct sum is the direct sum of the kernels of the boundary maps on the components, and
similarly for images. It follows that H,(A ® B) ~ H,(A) ® H,(B), and this isomorphism
commutes with the natural inclusion and projection maps in to and out of the direct sums
on both sides. In other words, H,(e) is an additive functor (see Definition 23.16). This
extends to arbitrary (possibly infinite) direct sums, and also to arbitrary direct products,
although we will only be concerned with finite direct sums/products.’

Theorem 23.50. Associated to each short exact sequence of chain complexes

0—A4-%B 2050

is a long exact sequence of homology groups

H,(a)

Hn1() L B R H ) — -

Hn 1 n
s Hypin(A) Hyir(B) 89 Ho(0) 22 H(A)

and this association maps morphisms of short exact sequences to morphisms of long exact
sequences. In other words, the family of functors Hy(e) is a homological §-functor.

For n < 0 we have H,(e) = 0, by definition, so this sequence ends at Hy(C') — 0.

Proof. For any chain complex C, let Y,,(C) = C,,/B,(C). Applying the snake lemma to

n /BTL
Yoi1(A) 22 ¥, 1 (B) 255 Y, 4(C) —— 0
J/ n l n B J{dn
0 —— Z,(A) —— Z,(B) —=— Z,(C)
(where au,, B, d,, denote obviously induced maps) yields the exact sequence

Hp1(A) =5 Hyy1(B) 25 Hyp1(C) = Hy(A) 2 Ho(B) 25 Hy(G).
The verification of the commutativity of diagrams of long exact sequences of homology
groups associated to commutative diagrams of short exact sequences of chain complexes is
as in the proof of Theorem 23.8, mutatis mutand;. O

Definition 23.51. Two morphisms f,g: C'— D of chain complexes are homotopic if there
exist morphisms h,,: C, — Dy1q such that f, — g, =dpohy, +hp_10d,—1 foralln >0
(where h_y = 0); this defines an equivalence relation f ~ g, since (a) f ~ f (take h = 0),
(b) if f ~ g via h then g ~ f via —h, and (c) if f; ~ fo via h; and fo ~ f3 via hg then
f1~ f3 via hy + hs.

Lemma 23.52. Homotopic morphisms of chain complexes f,g: C — D induce they some
morphisms of homology groups H,(C) — H,(D); we have H,(f) = Hy,(g) for all n > 0.

Proof. Let [z] € Hy(C) = Z,(C)/By(C) denote the homology class z € Z,,(C). We have
fn(2) = gn(2) = dn(hn(2)) + hn-1(dn-1(2)) = dn(hn(2)) + 0 € Bn(D),

thus Hy,(f)([2]) — Hn(9)([z]) = 0. It follows that H,(f) = Hy(g) for all n > 0. O

9This does not imply that the Ext and Tor functors defined below commute with arbitrary direct sums
and direct products; see Remarks 23.62 and 23.66.
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Definition 23.53. A cochain complex C is a sequence of R-module morphisms
o d° 1 dt 9 d?
0 —C"—C —C°— -

with d"*tod™ = 0. The nth cohomology group of C is the R-module H"(C):=Z"(C)/B"(C),
where Z"(C) = kerd" and B"(C) = imd" ! are the R-modules of cocycles and cobound-
aries; for n < 0 we define C™ = 0 and d" is the zero map. A morphism of cochain complexes
f: C — D consists of R-module morphisms f": C" — D™ that commute with coboundary
maps, yielding natural morphisms H"(f): H"(C) — H™(D) and a functors H"(e) from the
category of cochain complexes to the category of abelian groups. Cochain complexes form a
category with kernels and cokernels, as well as direct sums and direct products (coboundary
maps are defined component-wise). Like H,,(e), the functor H"(e) is additive and commutes
with arbitrary direct sums and direct products.

The set Hom(C, D) of morphisms of cochain complexes C' — D forms an abelian group
under addition: (f 4+ ¢)" = f™ + ¢g". Morphisms of cochain complexes f,g: C — D are
homotopic if there are morphisms A" : C"*! — D" such that f*—g¢" = h"od"+d" 1oh"!
for all n > 0 (where h~! := 0); this defines an equivalence relation f ~ ¢.'

Theorem 23.54. Associated to every short exact sequence of cochain complexes

0—A-SB 050

is a long exact sequence of homology groups

Hn+1 ((1)

U g gy 9 ooy 2 gotra) LY gty

Hn+1
")

s HMA) H™Y(C) — -

and this association maps morphisms of short exact sequences of morphisms of long exact
sequences, that is, the family of functors H"(e) is a cohomological §-functor.

For n < 0 we have H,,(e) = 0, by definition, so this sequence begins with 0 — H°(A).
Proof. Adapt the proof of Theorem 23.50. O

Lemma 23.55. Homotopic morphisms of cochain complexes f,g: C'— D induce the same
morphisms of cohomology groups H"(C) — H"™(D); we have H"(f) = H"(g) for all n > 0.

Proof. Adapt the proof of Lemma 23.52. O

23.6.2 Projective resolutions

Recall that a projective R-module is an R-module P with the property that if m: M — N is a
surjective morphism of R-modules, every R-module morphism ¢: P — N factors through

P
36
P
k' l
M —"% N

Free modules are projective, since we can then fix an R-basis {e;} for P and define ¢(e;) by
picking any element of 77!((e;)) (note that the ¢ so constructed is in no way canonical).

1ONote the order of composition in the homotopy relations for morphisms of chain /cochain complexes.
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Definition 23.56. Let M be an R-module. A projective resolution of M is an exact chain
complex P with Py = M and P, projective for all n > 0.

Every R-module has a projective resolution, since (as noted earlier), every R-module M
has a free resolution (we can always construct dyo: Py — M by taking P; to be free module
with basis M, then similarly construct dy: Py — ker dy, and so on).

Proposition 23.57. Let M and N be R-modules with projective resolutions P and @,
respectively. Every R-module morphism ag: M — N extends to a morphism a: P — Q of
chain complexes that is unique up to homotopy.

Proof. We inductively construct a,, for n > 1 (the base case is given). Suppose we have
constructed a commutative diagram of exact sequences

dn+1 dn dnfl dn72 d1 do

e Pn+1 Pn Pn—l P M 0
\J/Oln lanq l loq lao J/

dy dy dn_ dn_ d d
C S Qe Qn S Poy 5o S @ 5 N 0

Then d,,—1 0 oy 0dy, = 1 ©dp—1 0d,, = 0, so im(a, 0 dy) C kerd,,—1 = imd,,. We now
define apy1: Pri1 — @Qne1 as a pullback of the morphism a, od,: Pny1 — imd,, along the
surjection dy,: Qn+1 — imd, such that d, o a1 = ay, o dy.

Now suppose B: P — @ is another morphism of projective resolutions with 8y = ay,
and let v = a — . To show that « and 8 are homotopic it suffices to construct maps
hn: Pp — Qny1 such that d,, o hy, = vy, — hp—1 © dp—1 (where hy = d_1 = 0). We have
Y0 = ag — By = 0, so let hg := 0 and inductively assume d,, o hy, = ¥, — hp—1 © dp—1. Then

dn o (’Yn—l—l - hn Odn) = dn O Yn+1 — (dn Ohn) odn ="Tn Odn - (771 - hn—l Odn—l) Odn = 07

so im(Yp41 —hnody) € Bpy1(Q). The R-module P, is projective, so we can pullback the
morphism (Y41 — hp 0dy): Ppy1 — Bry1(Q) along the surjection dyy1: Qni1 — Bnt1(Q)
to obtain hy,y1 satisfying dp+1 © Aptr1 = Ypt1 — hn o dy, as desired. L]

23.6.3 Hom and Tensor

If M and N are R-modules, the set Hompg(M, N) of R-module morphisms M — N forms
an abelian group under pointwise addition (so (f + g)(m) = f(m) + g(m)) that we may
view as a Z-module. For each R-module A we have a contravariant functor Homp(e, A) that
sends each R-module M to the Z-module

M* :== Hompg(M, A)
and each R-module morphism ¢: M — N to the Z-module morphism

¢*: Hompg(N, A) — Homp(M, A)
frfoep

To check this, note that

e (f+g)=(f+glop=fopt+gop=v"(f)+¢(g),
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so ¢* is a morphism of Z=modules (homomorphism of abelian groups), and

idy = (f = foidy) = (f = f) = idne,
(o) =(fr fopop)=(frr fop)o(fr fog)=p"od",

thus Homp(e, A) is a contravariant functor.

Lemma 23.58. Let o: M — N and ¢: N — P be morphisms of R-modules. The sequence
M- N-2 P50
is exact if and only if for every R-module A the sequence
0 — Homp(P, A) 5 Homp(N, A) 2 Homp(M, A)

15 exact.

Proof. (=): If ¢*(f) = fo¢ =0 then f = 0, since ¢ is surjective, so ¢* is injective. We
have ¢*0¢* = (pog)* = 0* = 0, so im ¢* C ker p*. Let $~*: P = N/ker ¢. Each g € ker *
vanishes on im ¢ = ker ¢ inducing §: N/ker¢ — A with g =go ¢~ 0 ¢ € im ¢*.

(«<): For A = P/im¢ and w: P — P/im ¢ the projective map, we have ¢*(r) = 0
and therefore # = 0, since ¢* is injective, so P = im ¢ and ¢ is surjective. For A = P we
have 0 = (¢* 0 ¢*)(idp) = idpopop = ¢pop, so imp C ker¢. For A = N/imyp, and
m: N — N/im ¢ the projection map, we have 7w € ker p* = im ¢*, thus 7 = ¢*(0) = 00 ¢
for some o € Hom(P, A). Now m(ker ¢) = o(¢(ker ¢)) = 0 implies ker ¢ C kerm = imp. O

Definition 23.59. A sequence of morphisms 0 — A i> B4 C=0is left exact if it is
exact at A and B (ker f = 0 and im f = ker g), and right exact if it is exact at B and C
(im f = kerg and im g = C). A functor that takes exact sequences to left (resp. right) exact
sequences is said to be left exact (resp. right exact).

Corollary 23.60. For any R-module A the functor Hompg(e, A) is left exact.
Proof. This follows immediately from the forward implication in Lemma 23.58. O
Corollary 23.61. For any R-module A, the functor Hompg(e, A) is an additive functor.

Proof. See [6, Lemma 12.7.2] for a proof that this follows from left exactness; it is easy to
check directly in any case. O

Remark 23.62. Corollary 23.61 implies that Homp/(e, A) commutes with finite direct sums,
but it does not commute with infinite direct sums (direct products are fine).

Remark 23.63. The covariant functor Hompg(A, ) that sends ¢: M — N to (f — o f)
is also left exact.

If M is a right R-module and A is a left R-module, the tensor product M ®gr A is an
abelian group consisting of sums of pure tensors m ® a with m € M and a € A satisfying:

e m®(a+b)=mb+meb;
e (m+n)R®a=mRa+m® a;

e mr@a=mQera.
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For each left R-module A we have a covariant functor e ® p A that sends each right R-
module M to the Z-module
M, =Mg® R A,

and each right R-module morphism ¢: M — N to the Z-module morphism

Px - M®rA— NRrA
m®ar— o(m)®a
For each left R-module A we also have a covariant functor HomZ(A e) that sends each
Z-module B to the right R-module Homyz (A, B) with ¢(a)r := ¢(ra) and each Z-module

morphism ¢: B — C to the right R-module morphism Hom(A B) — Hom(A, C) defined
(pr)s

by f +— ¢ o f. Note that (¢rs)(a) = ¢(rsa) = (¢r)(sa) = ( )(a), so Homy(A, B) is
indeed a right R-module.
For any abelian group B there is a natural isomorphism of Z-modules

HomZ(M QR A, B) = HOmR(M, HomZ(A, B)) (3)
p = (m = (a— p(m®a)))
(m®a— ¢(m)(a)) < ¢

The functors e ®z A and Homy(A,e) are thus adjoint functors. One can view (3) as a
universal property that determines M ®g A up to a unique isomorphism.

Lemma 23.64. For any left R-module the functor e @ A is right exact.

Proof. Let
0— MNP o,

be an exact sequence of right R-modules. For any ) .p; ® a; € Py we can pick n; € N
such that ¢(n;) = p; and then ¢}, n; ® a) = >, p; ® a, thus ¢, is surjective. For any
d>oimi®a; € M ®p A we have ¢y (p«(D, mi ®a;)) =Y, ¢((my)) ®a; = ,0®a; =0, so
im ¢, C ker ¢. To prove im g, = ker ¢, it suffices to show that N,/im ¢, ~ P, since the
surjectivity of ¢, implies N*/ker ¢, ~ P,. For every abelian group B the sequence

0 — Homp(P,Homgz(A, B)) RN Homp(N,Homyz(A, B)) RN Hompg(M,Homy(A, B))

is left exact (by applying Corollary 23.60 to the right R-module Homy(A, B); note that the
corollary applies to both left and right R-modules). Equivalently, by (3),

0 —s Homy(P,, B) - Homy(Ny, B) 2 Homy(M,, B),
Applying Lemma 23.58 and the surjectivity of ¢, yields the desired right exact sequence
M, 5 N, -2 P, — 0. O

Corollary 23.65. For any left R-module A, the functor e ®g A is an additive functor.

Proof. See |6, Lemma 12.7.2] for a proof that this follows from right exactness; it is easy to
check directly in any case. O

Remark 23.66. Corollary 23.65 implies that e @ g A commutes with finite direct sums, and
in fact it commutes with arbitrary direct sums (but not direct products).
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Remark 23.67. For any right R-module A the functor A ®p e is also right exact.

If A is an R-module and C is a chain complex of R-modules, applying the functor
Hom(e, A) to the R-modules C, and boundary maps d,: Cp+1 — C) yields a cochain
complex C* of Z-modules C" := C and coboundary maps d" = d},!' and morphisms
f: C — D of chain complexes become morphisms f*: C* — D* of cochain complexes. We
thus also have a contravariant left exact functor from the category of chain complexes to
the category of cochain complexes.

Proposition 23.68. Let A be an R-module and let ®* denote the application of the functor
Hom(e, A). Let f,g: C — D be homotopic morphisms of chain complexes of R-modules.
Then f*,g*: D* — C* are homotopic morphisms of cochain complezes of Z-modules.

Proof. The morphisms f and g are homotopic, so their exist morphisms h,: C,, — Dy
such that f, — gn = dn o hp + hpn_1 0d,—1 for all n > 0. Applying the contravariant functor
Hom(e, A) yields

fo—gn=hpod, +d;_yoh,

n—1»

where h}: Dypy1 — Cy, for all n > 0, with h_; = 0. Thus f* and g* are homotopic. O

Proposition 23.69. Let A be a left R-module and let o, denote the application of the functor
e®p A. Let f,g: C'— D be homotopic morphisms of chain complezes of right R-modules.
Then fi, g«: Cyx = Dy are homotopic morphisms of chain complezes of Z-modules.

Proof. The morphisms f and g are homotopic, so their exist morphisms h,: Cp, — Dy
such that f,, — gn = dp o hy + hp_1 0d,—1 for all n > 0. Applying the covariant functor
e ®p A yields

fn* — Onyx = dn* o hn* + hn—1>,< o dn—l*a

where hy,: Cphy1 — Dy for all n > 0, with A_y = 0. Thus f, and g, are homotopic. O]

23.6.4 Ext and Tor functors

Definition 23.70. Let P be a projective resolution of an R-module M. The truncation
of P is the chain complex P with Py := P; and P,, :== P, for all n > 0 (which need not
be exact at Pp).'? Any morphism of projective resolutions f: P — @ induces a morphism
f: P — Q@ of their truncations with f, = f, 1.

Theorem 23.71. Let P, QQ be projective resolutions of an R-module M, let A be an R-
module, and let o% denote application of Homp(e, A). Then H™(P) ~ H™(Q}) for n > 0.

Proof. We will drop the subscript A in the proof to ease the notation.

Let f: P — @Q and g: Q — P be extensions of the identity morphism idy; given by
Proposition 23.57. The composition go f: P — P is an extension of idyy, as is idp, so go f
is homotopic to idp, by Proposition 23.57. We have (go f)o = idas = (id P)g, which implies
that go f = go f and idp = id5 are also homotopic (via the same homotopy; note hg = 0

in the proof of Proposition 23.57). Similarly, f o g and id@ are homotopic.

~ Applying Homp/(e, A) yields homotopic morphisms f*: Q"> P andg*: P" — Q", with
f*og" homotopic to id = idp+ and g* o f* homotopic to id*@ = idg+, by Proposition 23.68.
By Lemma 23.55, f* and §* induce isomorphims H™(Py) ~ H™(Q) for all n. > 0. O

HMThis justifies our indexing the boundary maps d, : Cn4+1 — C, rather than d,,: C,, — Cp—_1.
12The intuition is that the truncation of projective resolution of M can serve as a replacement for M.
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Definition 23.72. Let A and M be R-modules. Ext’(M, A) is the abelian group H"(P)
uniquely determined by Theorem 23.71 using any projective resolution P of M. If a: A - B
is a morphism of R-modules the map ¢ + a o ¢ induces a morphism of cochain complexes
P*, A — Py and morphisms Ext’(M,a): Ext%(M, A) — Ext(M, B) for each n > 0.

We thus have a family of functors Ext’;(M,e) from the category of R-modules to the
category of abelian groups that is a cohomological §-functor (by Theorem 23.54).

Lemma 23.73. Let M be an R-module. The functors Ext'y (M, e) are additive functors and
thus commute with finite direct sums and products.

Proof. This follows from Corollary 23.61 and the fact H"(e) is an additive functor. O
Lemma 23.74. For any two R-modules M and A we have Ext% (M, A) ~ Hompg (M, A).

Proof. Let -+ — P, — P; — M — 0 be a projective resolution of M. Applying Homp(e, A)
yields an exact sequence 0 — M* — P/ — Py — ---, and we observe that

Ext%(M,A) = H'(P") = z°(P")/B°(P") = ker(P} — P§)/im(0 — P})~ M*. [

Theorem 23.75. Let P, Q be projective resolutions of a right R-module M. Let A be a left
R-module, and let o2 denote application of @ ®r A. Then Hn(ﬁf) o~ Hn(éf) forn > 0.

Proof. We drop the superscript A in the proof to ease the notation.

Let f: P — @ and g: Q — P be extensions of the identity morphism idy; given by
Proposition 23.57. As in the proof of Theorem 23.71, go f and id are homotopic, as are
fo g and lda

Applying e @ A yields homotopic morphisms f.: P, — @, and g.: Q, — P,, with
f+ 0 g homotopic to idp_and f+ 0 g« homotopic to id@. By Lemma 23.52, f, and g, induce

isomorphisms H,,(P,) ~ H,(Q,) for all n > 0. O

Definition 23.76. Let A a left R-module and let M be a right R-module. TorZ(M, A)

is the abelian group Hn(Pf) uniquely determined by Theorem 23.75 using any projective
resolution P of M. If «: A — B is a morphism of left R-modules the map z®a — = ® ¢(a)
induces a morphism ?;4 — ?*B and morphisms Tor*(M, a): Tor®(M, A) — ExtZ(M, B) for
each n > 0. This yields a family of functors Tor®(M, ) from the category of left R-modules
to the category of abelian groups that is a homological §-functor (by Theorem 23.50).

Lemma 23.77. Let M be a right R-module. The functors Tor®(M, e) are additive functors
and thus commute with finite direct sums and products.

Proof. This follows from Corollary 23.65 and the fact H,(e) is an additive functor. Ul
Lemma 23.78. For any two R-modules M and A we have Torl{(M, A) ~ M ®r A.

Proof. Let -+ — P» — P — M — 0 be a projective resolution of M. Applying e @ A
yields the exact sequence - -- Py, — P;, — M, — 0, and we observe that

Torf{(M, A) = Ho(P.) = Zo(P.)/Bo(Px) = ker(Py, — 0)/im(Py, — Py,) ~ M,, [

Remark 23.79. One can also define Ext’(M, A) and TorZ(M, A) using injective resolu-
tions; see [7, §2.7] for a proof that this yields the same results.
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18.785 Number theory I Fall 2021
Lecture #24 bonus lecture

24 Artin reciprocity in the unramified case

Let L/ K be an abelian extension of number fields. In Lecture 22 we defined the norm group
T7) k= Nr/k (IP)RE (see Definition 22.27) that we claim is equal to the kernel of the Artin

map ¢?/ i« Ig — Gal(L/K), provided that the modulus m is divisible by the conductor

of L (see Definition 22.24). We showed that T7) ) contains ker ¢y o (Proposition 22.28),
and in Theorem 22.29 we proved the inequality

T Tryk] < [L: K] = [Tk : ker ¢p )] (1)

(the equality follows from the surjectivity of the Artin map proved in Theorem 21.19). It
only remains to prove the reverse inequality

[Zk: Tryk] = [L: K], (2)
which then yields an isomorphism
Ik /Trx — Gal(L/K) (3)

induced by the Artin map. This result is known as the Artin reciprocity law.

In this lecture we will prove (2) for cyclic extensions L/K when the modulus m is trivial
(which forces L/K to be unramified), and then show that this implies the Artin reciprocity
law for all unramified abelian extensions.

24.1 Some cohomological calculations

If L/K is a finite Galois extension of global fields with Galois group G, then we can naturally
view any of the abelian groups L, L*, Or, Of, Ir,, Pr, as G-modules.

When G = (o) is cyclic we can compute the Tate cohomology groups of any of these
G-modules A, and their associated Herbrand quotients h(A). The Herbrand quotient is
defined as the ratio of the cardinalities of

H(A) == H(G, A) := coker Ng¢ = A%/im Ng = M7
Ho(A) := Hy(G, A) := ker Ng = Ag[Ng] = (UA[];])G(]A)’

if both are finite. We can also compute Ho(A) = H1(A) ~ H'(A) = H'(A) as 1-cocycles
modulo 1-coboundaries whenever it is convenient to do so. In the interest of simplifying the
notation we omit G from our notation whenever it is clear from context.

For the multiplicative groups Of,L*,Zy, Pr, the norm element Ng = > " | o’ corre-
sponds to the action of the field norm Ny i and ideal norm Ny i that we have previously
defined, provided that we identify the codomain of the norm map with a subgroup of its
domain. For the groups L* and OF this simply means identifying K* and Oj as subgroups
via inclusion. For the ideal group Zx we have a natural extension map Zx < Z, defined by
I — IOy, that restricts to a map Px < Pr.! Under this convention taking the norm of an

!The induced map Clx — Cl, need not be injective; extensions of non-principal ideals may be principal.
Indeed, when L is the Hilbert class field every Ok-ideal extends to a principal Op-ideal; this was conjectured
by Hilbert and took over 30 years to prove. You will get a chance to prove it on Problem Set 10.
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element of 7y, that is (the extension of) an element of Zx corresponds to the map I ~— I#¢
as it should, and Zx is a subgroup of the G-invariants IE.Q

When A is multiplicative, the action of 0 —1 ona € Ais (0 — 1)(a) = o(a)/a, but we
will continue to use the notation (¢ — 1)(A) and A[o — 1] to denote the image and kernel
of this action. Conversely, when A is additive, the action of Ng corresponds to the trace
map, not the norm map. In order to lighten the notation, in this lecture we use N to denote
both the (relative) field norm Ny i and the ideal norm Ny x. We begin by recalling an
elementary (but often omitted) lemma from Galois theory, originally due to Dedekind.

Lemma 24.1. Let L/K be a finite extension of fields. The set Autg (L) is a linearly
independent subset of the L-vector space of functions L — L.

Proof. Suppose not. Let f = cjo1 + -+ + ¢.0p, = 0 with ¢; € L, 0; € Autg(L), and r
minimal; we must have r > 1, the ¢; nonzero, and the o; distinct. Choose a € L so
o1(a) # or(a) (possible since o1 # o0,). We have f(8) = 0 for all § € L, and the same
applies to f(af) — o1(a) f(B), which yields a shorter relation chog + -« - + c.o, = 0, where
¢ = ¢ioi(a) — ¢ior(a) with ¢} = 0, which is nontrivial because ¢ # 0, a contradiction. [J

Theorem 24.2. Let L/K be a finite Galois extension with Galois group G = Gal(L/K),
and for any G-module A, let H"(A) denote H"(G, A) and let N denote the norm map Ny /i .

(i) HY(L) and HY(L) are both trivial.
(i) HO(L*) ~ K> /N(L*) and H'(L*) is trivial.
Proof. (i) We have L¢ = K (by definition). The trace map T: L — K is not identically
zero (by Theorem 5.20, since L/ {{ is separable), so it must be surjective, since it is K-linear.
Thus Ng(L) = T(L) = K and H°(L) = K/K = 0.
Now fix a € L with T(a) = > . 7(a) = 1, consider a 1-cocycle f: G — L (this means
flor) = f(o) + o(f(7))), and put 8 =3 f(7)7(a). For all o € G we have

o(B) =Y o(f(n)o(r()) =Y _(flom)=f(@))(o7)(@) = Y (f(7)~f(0))r(a) = B~ f(0),

TEG TEG TEG

so f(0) = 8 — (). This implies f is a 1-coboundary, so H'(L) = H'(L) is trivial.

(i) We have (L*)¢ = KX, so HY(L*) = K*/NgL* = K*/N(L*). Consider any
nonzero l-cocycle f: G — L* (now this means f(o7) = f(o)o(f(7))). By Lemma 24.1,
a = > cqf(m)T(a) is not the zero map. Let 8 = Y . f(7)7(a) € L™ be a nonzero
element in its image. For all 0 € G we have

a(8) =Y _o(f(r)a(r() = flor)f(o) " (o7)(x) )TNy f)T fo)7'B,
TeG

T€G T€G
so f(o) = B/o(B). This implies f is a coboundary, so H'(L*) = H'(L*) is trivial. O

Corollary 24.3 (HILBERT THEOREM 90). Let L/K be a finite cyclic extension with Galois
group Gal(L/K) = (o). Then N(a) =1 if and only if « = /o () for some B € L*.

Proof. By Theorem 23.37, H'(L*) ~ H-Y(L*) = Ho(L*) = L*[Ng]/(c — 1)(L*), and
Theorem 24.2 implies L*[N¢| = (0 — 1)(L*). The corollary follows. O

2Note that Z¢ = Zx only when L /K is unramified; see Lemma 24.9 below.
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Remark 24.4. “Hilbert Theorem 90" refers to Hilbert’s text on algebraic number theory [1],
although the result is due to Kummer. The result H'(Gal(L/K),L*) = 0 implied by
Theorem 24.2 is also often called Hilbert Theorem 90; it is due to Noether [2].

Our next goal is to compute the Herbrand quotient of OF (in the case that L/K is a
finite cyclic extension of number fields). For this we will apply a variant of Dirichlet’s unit
theorem due to Herbrand, but first we need to discuss infinite places of number fields.

If L/K is a Galois extension of global fields, the Galois group Gal(L/K) acts on the set
of places w of L via the action w — o(w), where o(w) is the equivalence class of the absolute
value defined by [|a/|; () = [[o0()||w. This action permutes the places w lying above a given
place v of K; if v is a finite place corresponding to a prime p of K, this is just the usual
action of the Galois group on the set {q|p}.

Definition 24.5. Let L/K be a Galois extension of global fields and let w be a place of L.
The decomposition group of w is its stabilizer in Gal(L/K):

D, = {0 € Gal(L/K) : o(w) = w}.
If w corresponds to a prime q of Oy, then D,, = Dy is also the decomposition group of q.

Now let L/K be a Galois extension of number fields. If we write L ~ Q[x]/(f) then we
have a one-to-one correspondence between embeddings of L into C and roots of f in C. Each
embedding of L into C restricts to an embedding of K into C, and this induces a map that
sends each infinite place w of L to the infinite place v of K that w extends. This map may
send a complex place to a real place; this occurs when a pair of distinct complex conjugate
embeddings of L restrict to the same embedding of K (which must be a real embedding).
In this case we say that the place v (and w) is ramified in the extension L/K, and define
the ramification index e, := 2 when this holds (and put e, := 1 otherwise). This notation
is consistent with our notation e, := ¢, for finite places v corresponding to primes p of K.
Let us also define f, := 1 for v|oo and put g, := #{w|v} so that the following formula
generalizing Corollary 7.5 holds for all places v of K:

evagv = [L : K]

Definition 24.6. For a Galois extension of number fields L/K we define the integers

eo(L/K) = H €y, eco(L/K) = H €v, e(L/K) =eo(L/K)ex(L/K).

vfoo v]oo

Let us now write L ~ KJz]/(g). Each embedding of K into C gives rise to [L : K| distinct
embeddings of L into C that extend it, one for each root of g (use the embedding of K to view
g as a polynomial in C[z], then pick a root of g in C). The transitive action of Gal(L/K)
on the roots of g induces a transitive action on these embeddings and their corresponding
places. Thus for each infinite place v of K the Galois group acts transitively on {w|v}, and
either every place w above v is ramified (this can occur only when v is real and [L : K] is
divisible by 2), or none are. It follows that each unramified place v of K has [L : K] places
w lying above it, each with trivial decomposition group D,,, while each ramified (real) place
v of K has [L : K]/2 (complex) places w lying above it, each with decomposition group D,,
of order 2 (its non-trivial element corresponds to complex conjugation in the corresponding
embeddings), and the D,, are all conjugate.
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Theorem 24.7 (HERBRAND UNIT THEOREM). Let L/K be a Galois extension of number

fields. Let wy, ..., w, be the real places of L, let wyy1,..., w45 be the complex places of L.
There exist €1, . ..,erps € OF such that

(i) o(ei) = ¢g; if and only if o(w;) = wj, for all o € Gal(L/K);

(ii) €1,...,&r4s generate a finite index subgroup of OF ;

(iii) e1e9---erys = 1, and every relation among the €; is generated by this one.

Proof. Pick e1,...,645 € OF such that l€illw; < 1 for i # j; the existence of such ¢;
follows from the strong approximation theorem that we will prove in the next lecture; the
product formula then implies ||€;|ly, > 1. Now let oy = HaeDwi o(e;) € OF. We have
leillw, = [sep,, l€illw; > 1 and |laillw, = Tlsep,, l€illo@w,) <1, since o € Dy, fixes w;
and permutes the w; with j # . Each «; is fixed by D,,,.

Let G := Gal(L/K). Fori =1,...,r+s, let r(i) := min{j : o(w;) = w; for some o € G},
so that w,(; is a distinguished representative of the G-orbit of w;. For i =1,...,7 + s let
Bi = o(a,(;), where o is any element of G such that o(w,(;) = w;. The value of o(a,(;)
does not depend on the choice of o because o1 (w,.(;)) = o2(w,(;) if and only if oy Lo € Dy,
and a,(;) s fixed by Dy, ;. The f3; then satisfy (1).

The B; also satisfy (ii): a product v; =[], ; 8;" cannot be trivial because [|vjlw; < 1; in

(i)

particular, B, ..., By1s—1 generate a subgroup of O] isomorphic to Z" =1 which necessarily
has finite index in OF ~ Z"~1 x 1/, (see Theorem 15.12). But we must have [, 3/ = 1
for some tuple (ni,...,n.45) € Z"5 (with n; = n; whenever w; and wj lie in the same
G-orbit, since every o € G fixes 1). The set of such tuples spans a rank-1 submodule of
Z" ¢ from which we choose a generator (nq,...,n,ys) (by inverting some 3; if necessary, we

can make all the n; positive if we wish). Then ¢; := §;" satisfy (i), (ii), (iii) as desired. [

Theorem 24.8. Let L/K be a cyclic extension of number fields with Galois group G = (o).
The Herbrand quotient of the G-module OF is

eoo(L/K)
[L: K]

Proof. Let e1,... 645 € O be as in Theorem 24.7, and let A be the subgroup of Of they
generate, viewed as a G-module. By Corollary 23.48, h(A) = h(OJ) if either is defined,
since A has finite index in O}, so we will compute h(A).

For each field embedding ¢: K — C, let E, be the free Z-module with basis {¢|¢}
consisting of the n := [L : K] embeddings ¢: L — C with ¢|,. = ¢, equipped with the
G-action given by o(p) := poo. Let v be the infinite place of K corresponding to ¢, and let
A, be the free Z-module with basis {w|v} consisting of places of L that extend v, equipped
with the G-action given by the action of G on {w|v}. Let 7: E, — A, be the G-module
morphism sending each embedding ¢|¢ to the corresponding place w|v. Let m = #{w|v}
and define 7 := ¢™; then 7 is either trivial or has order 2, and in either case generates the
decomposition group D,, for all w|v (since G is abelian). We have an exact sequence

h(0}) =

0—kerm — Ey — A, — 0,

with kerm = (7 — 1)Ey. If v is unramified then kerm = 0 and h(A,) = h(Ey) = 1, since
E, ~ Z|G] ~ Ind®(Z), by Lemma 23.43. Otherwise, order {w[v} = {wo, ..., wy_1} s0

kerm = (1 —1)Ey = Z a;i(w; — Wmti) 2 a; EZ
0<i<m
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and observe that (ker7)® = 0, since 7 acts on 7 as negation, and (ker 7)g ~ Z/27, since

(c—Dkerm = {>_ a;j(w;—wm4i) : a; € Z with > a; = 0 mod 2} (which is killed by N¢g). So

in this case h(ker7) = 1/2, and therefore h(A,) = h(Ey)/h(ker7) = 2, by Corollary 23.41,

and in every case we have h(A4,) = e,, where e, € {1,2} is the ramification index of v.
Now consider the exact sequence of G-modules

O—>Z—>@Avi>14—>1

v|oo

where 1 sends each infinite place wy, ..., w,+s of L to the corresponding €1,...,6,45 € A
given by Theorem 24.7 (each A, contains either n or n/2 of the w; in its Z-basis). The kernel
of 1 is the trivial G-module (), w;)Z ~ Z, since we have ¢ (), w;) = [[; & = 1 and no other
relations among the ¢;, by Theorem 24.7. We have h(Z) = #G = [L : K], by Corollary 23.46,
and h(P A,) = [[h(Ay) =[] ew, by Corollary 23.42, so h(A) = exo(L/K)/[L : K]. O

Lemma 24.9. Let L/K be a cyclic extension of number fields with Galois group G. For the
G-module T;, we have ho(Zr) =1 and h%(Z1) = eo(L/K)[Ix : N(Z1)].

Proof. Tt is clear that I € ¥ < Vg (q) (1) = vg(I) for all primes q € Zp,. If we put p := N Ok,
then for I € Z¢ the value of vy(I) is constant on {q|p}, since G acts transitively on this
set. It follows that Z& consists of all products of ideals of the form (pOp)'/¢. Therefore
[Z¢: Ik] = eo(L/K) and hO(Zy) = [I¢¥ : N(Z1)] = eo(L/K)[Zk : N(Z1)] as claimed.

For each prime q|p we have N(q) = p/* (by Theorem 6.10). Thus if N(I) = O then
NIy quaD) = pfr Zapval) — Ok equivalently, >qlp Va(I) = 0, for every prime p of K.
Order {q|p} as q1,...,q, so that q;11 = 0(q;) and q1 = 0(qy), let n; = vy, (), and define

ni ni—n2 ni—na2—ns

Jy =q1"q5" " a3

ny—ng—-—"np

oy
Then

J(Jp)/Jp _ q;ll—(nl—n2)qg1—n2—(n1—n2—”3) . q;zl—-~~—nr,1—(n1—--~—nr)q11117---7nrfn1

= qg2q§3 e q?qu_n2_"'_nT — q32q3‘3 e q;}Tq?l B H qvq(1)7
qlp
since ny + - -+ + n, = 0 implies ny = —ng — -+ — n,. It follows that I = o(J)/J where
J = me Jp, thus IL[Ng] = (0 — 1)(I1) and ho(Zy) = 1. 0

Theorem 24.10 (AMBIGUOUS CLASS NUMBER FORMULA). Let L/K be a cyclic extension
of number fields with Galois group G. The G-invariant subgroup of the G-module Cly, has
cardinality

e(L/K)#Clk

n(L/K)[L: K]’

where n(L/K) = [OF : N(L*)N O] € Z>;.

#CIF =

Proof. The ideal class group Cly, is the quotient of Zj by its subgroup P of principal
fractional ideals. We thus have a short exact sequence of G-modules

1— P, —7I;, — Cl, — 1.
The corresponding long exact sequence in (standard) cohomology begins

1—PY =71V —Clf — HY(P) — 1,
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since H'(Z) ~ Hy(Zy) is trivial, by Lemma 24.9. Therefore
#CIf = [I[ : PL] h'(PL). (4)
Using the inclusions Px C PLG - If we can rewrite the first factor on the RHS as

o oo I8 Pk] [I§ : Ik][Ik : Pr]  eo(L/K)#Clg
[IL‘PL]_[PLG:PK]_ TP PO P (5)

where [Z¢ : ] = eg(L/K) follows from the proof of Lemma 24.9.
We now consider the short exact sequence

1— O0f — L~ TP, 1
The corresponding long exact sequence in cohomology begins
1— 0% — KX — PY — HYOF) — 1 — HY(Pr) — H*(OF) — H*(L*), (6)
since H'(LX) is trivial, by Hilbert 90 (Corollary 24.3). We have K*/O% ~ Pk, thus
_W(05) _ K0 IL K]
hOr) eo(L/K)
by Theorem 24.8. Combining this identity with (4) and (5) yields

e(L/K)#Clg  h'(Pr)
[L: K] RO(OF)

[P : Pk] = h'(OF)

#CI§ = (7)

We can write the second factor on the RHS using the second part of the long exact sequence
in (6). Recall that H?(e) = H?(e) = H"(e), by Theorem 23.37, thus

H'(Pp) ~ ker(ﬁfo(o;) = ﬁIO(LX)) ~ ker (O} /N(O]) = K* /N(L*)),

so hY(Pr) = [0 N N(L*) : N(OF)]. We have h°(O) = [0F : N(O})], thus

RO (OF)
hl('Pi) = [OIX( :N(L*)N O;(] =n(L/K),
and plugging this into (7) yields the desired formula. O

24.2 Proof of Artin reciprocity

We now have the essential ingredients in place to prove our desired inequality for unramified
cyclic extensions of number fields. We first record an elementary lemma.

Lemma 24.11. Let f : A — G be a homomorphism of abelian groups and let B be a
subgroup of A containing the kernel of f. Then A/B ~ f(A)/f(B).
Proof. Apply the snake lemma to the commutative diagram and consider the cokernels.

ker f «—— B —— f(B) —— 0

L]

0 ker f e A~ f(A) —— 0. O
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In the following theorem it is crucial that the extension L/K is completely unramified,
including at all infinite places of K; to emphasize this, let us say that an extension of number
fields L/ K is totally unramified if e(L/K) = 1.

Theorem 24.12. Let L/K be a totally unramified cyclic extension of number fields. Then
Ik : N(Ip)Pk] = [L : K].
Proof. We have

[IK : PK] . #CIK
[N(ZL)Prk : Px] [N(ZIp)Prk : Pkl

The denominator on the RHS can be rewritten as

[Zx : N(Zk)Pk| =

[N(Z1)Pxk : Px] = [N(Zr) : N(Zr) N Pk] (2nd isomorphism theorem)
=[Ir, : N1 (Pg)] (Lemma 24.11)
= [Zp/PL: N"Y(Pk)/Pr]  (3rd isomorphism theorem)
= [Clp : Cl[Ne]]
= #Na(Cly).

Now h%(Cly) = [CI§ : Ng(Clp)], and applying Theorem 24.10 yields

#Clg - h'(Cly)  RO(Clp)n(L/K)[L : K]

2 [LK]v

since e(L/K) = 1, and h°(Cly), n(L/K) > 1. O
For a totally unramified extension of number fields L/ K, let T,/ == Té/)K = N(Zp)Pxk.

Corollary 24.13 (ARTIN RECIPROCITY LAW). Let L/K be a totally unramified cyclic ex-
tension of number fields. Then [Zr : Tr k| = [L : K] and the Artin map induces an
isomorphism Tk [Ty ~ Gal(L/K).

Proof. Theorems 22.29 and 24.12 imply [Zx : Ty k] = [L : K]. We have ker ¢ /i C T/
(Proposition 22.28), and [Tk : ker vy /] = #Gal(L/K) = [L : K] = [Zk : T k], since ¥y /i
is surjective (Theorem 21.19). Therefore kertr,x = T, /k, and the Corollary follows. [

Corollary 24.14. Let L/K be a totally unramified cyclic extension of number fields. Then
#C1Y = #Clg /[L : K] and the Tate cohomology groups of Cly, are all trivial.

Proof. By the previous corollary and the proof of Theorem 24.12: we have n(L/K) = 1
and hO(Cly) = 1, and e(L/K) = 1, so #CI¥ = #Cl,/[L : K] by Theorem 24.10. We also
have h(Clg) = h%(ClL)/ho(Cly) = 1, since Cly, is finite, by Lemma 23.43, so ho(Clg) = 1.
Thus H~'(Cly) and HO(Cly) are both trivial, and this implies that all the Tate cohomology
groups are trivial, by Theorem 23.37. O

Corollary 24.15. Let L/K be a totally unramified cyclic extension of number fields. Then
every unit in O is the norm of an element of L.

Proof. We have n(L/K) =[O : N(L*)NOg] =1, s0 O = N(L*) N Of. O
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24.3 Generalizing to the non-cyclic case

Corollaries 24.14 and 24.15 are specific to unramified cyclic extensions, but Corollary 24.13
(Artin reciprocity) extends to all abelian extensions. Our goal in this section is to show that
for any modulus m for a number field K, if the Artin reciprocity law holds for all finite cyclic
extensions L/K with conductor dividing m, then it holds for all finite abelian extensions
L/K with conductor dividing m.

Definition 24.16. Let m be a modulus for a number field K and let L/K be a finite
abelian extension ramified only at primes plm. We say that L is a class field for m if
ker 7 e = 17, where O - Tig — Gal(L/K) is the Artin map.

Remark 24.17. This definition is stated more strongly than is typical, but it is convenient
for our purposes; we have already proved the surjectivity of the Artin map and that TE‘/ K
contains ker @Z)E‘/ S0 there is no reason to use an (apparently) weaker definition.

Lemma 24.18. Let m be a modulus for a number field K. If L1 and Lo are class fields
for m then so is their compositum L := LiLo.

Proof. We first note that L = LiLo is ramified only at primes ramified in either Lq or Lo
(since ramification indices are multiplicative in towers), so L is ramified only at primes p|m.
As in the proof of Theorem 21.18, a prime p { m splits completely in L if and only if
it splits completely in L; and Lo, which implies ker wz‘/ i = ker 1/1}1:‘1 /i N ker w}‘.; I The
norm map is transitive in towers, so if I = Np g (J) then I = N, ,x(Np/r,(J)) and
I=Np, k(Npp,(J)), thus N(ZI}') € N(ZF )NN(Z},) and therefore TP CT7,  kNIT, g
If L1 and Lo are class fields for m, then

F/K C Tgll/K ﬂT}J‘;/K = ker@ZJE‘I/K Nkery], = kerwf‘/K,

and ker'E/K C T?/K by Proposition 22.28, so TE‘/K = ker T/’?/K and the lemma follows. [

Corollary 24.19. Let m be a modulus for a number field K. If every finite cyclic extension
of K with conductor dividing m is a class field for m then so is every abelian extension of K
with conductor dividing m.

Proof. Let L/K be a finite abelian extension of conductor ¢jm. The conductor of any
subextension of L divides ¢ and therefore m, by Lemma 22.26.
If we write G = Gal(L/K) ~ H; x ---H, as a product of cyclic groups and define

L; = L% where H; = [I;2H; € G so that Gal(L;/K) ~ G/H; ~ H; is cyclic, then
L =1L;--- L, is a composition of linearly disjoint cyclic extensions of K, and it follows from
Lemma 24.18 that if the L; are all class fields for m, so is L. ]

24.4 Class field theory for unramified abelian extensions

For the trivial modulus m = (1), the three main theorems of class field theory stated in
Lecture 22 state that the following hold for every number field K:

e Existence: The ray class field K (1) exists.
e Completeness: Every unramified abelian extension of K is a subfield of K(1).

e Artin reciprocity: For every subextension L/K of K(1) we have ker ¢,/ = Ty
and a canonical isomorphism Tx /T7, ¢ ~ Gal(L/K).
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We can now prove all of this, except for the existence of K (1). But if we replace K (1) with
the Hilbert class field H of K (the maximal unramified abelian extension of K) we can prove
an analogous series of statements, including that H is a finite extension of K and that if
K (1) exists it must be equal to H.

Theorem 24.20. Let K be a number field with Hilbert class field H. The following hold:

e H/K is a finite extension with Gal(H/K) isomorphic to a quotient of Cly.
o K(1) exists if and only if Gal(H/K) ~ Clg, in which case K(1) = H.
o Fvery unramified abelian extension of K is a subfield of H (Completeness).

e For every unramified abelian extension of K we have ker 1,/ = Ty /¢ and a canonical
isomorphism Tk [Tk ~ Gal(L/K) (Artin reciprocity).

Proof. Corollaries 24.13 and 24.19 together imply the Artin reciprocity law for every unram-
ified abelian extension of K. In particular, every such extension L has Gal(L/K) isomorphic
to a quotient of Clk (since Ty, contains Pk ). Moreover, distinct unramified abelian exten-
sions L/ K correspond to distinct quotients of Clg, since the primes that split completely in
K are precisely those that lie in the kernel of the Artin map, and this set of primes uniquely
determines L, by Theorem 21.18. It follows that there is a unique quotient of Clg that
corresponds to H, the compositum of all such fields. The theorem follows. O
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25 The ring of adeles, strong approximation

25.1 Introduction to adelic rings

Recall that we have a canonical injection

7 7 :=UmZ/nZ ~ || Z,,
=12

that embeds Z into the product of its nonarchimedean completions. Each of the rings Z,
is compact, hence 7 = Hp Zy is compact (by Tychonoff’s theorem). If we consider the
analogous product Hp Qp of the completions of Q, each of the local fields Q, is locally
compact (as is Qs = R), but the product Hp Q) is not locally compact.

To see where the problem arises, recall that for any family of topological spaces (X;)er
(where the index set I is any set), the product topology on X := [[ X, is defined as the
weakest topology that makes all the projection maps m;: X — X; continuous; it is thus
generated by open sets of the form W;l(Ui) with U; C X; open. Every open set in X is a
(possibly empty or infinite) union of open sets of the form

HUZ X HXi’

i€s i¢S

with S C I finite and each U; C X; open (these sets form a basis for the topology on X). In
particular, every open U C X satisfies 7;(U) = X; for all but finitely many ¢ € I. Unless all
but finitely many of the X; are compact, the space X cannot possibly be locally compact
for the simple reason that no compact set C' in X contains a nonempty open set (if it did
then we would have 7;(C) = X; compact for all but finitely many i € I). Recall that to be
locally compact means that for every x € X there is an open U and compact C' such that
zeUCC.

To address this issue we want to take the product of the fields Q, (or more generally,
the completions of any global field) in a different way, one that yields a locally compact
topological ring. This is the motivation of the restricted product, a topological construction
that was invented primarily for the purpose of solving this number-theoretic problem.

25.2 Restricted products

This section is purely about the topology of restricted products; readers already familiar
with restricted products should feel free to skip to the next section.

Definition 25.1. Let (X;) be a family of topological spaces indexed by i € I, and let (U;)
be a family of open sets U; C X;. The restricted product [[(X;, U;) is the topological space

H(Xi’ Ui) == {(z;) : x; € U; for almost all i € I} C HXi
with the basis of open sets
B:= {HV; : V; C X is open for all ¢ € I and V; = U; for almost alliEI},

where almost all means all but finitely many.

Lecture by Andrew V. Sutherland



For each i € I we have a projection map m;: [[(X;,U;) — X; defined by (z;) — zy;
each m; is continuous, since if W; is an open subset of X;, then 7, 1(T/VZ) is the union of all
basic open sets [[ V; € B with V; = W;, which is an open set.

As sets, we always have
[Tv: c [Jxa 00 <[] X,

but in general the restricted product topology on [[(X;, U;) is not the same as the subspace
topology it inherits from [] Xj;; it has more open sets. For example, [[U; is an open set in
[1(X:,U;), but unless U; = X; for almost all ¢ (in which case [[(X;,U;) = [[ Xi), it is not
open in [[ X;, and it is not open in the subspace topology on [[(X;, U;) because it does not
contain the intersection of [[(X;, U;) with any basic open set in [] Xj.

Thus the restricted product is a strict generalization of the direct product; the two
coincide if and only if U; = X; for almost all . This is automatically true whenever the
index set [ is finite, so only infinite restricted products are of independent interest.

Remark 25.2. The restricted product does not depend on any particular U;. Indeed,

[T v =[x 07)

whenever U/ = Uj; for almost all 4; note that the two restricted products are not merely
isomorphic, they are identical, both as sets and as topological spaces. It is thus enough to
specify the U; for all but finitely many ¢ € 1.

Each z € X := [[(X;,U;) determines a (possibly empty) finite set
S(x)={iel:x; &U}.
Given any finite S C I, let us define
Xg={reX:S@)csS}=]][xix]]u
i€s iZS
Notice that Xg € B is an open set, and we can view it as a topological space in two ways,

both as a subspace of X or as a direct product of certain X; and U;. Restricting the basis
B for X to a basis for the subspace Xg yields

Bg := {HV’ : Vi Cmi(Xg) is open and V; = U; = m;(Xg) for almost all i € I},

which is the standard basis for the product topology, so the two topologies on Xg coincide.
We have Xg C Xp whenever S C T, thus if we partially order the finite subsets S C I

by inclusion, the family of topological spaces {Xg : S C I finite} with inclusion maps

{isT: Xg — Xp|S C T} forms a direct system, and we have a corresponding direct limit

lim X5 ::HXS/ ~,
S

which is the quotient of the coproduct space (disjoint union) [[ Xg by the equivalence
relation x ~ igp(x) for all x € S C T.! This direct limit is canonically isomorphic to the
restricted product X, which gives us another way to define the restricted product; before
proving this let us recall the general definition of a direct limit of topological spaces.

'The topology on [ Xs is the weakest topology that makes the injections Xg < [[ Xs continuous; its
open sets are disjoint unions of open sets in the Xs. The topology on [[ Xs/ ~ is the weakest topology that
makes the quotient map [[ Xs — [] Xs/ ~ continuous; its open sets are images of open sets in [ Xs.
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Definition 25.3. A direct system (or inductive system) in a category is a family of objects
{X; : i € I} indexed by a directed set I (see Definition 8.7) and a family of morphisms
{fij: Xi = X; :i < j} such that each fj; is the identity and fi, = fjr o fij for all i <j < k.

Definition 25.4. Let (Xj, fi;) be a direct system of topological spaces. The direct limit (or
inductive limit) of (X;, fi;) is the quotient space

X =lim X, .= [[ Xi/ ~,

i€l
where x; ~ f;;(x;) for all i < j. It is equipped with continuous maps ¢;: X; — X that are
compositions of the inclusion maps X; — [[ X; and quotient maps [[ X; — [[ X;/ ~ and
satisfy ¢; = ¢; o fij for i < j.
The topological space X = ligXi has the universal property that if Y is another topo-
logical space with continuous maps ;: X; — Y that satisfy v¢; = 1; o f;; for + < j, then
there is a unique continuous map X — Y for which all of the diagrams

X%X

N

commute (this universal property defines the direct limit in any category with coproducts).
We now prove that that [[(X;, U;) ~ lim X'g as claimed above.

Proposition 25.5. Let (X;) be a family of topological spaces indexed by i € I, let (U;) be a
family of open sets U; C X;, and let X := [[(X;, U;) be the corresponding restricted product.
For each finite S C I define

Xg ::HXZ-XHUZ»QX,

€S iZS

and inclusion maps igr: Xg — Xp, and let lim Xg be the corresponding direct limit.
There is a canonical homeomorphism of topological spaces

<p:XL>Ii%mXS

that sends x € X to the equivalence class of v € Xg) C [[ Xs in IQXS =1[Xs/ ~,
where S(z) :=={i el :x; & U;}.

Proof. To prove that the map ¢p: X — ligX s is a homeomorphism, we need to show that
it is (1) a bijection, (2) continuous, and (3) an open map.

(1) For each equivalence class C € lim Xg := [1Xs/ ~, let S(C) be the intersection of
all the sets S for which C contains an element of [[ Xg in Xg. Then S(z) = S(C) for all
z € C, and C contains a unique element for which x € Xg;) C [ Xs (distinct z,y € Xg
cannot be equivalent). Thus ¢ is a bijection.

(2) Let U be an open set in lim Xg = 1 Xs/ ~. The inverse image V of U in [[ Xg is
open, as are the inverse images Vg of V under the canonical injections ¢: Xg < [[ Xg. The
union of the Vg in X is equal to ¢~ !(U) and is an open set in X; thus ¢ is continuous.
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(3) Let U be an open set in X. Since the Xg form an open cover of X, we can cover U
with open sets Ug := U N Xg, and then [[Ug is an open set in [[ Xs. Moreover, for each
x € [[Ug, if y ~ x for some y € [[ Xg then y and & must correspond to the same element
in U; in particular, y € [[Ug, so [[ Ug is a union of equivalence classes in [[ Xg. It follows
that its image in lim Xg = [ Xs/ ~ is open. O

Proposition 25.5 gives us another way to construct the restricted product [[(X;, U;):
rather than defining it as a subset of [[ X; with a modified topology, we can instead construct
it as a limit of direct products that are subspaces of [ X;.

We now specialize to the case of interest, where we are forming a restricted product using
a family (X;);er of locally compact spaces and a family of open subsets (U;) that are almost
all compact. Under these conditions the restricted product [[(X;,U;) is locally compact,
even though the product [] X; is not unless the index set I is finite.

Proposition 25.6. Let (X;)ier be a family of locally compact topological spaces and let
(Us)ier be a corresponding family of open subsets U; C X; almost all of which are compact.
Then the restricted product X = [[(X;, U;) is locally compact.

Proof. We first note that for each finite set S C I the topological space

XS = ]_‘[)(Z XHUi

ieS iZS

can be viewed as a finite product of locally compact spaces, since all but finitely many U; are
compact, and the product of these is compact (by Tychonoff’s theorem), hence locally com-
pact. A finite product of locally compact spaces is locally compact, since we can construct
compact neighborhoods as products of compact neighborhoods in each factor (in a finite
product, products of open sets are open and products of compact sets are compact); thus
the Xg are locally compact, and they cover X (since each x € X lies in Xg,)). It follows
that X is locally compact, since each x € Xg has a compact neighborhood x € U C C' C Xg
that is also a compact neighborhood in X (the image of C' under the inclusion map Xg — X
is certainly compact, and U is open in X because Xg is open in X). O

25.3 The ring of adeles

Recall that for a global field K (a finite extension of Q or Fy(t)), we use Mg to denote the
set of places of K (equivalence classes of absolute values), and for any v € M we use K,
to denote the corresponding local field (the completion of K with respect to v). When v is
nonarchimedean we use O, to denote the valuation ring of K,, and for archimedean v we

define O, = K.
Definition 25.7. Let K be a global field. The adele ring® of K is the restricted product
AK = H(K’w O’U)UGM}(;

which we may view as a subset (but not a subspace!) of [ [, K,; indeed

Ap = {(av) € HKU 4y € O, for almost all v} )

2Per Remark 25.2, as far as the topology goes it doesn’t matter how we define O, at the finite number
of archimedean places, but we would like each O, to be a topological ring, which motivates this choice.
3In French one writes adéle, but it is common practice to omit the accent when writing in English.
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For each a € Ag we use a, to denote its projection in K,; we make Ag a ring by defining
addition and multiplication component-wise.
For each finite set of places S we have the subring of S-adeles

AK,S = H KU X H OU,

veES VS

which is a direct product of topological rings. By Proposition 25.5, Ax ~ ligAK,S is the
direct limit of the S-adele rings, which makes it clear that Ax is also a topological ring.*
The canonical embeddings K < K, induce a canonical embedding

K < AK
= (x,z,m,...).
Note that for each x € K we have z € O,, for all but finitely many v. The image of K in Ag

is the subring of principal adeles (which of course is also a field).
We extend the normalized absolute value || ||, of K, (see Definition 13.17) to Ax via

lally = l|av]lo,
and define the adelic absolute value (or adelic norm)
lall := T llall, € Rxg
vEMK

which we note converges to zero unless ||al|, = 1 for all but finitely many v, in which case it
is effectively a finite product.” For |la|| # 0 this is equal to the size of the Arakelov divisor
(lal|) we defined in Lecture 15 (see Definition 15.1). For any nonzero principal adele a, we
have a € K* and ||a|| = 1, by the product formula (Theorem 13.21).

Example 25.8. For K = Q the adele ring Ag is the union of the rings

RXHQPXHZP

peS pES

where S varies over finite sets of primes (but note that the topology is the restricted product
topology, not the subspace topology in Hp<oo Qp). We can also write Ag as

Ag=1ac H Qp : |lallp <1 for almost all p
p<oo

Proposition 25.9. The adele ring Ax of a global field K is locally compact and Hausdorff.

Proof. Local compactness follows from Proposition 25.6, since the local fields K, are all
locally compact and all but finitely many O, are valuation rings of a nonarchimedean local
field, hence compact (O, = {x € K, : ||z||, < 1} is a closed ball). The product space [ [, K,
is Hausdorff, since each K, is Hausdorff, and the topology on Ax C [ K, is finer than the
subspace topology, so A is also Hausdorff. O

4By definition it is a topological space that is also a ring; to be a topological ring is a stronger condition
(the ring operations must be continuous), but this property is preserved by direct limits so all is well.
SFor v { 00, if ||a|l, < 1 then ||al|, < /2, since ||al|, = ¢~ *®*) for some prime power g.
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Proposition 25.9 implies that the additive group of Ag (which is sometimes denoted A}g
to emphasize that we are viewing it as a group rather than a ring) is a locally compact
group, and therefore has a Haar measure that is unique up to scaling, by Theorem 13.14.
Each of the completions K, is a local field with a Haar measure u,, which we normalize as
follows:

e 11,(Oy) =1 for all nonarchimedean v;
o 1y(S) = pur(S) for K, ~ R, where ur(S) is the Lebesgue measure on R;
o 1y(S) =2uc(S) for K, ~ C, where uc(S) is the Lebesgue measure on C ~ R x R.

Note that the normalization of p, at the archimedean places is consistent with the measure
uwon Krp ~ R" x C® ~ R"™ induced by the canonical inner product on Kg C K¢ that we
defined in Lecture 14 (see §14.2).

We now define a measure 1 on Ag as follows. We take as a basis for the o-algebra of
measurable sets all sets of the form [], B,, where each B, is a measurable set in K, with
ty(By) < 0o such that B, = O, for almost all v (the o-algebra is then generated by taking
countable intersections, unions, and complements in Ag). We then define

. (rv[ BU> ~TIntz)

It is easy to verify that p is a Radon measure, and it is clearly translation invariant since
each of the Haar measures p, is translation invariant and addition is defined component-
wise; note that for any € Ag and measurable set B = [[, B, the set 2+ B =[], (z, + By)
is also measurable, since z, + B, = O, whenever z, € O, and B, = O,, and this applies
to almost all v. It follows from uniqueness of the Haar measure (up to scaling) that u is a
Haar measure on A which we henceforth adopt as our normalized Haar measure on Ag.
We now want to understand the behavior of the adele ring A g under base change. Note
that the canonical embedding K < Ajx makes Ax a K-vector space, and if L/K is any
finite separable extension of K (also a K-vector space), we may consider the tensor product

A Qi L,

which is also an L-vector space. As a topological K-vector space, the topology on A ® L is
just the product topology on [L: K] copies of of Ax (this applies whenever we take a tensor
product of topological vector spaces, one of which has finite dimension).

Proposition 25.10. Let L be a finite separable extension of a global field K. There is a
natural isomorphism of topological rings

A ~Ar Qg L
that makes the following diagram commute

L "+ K®gL

| |

Ag —;%AK(XJKL
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Proof. On the RHS the tensor product Ax ®x L is isomorphic to the restricted product
HveMK (Ky ®r L, Oy ®0, OL).

Explicitly, each element of A @k L is a finite sum of elements of the form (a,) ® z, where
(ay) € Ag and z € L, and there is a natural isomorphism of topological rings

A @ L = H’UEMK(KU ®r L, O, ®0, Or)
(ay) @ x — (ay @ ).

Here we are using the general fact that tensor products commute with direct limits (restricted
direct products can be viewed as direct limits via Proposition 25.5).

On the LHS we have A; := HweML(vaOw)- But note that K, ®p L ~ Hw‘v Ly,
by Theorem 11.23 and O, ®p, O ~ Hwh) Oy, by Corollary 11.26. These isomorphisms
preserve both the algebraic and the topological structures of both sides, and it follows that

Ag @ L ~ HvGMK (Ky®r L, Oy ®0, Or) ~ H (L, Ow) = Ap

IUEML

is an isomorphism of topological rings. The image of x € L in Ag ®x L via the canonical
embedding of L into Ag @k Lis1®z = (1,1,1,...) ® z, whose image (z,z,z,...) € Ap is
equal to the image of x € L under the canonical embedding of L into its adele ring Ay. [

Corollary 25.11. Let L be a finite separable extension of a global field K of degree n. There
is a natural isomorphism of topological K -vector spaces (and locally compact groups)

Ap ~Ag @ - - ® Ak

that identifies Ay, with the direct sum of n copies of Ak, and this isomorphism restricts to
an isomorphism L ~ K @ ---® K of the principal adeles of A, with the n-fold direct sum of
the principal adeles of Ak .

Theorem 25.12. For each global field L the principal adeles L C Ay form a discrete
cocompact subgroup of the additive group of the adele ring Ay .

Proof. Let K be the rational subfield of L (so K = Q or K = F,(t)). It follows from
Corollary 25.11 that if the theorem holds for K then it holds for L, so we will prove the
theorem for K. Let us identify K with its image in Ax (the principal adeles).

To show that the topological group K is discrete in the locally compact group A, it
suffices to show that 0 is an isolated point. Consider the open set

U={a€Ak:|a||loc <1and |al, <1 forall v < oo},

where oo denotes the unique infinite place of K (either the real place of Q or the place

corresponding to the nonarchimedean valuation ve(f/g) = degg — deg f of Fy(t)). The

product formula (Theorem 13.21) implies |la]| =1 for all a € K* C Ak, so U N K = {0}.
To prove that the quotient Ax /K is compact, we consider the set

W :={a € Ak : ||all, <1 for all v}.

5n general, tensor products do not commute with infinite direct products; there is always a natural map
(I, An) ® B = [],,(An ® B), but it need be neither a monomorphism or an epimorphism. This is another
motivation for using restricted direct products to define the adeles, so that base change works as it should.
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If we let Uy = {z € Ko : ||7]|co < 1}, then
W = Uy % H ngAK,{oo}gAK

V<0

is a product of compact sets and therefore compact. We will show that W contains a
complete set of coset representatives for K in Ag. This implies that Ax /K is the image of
the compact set W under the (continuous) quotient map Ay — Ag /K, hence compact.

Let a = (a,) be any element of Ax. We wish to show that a = b+ ¢ for some b € W
and ¢ € K, which we will do by constructing c € K sothat b=a —ce W.

For each v < oo define x, € K as follows: put z, = 0 if ||a,|l, < 1 (almost all v),
and otherwise choose =, € K so that ||ay, — Zy||s < 1 and ||yl < 1 for w # v. To show
that such an xz, exists, let us first suppose a, = r/s € K with r,s € Ok coprime (note
that O is a PID), and let p be the maximal ideal of ©,. The ideals p*(*) and p~(*)(s)
are coprime, so we can write r = rq + ro with r1 € p”(s) and 7y € p*”(s)(s) C Ok, so that
ay =r1/s+ry/s with v(ry/s) > 0 and w(ry/s) > 0 for all w # v. If we now put z, == ra/s,
then [|ay — xylly = [|r1/s]lv < 1 and ||zy]|lw = [|72/$|lw < 1 for all w # v as desired. We
can approximate any a, € K, by such an a, € K with |la), — a,|l, < € and construct z, as
above so that [|a, — x|, < 1 and ||al, — 24|, < 14 ¢; but for sufficiently small € this implies
||lal, — x|y < 1, since the nonarchimedean absolute value || ||, is discrete.

Finally, let z == ) T, € K and choose x4 € Ok so that

<00

oo — 2 — Too|| o < 1.

For aso — € Qo ~ R, we can take zo, € Z in the real interval [aso — 2 —1,a00 —x +1). For
oo — T € Fy(t)oo = Fy((t71)) we can take z € F,[t] to be the polynomial of least degree
for which aoe — & — oo € Fy[[t71]].7

Now let ¢c:=>" .z, € K C Ak, and let b:=a —c. Then a = b+ ¢, with ¢ € K, and
we claim that b € W. For each v < 0o we have z,, € O, for all w # v and

1bllo = [la = cllo = ||av — Z Tw| < max (lay — @y lv, max({{|lzwllo s w # v})) <1,

w<oo
v

by the nonarchimedean triangle inequality. For v = oo we have ||b]|lococ = [|@doc — ¢||oo < 1 by
our choice of s, and ||b]|, < 1 for all v, so b € W as claimed and the theorem follows. [

Corollary 25.13. For any global field K the quotient Ax /K is a compact group.

Proof. As explained in Remark 14.5, this follows immediately (in particular, the fact that K
is a discrete subgroup of A g implies that it is closed and therefore Ay /K is Hausdorff). O
25.4 Strong approximation

We are now ready to prove the strong approximation theorem, an important result that has
many applications. We begin with an adelic version of the Blichfeldt-Minkowski lemma.

"Note that while Fy((t™!)) ~ F,((t)), in order to view K = F,(t) as canonically embedded in its comple-
tion with respect to the absolute value |f|e = q%°f we need to view Koo as the field of Laurent series in a
uniformizer, which we may take to be ¢~* (but not ¢), and the valuation ring of Ko is Fy[[—]] (not Fy[[t]]).
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Lemma 25.14 (ADELIC BLICHFELDT-MINKOWSKI LEMMA). Let K be a global field. There
is a positive constant By such that for any a € Ag with ||a|| > B there exists a nonzero
principal adele v € K C A for which ||z||, < ||lally for allv € M.

Proof. Let by := covol(K) be the measure of a fundamental region for K in Ag under our
normalized Haar measure p on Ax (by Theorem 25.12, K is cocompact, so by is finite). Now
define

by :=p ({2 € A 1 [|z]]y < 1for all v and |z||, < 7 if v is archimedean}) .

Then by # 0, since K has only finitely many archimedean places. Now let By := bg/b;.
Suppose a € Ay satisfies ||a|| > Bx. We know that ||a|l, < 1 for all almost all v, so
||la|| # 0 implies that ||al|, = 1 for almost all v. Let us now consider the set

T :={t € Ak : ||t|» < |lallv for all v and ||¢|, < ||, if v is archimedean} .
From the definition of b1 we have
w(T) = biflall > bi1Brx = bo;

this follows from the fact that the Haar measure on A is the product of the normalized
Haar measures p, on each of the K,. Since u(T) > by, the set T is not contained in any
fundamental region for K, so there must be distinct t1,to € T with the same image in
Ak /K, equivalently, whose difference x = t; — ¢ is a nonzero element of K C Ag. We have

max(|[t1 /v, [[t2llo) < [lallv nonarch. v;
Ity = tallo < q lltallo + E2]lo < 2- gllallo < llal, real v;

(It — talls®)2 < ([t + lE2)/*)2 < (2 Lllalls*)? < [lafl,  complex v.

Here we have used the fact that the normalized absolute value || ||, satisfies the nonar-
chimedean triangle inequality when v is nonarchimedean, || ||, satisfies the archimedean
triangle inequality when v is real, and || H}/ ? satisfies the archimedean triangle inequality
when v is complex. Thus ||z||, = ||t1 — t2]|» < ||a]|, for all places v € Mk as desired. O

Remark 25.15. Lemma 25.14 should be viewed as an analog of Mikowski’s lattice point
theorem (Thoerem 14.13) and a generalization of Proposition 15.9. In Theorem 14.13 we
have a discrete cocompact subgroup A in a real vector space V ~ R™ and a sufficiently large
symmetric convex set S that must contain a nonzero element of A. In Lemma 25.14 the
lattice A is replaced by K, the vector space V is replaced by A, the symmetric convex
set S is replaced by the set

L(a) = {x € Ag : ||z]|, < |la]ly for all v € Mk},

and sufficiently large means ||a|| > By, putting a lower bound on p(L(a)). Proposition 15.9
is actually equivalent to Lemma 25.14 in the case that K is a number field: use the Arakelov
divisor ¢ := (]|al|y) and note that L(c) = L(a) N K.

Theorem 25.16 (STRONG APPROXIMATION). Let My = SUT L{w} be a partition of the
places of a global field K with S finite. Fix a, € K and €, € Rsqg for each v € S. There
exists an x € K for which

|z — aylly < €, for allv e S,
|zl <1 forallveT,

(note that there is no constraint on ||z||.).
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Proof. Let W = {z € Ak : ||z|l, < 1forall v € Mk} as in the proof of Theorem 25.12.
Then W contains a complete set of coset representatives for K C Ay, so Ag = K+ W. For
any nonzero u € K C Ay we also have A = K + uW: given ¢ € A write u”lc € Ak as
u"le=a+bwitha € K and b € W and then ¢ = ua + ub with ua € K and ub € ulW. Now

choose z € Ak such that

0<||zl]lp <e forvesS, 0<|z|l,<lforveT, |z|,>B H 1E7
vFEwW

where B is the constant in the Blichfeldt-Minkowski Lemma 25.14 (this is clearly possible:
every z = (zp) with ||zy]]y < 1is an element of Ax). We have ||z|| > B, so there is a nonzero
u € K C Ak with ||ul|, < ||z]|, for all v € M.

Now let a = (a,) € Ak be the adele with a, given by the hypothesis of the theorem for
veSand a, =0 forv &€ S. We have Ay = K +uW, so a = x + y for some z € K and
y € uW. Therefore

€, forvels,

T —a — < lullo < |I2]|l0 <
I = aullo = llylho < flullo < | Hv—{l forv e,
as desired. i

Corollary 25.17. Let K be a global field and let w be any place of K. Then K is dense in
the restricted product [],,,(Kv, Oy).

Remark 25.18. Theorem 25.16 and Corollary 25.17 can be generalized to algebraic groups;
see [1] for a survey.

References

[1] Andrei S. Rapinchuk, Strong approzimation for algebraic groups, Thin groups and su-
perstrong approximation, MSRI Publications 61, 2013.
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26 The idele group, profinite groups, infinite Galois theory

26.1 The idele group

Let K be a global field. Having introduced the ring of adeles A in the previous lecture, it
is natural to ask about its unit group

A% ={(ay) € A 1 a, € K for all v € Mg, and a, € O, for almost all v € Mg}

Here O)f := K NO, is the unit group of the valuation ring of K, when v is nonarchimedean
and isomorphic to R* or C* when v is archimedean. As noted in Lecture 25, the definition
of Ak does not actually depend on our choice of O, at the finitely many archimedean places
of K, but the choice we made ensures that every O, is a topological group.

However, as a subspace of Ak, the unit group Ay is not a topological group. Indeed,
the inversion map a — a~! is not continuous.

Example 26.1. Consider K = Q and for each prime p let a(p) = (1,...,1,p,1,...) € Ag
be the adele with a(p), = p and a(p)qy = 1 for ¢ # p. Every basic open set U about 1 in Ag

has the form
U=]]U.x]] 0w
veES veES

with S C Mg finite and 1, € U,, and it is clear that U contains a(p) for all sufficiently
large p. It follows that lim, .~ a(p) = 1 in the topology of Ag. But notice that U does
not contain a(p)~! for any sufficiently large p, so lim, oo a(p)™' # 17! in Ag. Thus the
function @ — a~! is not continuous in the subspace topology for A%.

This problem is not specific to rings of adeles. For a topological ring R there is in
general no reason to expect its unit group R* C R to be a topological group in the subspace
topology. One notable exception is when R is a subring of a topological field (the definition
of which requires inversion to be continuous), as is the case for the unit group O3; this
explains why we have not encountered this problem before now. But the ring of adeles is
not naturally contained in any topological field (note that it is not an integral domain).

There is a standard solution to this problem: give the group R* the weakest topology
that makes it a topological group. This is done by embedding R* in R x R via the map

¢: R > RxR

7 (’I“,T_l).

We now declare ¢: R* — ¢(R*) to be a homeomorphism; that is, we endow R* with the
topology matching the subspace topology of ¢(R*) C R x R. The inversion map r — r~ ! is
continuous in this topology because it is equal to composition of ¢ with the projection map
R x R — R onto its second coordinate, both of which are continuous maps.

We now consider this construction in the case of Aj;. The implied topology on A has

a basis of open sets of the form

U=1[v.x]]or

veES veES

where U, C K0 and S C M is finite. To see this, note that in terms of the embedding
¢: A¥ — Ag x Ak defined above, each ¢(a) = (a,a™!) lies in a product U x V of basic
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open sets U,V C A, and this forces both a and a1 to lie in O,, hence in O, for almost
all v. The open sets U’ are precisely the open sets in the restricted product [J(KS, O).
This leads to the following definition.

Definition 26.2. Let K be a global field. The idele group of K is the topological group
Ix =[] (5, 05)

with multiplication defined component-wise, which we view as the subgroup Ay of Ax
endowed with the restricted product topology rather than the subspace topology. The
canonical embedding K < A restricts to a canonical embedding K* — g, and we define
the idele class group Ck =1 /K™, a topological group.

Remark 26.3. In the literature one finds the notations Ix and Ay used interchangeably;
they both denote the idele group defined above. But in this lecture we will temporarily use
the notation Ay to denote the unit group of the ring A in the subspace topology (which
is not a topological group).

Example 26.4. Let us again consider the sequence (a(p)) defined in Example 26.1. This
sequence lies in A(a and converges to 1 € Aé under the subspace topology. But this sequence
does not converge to 1 in the topology of Ig. Indeed, consider the basic open set [, O =
Hp Z, x R* of Ig. None of the a(p) = (1,...,1,p,1,...) lie in this open neighborhood of 1,
so the sequence (a(p)) cannot converge to 1 in Ig (which means it cannot converge at all:
if it converged to x # 1 in Ig it would converge to x # 1 in A(a C Ag, which we know is
not the case). The counterexample to the continuity of the inversion map z +— z~! in A@
is removed in I by adding more open sets to the topology; this makes it easier for maps to
be continuous and harder for sequences to converge.

We now define a surjective homomorphism
I K — IK

a— H pvp(a)

where the product ranges over primes p of K and vy(a) := vy(ay), where v is the equivalence
class of the p-adic absolute value || ||,. The composition

KXL)HK—»IK

has image Py, the subgroup of principal fractional ideals; we thus have a surjective homo-
morphism of the idele class group Cx = Ix /K™ onto the ideal class group Clg = Zx/Px
and a commutative diagram of exact sequences:

1] —— KX ]IK CK 1
1 > Pk Ik ClK — 1

Proposition 26.5. Let K be a global field. The idele group I is a locally compact group.

Proof. It is clear that I is Hausdorff, since its topology is finer than the topology of
A% C Ak, which is Hausdorff by Proposition 25.9. For each nonarchimedean place v, the
set OF = {x € K : ||z||, = 1} is a closed subset of the compact set O,, hence compact.
This applies to almost all v € Mg, and the K¢ are all locally compact, so the restricted
product [[(K,OF) = Ik is locally compact, by Proposition 25.6. O
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Proposition 26.6. Let K be a global field. Then K* is a discrete subgroup of I .

Proof. We have K* «— K x K C Ag x Ag. By Theorem 25.12, K is a discrete subset
of Ak, and it follows that K x K is a discrete subset of Ax x Ag. The image of K* in
Ax X Ak lies in the image of A[X( — Ax X Ai and in the discrete image of K — Ag x Ay,
and it follows that K is discrete in Aj and therefore in I, since having a finer topology
only makes it easier for a set to be discrete. O

We proved last time that K is a discrete cocompact subgroup of Ag, so it is natural to
ask whether K* is a cocompact in A% or Ix. The answer is no, K is not a cocompact
subgroup of Ix, thus the idele class group Ck, while locally compact, is not compact.

Recall that for a number field K, the unit group O% is not a cocompact subgroup of
Kg because Log(Oj) is not a (full) lattice in R"* ~ Log(Kp ); it lies in the trace zero
hyperplane R " (see Proposition 15.11). In order to get a cocompact subgroup we need to
restrict [x to a subgroup that corresponds to the trace zero hyperplane.

We have a continuous homomorphism of topological groups

I T — R

a— |af

where ||al| := [T, |la||, is the adelic norm defined in the previous lecture. We have [ja|| > 0
for a € Ik, since a, € O, for almost all v: this implies that ||a||, = 1 for almost all v and
the product [], [|al|, is effectively a finite product, and it is nonzero because a, € K is
nonzero for all v € M.

Definition 26.7. Let K be a global field. The group of 1-ideles is the topological group
IL :=ker| || = {a € Ig : ||a|]| = 1},
which we note contains K, by the product formula (Theorem 13.21).

A useful feature of the group of 1-ideles is that, unlike the group of ideles, its topology
is the same as the subspace topology it inherits from Ag.

Lemma 26.8. The group of 1-ideles ]I}( is a closed subset of A and lx, and the two
subspace topologies on ]I}( coincide.

Proof. We first show that ]I}( is closed in A, and therefore also in I, since it has a finer
topology. Consider any x € Ax — ]I}<. We will construct an open neighborhood U, of = that
is disjoint from I},. The union of the U, is then the open complement of the closed set I}..
For each € > 0, finite S C Mk, and x € Ag we define

Ue(x,S) :={u e Ak : ||lu—z|, <eforve S and |ul, <1 forv¢gS},

which is a basic open set of Ag (a product of open sets U, for v € S and O, for v € 5).
The case ||| < 1. Let S be a finite set containing the archimedean places v € Mg
and all v for which [|z[[, > 1, such that [] g [lz|l, < 1: such an S exists since ||z| < 1 and
|z|l, < 1 for almost all v. For all sufficiently small € > 0 the set U, := U(z,S) is an open
neighborhood of  disjoint from I}, because every y € U, must satisfy ||y|| < 1.
The case ||z|| > 1. Let B be twice the product of all the ||z, greater than 1. Let S
be the finite set containing the archimedean places v € Mg, all nonarchimedean v with
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residue field cardinality less than 2B, and all v for which ||z||, > 1. For all sufficiently small
€ > 0 the set U, := Uc(x, S) is an open neighborhood of x disjoint from I}, because for every
y € Uy, either ||ly||, =1 for all v ¢ S, in which case ||y|| > 1, or ||y|jy < 1 for some v € S, in
which case |ly||, < 1/(2B) and ||y|| < 1.

This proves that ]I}( is closed in A g, and therefore also in I. To prove that the subspace
topologies coincide, it suffices to show that for every x € ]I}( and open U C [ containing x
there exists open sets V C [ and W C Ak such that z € V C U and VNI = Wﬂ}l}(; this
implies that every neighborhood basis in the subspace topology of ]I}( C Ik is a neighborhood
basis in the subspace topology of H% C Ak (the latter is a priori coarser than the former).

So consider any x € I}, and open neighborhood U C Ik of z. Then U contains a basic
open set

V={ueclAg:|u—xz|,<eforvesSand |ul, <1 forv¢S},

for some € > 0 and finite S C Mg (take S = {v € Mk : ||z|| # 1 or m,(U) # O,} and € > 0
small enough). If we now put W = Uc(z,S) then z € V C U and VNIL = WNIk as
desired. ]

Theorem 26.9 (FUJISAKI'S LEMMA). For any global field K, the principal ideles K* C I
are a discrete cocompact subgroup of the group of 1-ideles ]I}(.

Proof. By Proposition 26.6, K* is discrete in [, and therefore discrete in the subspace ]I}(.
As in the proof of Theorem 25.12, to prove that K™ is cocompact in ]I}( it suffices to
exhibit a compact set W C A for which W N H% surjects onto ]I}( /K> under the quotient
map (here we are using Lemma 26.8: I is closed so W NIk is compact).
To construct W we first choose a € Ak such that |la|| > Bg, where By is the Blichfeldt-
Minkowski constant in Lemma 25.14, and let

W= L(a) ={x € Ak : ||z||, < |la||, for all v € Mk}.

Now consider any u € I}.. We have |lu|| = 1, so ||2|| = ||la|| > Bk, and by Lemma 25.14
there is a z € K* for which ||z|, < H%Hv for all v € Mg. Therefore zu € W. Thus every
u € I} can be written as u = 27! - zu with 27! € K* and zu € W N1Ik. Thus W NIk
surjects onto I}, /K* under the quotient map I}, — I} /K>, which is continuous, and it
follows that IL./K* is compact. O

Remark 26.10. Fujisaki’s lemma appears in [7, Lemma 3.1.1] and can be used to prove
many of the finiteness results we proved in Lecture 14, as well as Dirichlet’s unit theorem
(Theorem 15.12).

Definition 26.11. For a global field K the compact group C}( = ]I}( /K> is the norm-1
idele class group.

Remark 26.12. When K is a function field the norm-1 idele class group C’Il< is totally
disconnected, in addition to being a compact group, and thus a profinite group.

26.2 Profinite groups

In order to state the main theorems of class field theory in our adelic/idelic setup, rather
than considering each finite abelian extension L of a global field K individually, we prefer
to work in K2, the compositum of all finite abelian extensions of K. This requires us to
understand the infinite Galois group Gal(K?/K), which is an example of a profinite group.
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Definition 26.13. A profinite group is a topological group that is an inverse limit of finite
groups with the discrete topology. Given any topological group G, we can construct a
profinite group by taking the profinite completion

G:=lmG/Nc[[G/N
N N

where N ranges over finite index open normal subgroups, ordered by containment.' If we
are given a group G without a specified topology, we can make it a topological group by
giving it the profinite topology. This is the weakest topology that makes every finite quotient
discrete and is obtained by taking all cosets of finite-index normal subgroups as a basis.
The profinite completion of G is (by construction) a profinite group, and it comes
equipped with a natural homomorphism ¢: G — G that sends each g € G to the sequence
of its images (g ) in the discrete finite quotients G/N, which we may view as an element of
[y G/N. The homomorphism ¢ is not necessarily injective; this occurs if and only if the
intersection of all finite-index open normal subgroups of G is the trivial group (such a G is
said to be residually finite), but we always have the following universal property for inverse
limits. For every continuous homomorphism ¢: G — H with H a profinite group, there is
a unique continuous homomorphism that makes the following diagram commute
G5 a
|

R I
H
There is much one can say about profinite groups but we shall limit ourselves to a few

remarks and statements of the main results we need, deferring most of the proofs to Problem
Set 11. See [4] for a comprehensive treatment of profinite groups.

Remark 26.14. Taking inverse limits in the category of topological groups is the same thing
as taking the inverse limits in the categories of topological spaces and groups independently:
the topology is the subspace topology in the product, and the group operation is the group
operation in the product (defined component-wise). This might seem obvious, but the same
statement does not apply to direct limits, where one must compute the limit in the category
of topological groups, otherwise the group operation in the direct limit of the groups is not
necessarily continuous under the direct limit topology; see [5].2

Remark 26.15. The profinite completion of G as a topological group is not necessarily the
same thing as the profinite completion of G as a group if we forget its topology; this depends
on whether the original topology on GG contains the profinite topology or not. In particular,
a profinite group need not equal to its profinite completion as a group; the group Gal(Q/Q)
endowed with the Krull topology is an example (see below). Profinite groups that are
isomorphic to their profinite completions as groups are said to be strongly complete; this is
equivalent to requiring every finite index subgroup to be open (see Corollary 26.20 below). It
is known that if G is finitely generated as a topological group (meaning it contains a finitely
generated dense subgroup), then G is strongly complete [3]. This applies, for example, to
Gal(F,/F,) for any finite field F, since the g-power Frobenius automorphism generates a
dense subgroup (it is thus a topological generator).

'Recall that an inverse system has objects X; and morphisms X; < X; for i < j. Here we have objects
G/N; and morphisms G/N; < G/N; for i < j; we want the indices ordered so that ¢ < j whenever N;
contains NN;; containment induces a canonical morphism g + N; <+ g + N; on the quotients.

2For countable direct systems of locally compact groups this issue does not arise [5, Thm. 2.7].
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Remark 26.16. For suitable restricted types of finite groups C (for example, all finite cyclic
groups, or all finite p-groups for some fixed prime p), one can similarly define the notion of
a pro-C group and the pro-C completion of a group by constraining the finite groups in the
inverse system to lie in C. One can also define profinite rings or pro-C rings.

Example 26.17. Here are a few examples of profinite completions:

e The profinite completion of any finite group G is isomorphic to G with the discrete
topology:; the natural map G — G is an isomorphism.

e The profinite completion of Z is Z := Hm Z/nZ = [|Z,, where the indices n are
ordered by divisibility; the natural map Z — 7 is injective but not surjective.

e The profinite completion of Q is trivial because Q has no finite index subgroups other
than itself. The natural map Q — Q = {1} is surjective but not injective.

Lemma 26.18. Let G be a topological group with profinite completion G. The image of G
under the natural map ¢: G — G is dense in G.

Proof. See Problem Set 11. O

We now give a topological characterization of profinite groups that can serve as an
alternative definition.

Theorem 26.19. A topological group is profinite if and only if it is a totally disconnected
compact group.

Proof. See Problem Set 11. O

Corollary 26.20. Let G be a profinite group. Then G is naturally isomorphic to its profinite
completion. In fact,

G ~1imG/U,

where U ranges over open normal subgroups (ordered by containment).
However, G is isomorphic to its profinite completion as a group (in other words, strongly
complete) if and only if every finite index subgroup of G is open.

Proof. See Problem Set 11 for the first statement. For the second statement, if every finite
index subgroup of G is open then every finite-index normal subgroup is open, meaning
that the topology on G is finer than the profinite topology, and we get the same profinite
completion under both topologies.

Conversely, if G has a finite index subgroup H that is not open, then no subgroup
of H is open (since H is the union of the cosets of any of its subgroups); in particular, the
intersection of all the conjugates of H, which is a normal subgroup N, is not open in G, nor
are any of its subgroups. If the topological group G is isomorphic to its profinite completion
G as a group, then by the universal property of the profinite completion the natural map
¢: G — G is an isomorphism, but the image of N under ¢ is an open subgroup of G by
construction, which is a contradiction. O

18.785 Fall 2021, Lecture #26, Page 6



26.3 Infinite Galois theory

The key issue that arises when studying Galois groups of infinite algebraic extensions (as
opposed to finite ones) is that the Galois correspondence (the inclusion reversing bijection
between subgroups and subextensions) fails spectacularly. As you proved on Problem Set 5
in the case Gal(F,/F,) ~ 7 ~ [1, Zp, this happens for a simple reason: there are too many
subgroups. Similarly, the absolute Galois group of @ has uncountably many subgroups of
index 2 but Q has only countably many quadratic extensions, see [2, Aside 7.27|.

Thus not all subgroups of an infinite Galois group Gal(L/K) correspond to subextensions
of L/K. We are going to put a topology on Gal(L/K) that distinguishes those that do.

Lemma 26.21. Let L/K be a Galois extension with Galois group G = Gal(L/K), If F/K
is a normal subextension of L/ K, then H = Gal(L/F) is a normal subgroup of G with fized
field F', and we have an exact sequence

1 — Gal(L/F) — Gal(L/K) — Gal(F/K) — 1,
where the first map is inclusion, the second map is induced by restriction, and we have
G/H ~ Gal(F/K).

This lemma is a list of things we already know to be true for finite Galois extensions,
the point is simply to verify that they also hold for infinite Galois extensions; this seems
prudent given the aforementioned failure of the Galois correspondence.

Proof. 1f F//K is a normal subextension of L/K then the restriction map o + oy, defines a
homomorphism Gal(L/K) — Gal(F/K) whose kernel is a normal subgroup H = Gal(L/F).
The fixed field of H contains F' by definition, and it must be equal to F: if we had o € L7 — F
we could construct an element of H that sends « to a distinct root o’ # « of its minimal
polynomial f over F' (this defines an element of Gal(E/F'), where E is the splitting field
of f, which can be extended to Gal(L/F) = H by embedding L in an algebraic closure and
applying Theorem 4.9). The restriction map is surjective because any o € Gal(F/K) can
be extended to Gal(L/K), by Theorem 4.9, thus the sequence in the lemma is exact, and
G/H ~ Gal(F/K) follows. O

Unlike the situation for finite Galois extensions, it can happen that a normal subgroup H
of Gal(L/K) with fixed field F' is not equal to Gal(L/F); it must be contained in Gal(L/F),
but it could be a proper subgroup. This is exactly what happens for all but a countable
number of the uncountably many index 2 subgroups H of G = Gal(Q/Q); the fixed field
of H is Q but H C G is not the Galois group of Q/Q, nor is the Galois group of Q/K for
any subextension K/Q. It is thus necessary to distinguish the subgroups of Gal(L/K) that
are actually Galois groups of a subextension. This is achieved by putting an appropriate
topology on the Galois group.

Definition 26.22. Let L/K be a Galois extension with Galois group G := Gal(L/K). The
Krull topology on G has the basis consisting of all cosets of subgroups Hr := Gal(L/F),
where F' ranges over finite normal extensions of K in L.

Under the Krull topology every open normal subgroup necessarily has finite index, but
it is typically not the case that every normal subgroup of finite index is open. Thus the
Krull topology on Gal(L/K) is strictly coarser than the profinite topology, in general (this
holds for Gal(Q/Q), for example). However, the topological group we obtain by putting the
Krull topology on Gal(L/K) is a profinite group.
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Theorem 26.23. Let L/K be a Galois extension. Under the Krull topology, the restriction
maps induce a natural isomorphism of topological groups

¢: Gal(L/K) — lim Gal(F/K),

where F' ranges over finite Galois extensions of K in L. In particular, Gal(L/K) is a
profinite group whose open normal subgroups are precisely those of the form Gal(L/F) for
some finite normal extension F/K.

Proof. Every a € L is algebraic over K, hence lies in some finite normal subextension F'/K
(take the normal closure of K(a)). Every automorphism in Gal(L/K) is thus uniquely
determined by its restrictions to finite normal F'/K, which implies that ¢ is injective. Given
an element (op) € m Gal(F/K), we can define an automorphism o € Gal(L/K) by simply
putting o(«a) = op(«), where F' is the normal closure of K («) (the fact that this actually
gives an automorphism is guaranteed by the inverse system of restriction maps used to define
@Gal(F/K)). Thus ¢ is surjective.

By Lemma 26.21, if we put G := Gal(L/K) and Hp := Gal(L/F), then we can view ¢
as the natural map

6: G — limG/Hp,

which is continuous, and we have shown it is a bijection. To prove that ¢ is an isomorphism
of topological groups it remains only to show that it is an open map. For this it suffices to
show that ¢ maps open subgroups H C G to open sets in yLnG /HF, since every open set
in G is a union of cosets of open subgroups. If H = Gal(L/F') then

¢(H) = {(ox) : OF|pnr = id\EmF} = lel(idhw)’

where E/K ranges over finite normal subextensions of L/K and 7p is the projection map
from the inverse limit to Gal(F/K). The singleton set {id|, } is open in the discrete group
Gal(F/K), so its inverse image under the continuous projection 7 is open in G.

The last statement follows from Corollary 26.20 and Lemma 26.21. 0

Theorem 26.24 (Fundamental theorem of Galois theory). Let L/K be a Galois extension
and let G := Gal(L/K) be endowed with the Krull topology. The maps F — Gal(L/F)
and H — L define an inclusion reversing bijection between subestensions F/K of L/ K
and closed subgroups H of G. Under this correspondence, subextensions of finite degree n
correspond to subgroups of finite index m, and normal subextensions F/K correspond to
normal subgroups H C G such that Gal(F/K) ~ G/H as topological groups.

Proof. We first note that every open subgroup of G is closed, since it is the complement of
the union of its non-trivial cosets, all of which are open, and closed subgroups of finite index
are open by the same argument.

The correspondence between finite Galois subextensions F//K and finite index closed
normal subgroups H then follows the previous theorem, and we have [F : K| = [G : H]|
because G/H ~ Gal(F/K), by Lemma 26.21.

If F/K is any finite subextension with normal closure E, then H = Gal(L/F) contains
the normal subgroup N = Gal(L/E) with finite index. The subgroup N is open and
therefore closed, thus H is closed since it is a finite union of cosets of N. The fixed field
of H is F (by the same argument as in the proof of Lemma 26.21), thus finite subextensions
correspond to closed subgroups of finite index. Conversely, every closed subgroup H of
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finite index has a fixed field F' of finite degree, since the intersection of its conjugates is
a normal closed subgroup N = Gal(L/E) of finite index whose fixed field E contains F'
and has finite degree. The degrees and indices match because [G : N| = [G : H|[H : N]
and [E : K] = [F : K][E : FJ; by the previous argument for finite normal subextensions,
[E:K]=[G: N]and [E: F] = [H : N| (for the second equality, replace L/K with L/F
and G with H).

Any subextension F'/K is the union of its finite subextensions E/K. The intersection
of the corresponding closed finite index subgroups Gal(L/E) is equal to Gal(L/F'), which is
therefore closed. Conversely, every closed subgroup H of GG is an intersection of basic closed
subgroups, all of which have the form Gal(L/E) for some finite subextension E/K, thus
H = Gal(L/F), where F is the union of the E.

The isomorphism Gal(F/K) ~ G/H for normal subextensions/subgroups follows di-
rectly from Lemma 26.21. O

Corollary 26.25. Let L/K be a Galois extension and let H be a subgroup of Gal(L/K)
with fized field F. The closure H of H in the Krull topology is Gal(L/F).

Proof. The Galois group Gal(L/F') contains H, since it contains every o € Gal(L/K) that
fixes F' (by definition), and Gal(L/F) is a closed subgroup of Gal(L/K) with LG2(E/F) = |
by Theorem 26.24. We thus have H C H C Gal(L/F) with the same fixed field F. The last
two groups are closed and therefore equal under the bijection given by Theorem 26.24. [

We conclude this section with the following theorem due to Waterhouse [6].

Theorem 26.26 (Waterhouse 1973). Every profinite group G is isomorphic to the Galois
group of some Galois extension L/K.

Proof sketch. Let X be the disjoint union of the finite discrete quotients of G equipped with
the G-action induced by multiplication. Now let k be any field and define L = k(X) as a
purely transcendental extension of k& with indeterminates for each element of X. We can
view each ¢ € G as an automorphism of L that fixes k£ and sends each z € X to o(x), and
since G acts faithfully on X, we can view G as a subgroup of Auty(L). Now let K = L.
Then L/K is a Galois extension with G ~ Gal(L/K), by [6, Thm. 1]. O

Remark 26.27. Although this proof lets us choose any field k we like, we have no way to
control K. In particular, it is not known whether every profinite group G is isomorphic to
a Galois group over K = Q; indeed, this is not even known for all finite groups G.
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27 Local class field theory

In this lecture we give a brief overview of local class field theory. Recall that a local field
is a locally compact field whose topology is induced by a nontrivial absolute value (Def-
inition 9.1). As we proved in Theorem 9.9, every local field is isomorphic to one of the
following:

e R or C (archimedean, characteristic 0);

e finite extension of Q, (nonarchimedean, characteristic 0);

e finite extension of Fy((¢)) (nonarchimedean, characteristic p > 0).
In the nonarchimedean cases, the ring of integers of a local field is a complete DVR with
finite residue field.

The goal of local class field theory is to classify all finite abelian extensions of a given
local field K. Rather than considering each finite abelian extension L/K individually, we

will treat them all at once, by working in the maximal abelian extension of K inside a fixed
separable closure K®°P,

Definition 27.1. Let K be field with separable closure K*°P. The field

K*:= ] L

L C Ksep
L/K finite abelian

is the mazimal abelian extension of K (in K°P). We also define

K™ = U

L C Ksep
L/K finite unramified

the mazimal unramified extension of K (in K5P).

The field K contains the field K", this is obvious in the archimedean case, where we
have K = K" is R or C and K® = K%P = C (note that the extension C/R is ramified).
In the nonarchimedean case the inclusion K" C K2 follows from Theorem 10.13, which
implies that K" is isomorphic to the algebraic closure of the residue field of K, which is an
abelian extension because it is pro-cyclic (every finite extension of the residue field is cyclic
because the residue field is finite). We thus have a tower of field extensions

K C Jounr C Kab C FSeP
By Theorem 26.23, the Galois group Gal(K?"/K) is the profinite group
Gal(K*/K) =~ lim Gal(L/K),
L
where L ranges over the finite extensions of K in K2, ordered by inclusion (note that every

finite extension of K in K?P is normal because every open subgroup of the abelian group
Gal(K?®/K) is a normal subgroup).
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Like all Galois groups, the profinite group Gal(K?"/K) is a totally disconnected compact
group; see Problem Set 11. By Theorem 26.24, we have the Galois correspondence

{ extensions of K in K"} <— {closed subgroups of Gal(K*"/K)}
L +— Gal(K*/L)
(K« H.
Finite abelian extensions L/K correspond to open subgroups of Gal(K*"/K) (which must
have finite index since Gal(K®/K) is compact).

When K is an archimedean local field its abelian extensions are easy to understand;
either K = R, in which case C is the unique nontrivial abelian extension, or K = C and
there are no nontrivial abelian extensions.

Now suppose K is a nonarchimedean local field with ring of integers O, maximal

ideal p, and residue field Fy := Ok /p. If L/K is a finite unramified extension with residue
field Fq := Or/q, Theorem 10.13 gives us a canonical isomorphism

Gal(L/K) =~ Gal(Fy/Fy) = (x > a¥'),

between the Galois group of L/K and the Galois group of the residue field extension Fg/F,.
The group Gal(F,/F,) is generated by the Frobenius automorphism = — z#%  and we
use Froby /i € Gal(L/K) to denote the corresponding element of Gal(L/K); note that
Froby, /i is an element, not just a conjugacy class, because Gal(L/K) is abelian. Every finite
unramified extension of local fields L/K thus comes equipped with a canonical generator
Froby, /i for its Galois group (which is necessarily cyclic).

In this local unramified setting, the Artin map is very easy to understand. The ideal
group Zg is the infinite cyclic group generated by the prime ideal p, and the Artin map

p— FI‘ObL/K,

corresponds to the quotient map Z — Z/nZ, where n = [L : K]. We can extend the Artin
map to K by defining vk (z) = ¥r/k((x)); this map sends every uniformizer 7 to the
Frobenius element Froby/; note that since Ok is a DVR, hence a PID, every ideal in 7 is
of the form (z) for some x € K*, so defining the Artin map on K* rather than Zx does
not lose any information when K is a local field.

27.1 Local Artin reciprocity
Local class field theory is based on the existence of a continuous homomorphism
O : K* — Gal(K*/K)

known as the local Artin homomorphism (or local reciprocity map), which is described by
the following theorem.

Theorem 27.2 (LOCAL ARTIN RECIPROCITY). Let K be a local field. There is a unique
continuous homomorphism

O : K* — Gal(K*/K)
with the property that for each finite extension L/K in K", the homomorphism
eL/K: K* — Gal(L/K)

given by composing Ok with the natural map resy, Gal(K®/K) — Gal(L/K) satisfies:
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e if K is nonarchimedean and L/K is unramified then 0,k (m) = Froby i for every
uniformizer m of O ;

o 01k is surjective with kernel N, p(L™), inducing K* /Np g (L*) ~ Gal(L/K).
The natural map resy Gal(K®/K) — Gal(L/K) can be viewed as any of
e the map induced by restriction o + 0|, (note that o(L) = L because L/K is Galois);
e the quotient map Gal(K?*/K) — Gal(K?"/K)/Gal(K?"/L);
e the projection coming from Gal(K?®’/K) = lim Gal(L/K) C []; Gal(L/K) (where

L ranges over finite extensions of K in K?P).

These are equivalent descriptions of the same surjective homomorphism of topological groups
(where the finite group Gal(L/K) has the discrete topology).

We will not have time to prove this theorem, but we would like to understand exactly
what it says. The homomorphisms 07,k form a compatible system, in the sense that if
Ly C Ly then 0 /g =resy, 1, 01, i, where resp, /r,, is the natural map from Gal(Lz/K)
to Gal(L1/K) = Gal(La/K)/Gal(L2/L1). Indeed, the maps resy, /., are precisely the maps
that appear in the inverse system defining lJim Gal(L/K) ~ Gal(K*/K).

It is first worth contrasting local Artin reciprocity with the more complicated global
version of Artin reciprocity that we saw in Lecture 21:

e There is no modulus m; working in K® addresses all abelian extensions of K at once.
e The ray class groups Cl% are replaced by quotients of K*.
e The Takagi group Ny i (I7)R% C Ty is replaced by Ny, /i (L*) € K*.

27.2 Norm groups

Definition 27.3. A norm group of a local field K is a subgroup of the form
N(L*) =N (LX) C K*,

for some finite abelian extension L/K.

Remark 27.4. Removing the word abelian does not change the definition above. If L/K is
any finite extension (not necessarily Galois), then N(L*) = N(F*), where F' is the maximal
abelian extension of K in Lj; this result is known as the NORM LIMITATION THEOREM (see
[1, Theorem III.3.5]). So we could have defined norm groups more generally. This is not
relevant to classifying the abelian extension of K, but it demonstrates a key limitation of
local class field theory (which extends to global class field theory): norm groups tell us
nothing about nonabelian extensions of K.

Theorem 27.2 implies that the Galois group of any finite abelian extension L/K of a
local fields is canonically isomorphic to the quotient K* /N g (L*). In order to understand
the finite abelian extensions of a local field K, we just need to understand its norm groups.

Corollary 27.5. The map L — N(L*) defines an inclusion reversing bijection between the
finite abelian extensions L/K in K and the norm groups in K> which satisfies

(a) N((L1L2)) = N(L{)NN(L3)  and (b)) N((L1 N L)) = N(L7)N(L3).

In particular, every norm group of K has finite index in K™, and every subgroup of K* that
contains a morm group 1S a noOTm group.
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Here we write L1 Lo for the compositum of L; and Lo inside K ab (the intersection of all
subfields of K2 that contain both L; and Ly).

Proof. We first note that if L1 C Lo are two extensions of K then transitivity of the field
norm (Corollary 4.53) implies

Np,yk =NpkoNp, /1y,

and therefore N(LJ) C N(L7); the map L — N(L*) thus reverses inclusions.
This immediately implies N((L1L2)*) € N(L{) "N(L3), since L1, Ly C L1Ly. For the
reverse inclusion, let us consider the commutative diagram

Or,Ly/K

K Gal(LyLy/K)

eLl/KXQLQ/K \[I‘SSXI‘GS

Gal(L; /K) x Gal(Ly/K)

By Theorem 27.2, each x € N(L{') " N(L; ) € K* lies in the kernel of 6, /i and 0L2/K7
hence in the kernel of 0, 1,/ (by the diagram), and therefore in N((L;L2)*), again by
Theorem 27.2. This proves (a).

We now show that L — N(L*) is a bijection; it is surjective by definition, so we just
need to show it is injective. If N(LJ) = N(L*) then by (a) we have

N((L1L2)") = N(L{) N1 N(L3) = N(L{) = N(L3),

and Theorem 27.2 implies Gal(L1 Ly/K) ~ Gal(L;/K) ~ Gal(Ls/K), which forces L1 = Lo;
thus L — N(L*) is injective.

We now prove (b). The field L; N Lo is the largest extension of K that lies in both
Ly and Ly, while N(L{)N(LJ') is the smallest subgroup of K* containing both N(L;) and
N(LJ); they therefore correspond under the inclusion reversing bijection L + N(L*) and
we have N((L1 N Lg)*) = N(L{)N(L3) as desired.

The fact that every norm group has finite index in K* follows immediately from the
isomorphism Gal(L/K) ~ K* /Ny /x(L*) given by Theorem 27.2, since Gal(L/K) is finite.

Finally, let us prove that every subgroup of K* that contains a norm group is a norm
group. Suppose N(L*) C H C K*, for some finite abelian L/K, and subgroup H of K*,
and put F = Lf2/x(H) We have a commutative diagram

K 2, Gal(L/K)

B

Gal(F/K)

in which Gal(L/F') = 0,k (H) is precisely the kernel of the map Gal(L/K) — Gal(F/K)
induced by restriction. It follows from Theorem 27.2 that

H = ker@F/K = N(FX)
is a norm group as claimed. O

Lemma 27.6. Let L/K be any extension of local fields. If N(L*) has finite index in K*
then it is open.
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Proof. The lemma is clear if K is archimedean (either L = K and N(L*) = K*, or L ~ C,
K ~ R, and [K* : N(L*)] = [R* : Ryg] = 2), so assume K is nonarchimedean. Suppose
[K*:N(L*)] < oo. The unit group OF is compact, so N(O}) is compact (since N: L™ —
K™ is continuous), thus closed in the Hausdorff space K*. For any a € L,

a € Of <= la|=1+= [Ny g(a)| =1 = Np/k(a) € O,

and therefore

N(Of) =N(L*) N O%.
It follows that N(Oj) is the kernel of the homomorphism O — K* — K*/N(L*) and
therefore [0 : N(Of)] < [K* : N(L*)] < co. Thus N(OF) is a closed subgroup of finite
index in O, hence open (its complement is a finite union of closed cosets, hence closed),
and O is open’ in K*, so N(OF) is open in K*, and therefore N(L*) is open in K*, since
N(L*) is a union of cosets of the open subgroup N(O;). O

Remark 27.7. If K is a local field of characteristic zero then one can show that in fact
every finite index subgroup of K is open (whether it is a norm group or not), but this is
not true in positive characteristic.

27.3 The main theorems of local class field theory

Corollary 27.5 implies that all norm groups of K have finite index in K*, and Lemma 27.6
then implies that all norm groups are finite index open subgroups of K*. The existence
theorem of local class field theory states that the converse also holds.

Theorem 27.8 (LOCAL EXISTENCE THEOREM). Let K be a local field and let H be a finite
index open subgroup of K*. There is a unique extension L/K in K with Np/x(L*)=H.

The local Artin homomorphism 05 : K* — Gal(K?P/K) is not an isomorphism; indeed,
it cannot be, because Gal(K®P/K) is compact and K* is not. However, the local existence
theorem implies that after taking profinite completions the local Artin homomorphism be-
comes an isomorphism.

Theorem 27.9 (MAIN THEOREM OF LOCAL CLASS FIELD THEORY). Let K be a local
field. The local Artin homomorphism induces a canonical isomorphism

Ok KX 5 Gal(K*/K)
of profinite groups.
Proof. The Galois group Gal(K?P/K) is a profinite group, isomorphic to the inverse limit

Gal(K®*/K) ~ lim Gal(L/K), (1)

lim
L
where L ranges over the finite extensions of K in K® ordered by inclusion; see Theo-
rem 26.23. It follows from Lemma 27.6, Theorem 27.8, and the definition of the profinite

completion, that
KX = lim K /N(L*), (2)
L

'Recall that in a nonarchimedean local field, |K*| is discrete in Rso and we can always pick € > 0 so
that O ={z € K* : 1 — € < |z| <1+ €}, which is clearly open in the metric topology induced by | |.
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where L ranges over finite abelian extensions of K (in K*P). By local Artin reciprocity
(Theorem 27.2), for each finite abelian extension L/K we have an isomorphism

0k : K*/N(L*) — Gal(L/K),

and these isomorphisms commute with inclusion maps between finite abelian extensions
of K. We thus have an isomorphism of the inverse systems appearing in (1) and (2). The
isomorphism is canonical because the Artin homomorphism 65 is unique and the isomor-
phisms in (1) and (2) are both canonical. O

In view of Theorem 27.9, we would like to better understand the profinite group KX,
If K is archimedean then K ¥ is either trivial or the cyclic group of order 2, so let us assume
that K is nonarchimedean. If we pick a uniformizer « for the maximal ideal p of O, then
we can uniquely write each € K* in the form un’®), with v € O} and v(z) € Z. This
defines an isomorphism

K* = Of XL
xr— (w/w”(x),v(x)).
Taking profinite completions (which commutes with products), we obtain an isomorphism
KX ~ O x A
since the unit group

Ok ~F, x (1+p) =T, x 1im O /(1 + p")

is already profinite (hence 1somorphlc to its profinite completion, by Corollary 26.20). Note

that the isomorphism KX ~ O % 7 is far from canonical; it depends on our choice of 7,
and there are uncountably many 7 to choose from.
We have a commutative diagram of exact sequences of topological groups

1 —— 0F K~ v Z > 0

r Wl

1 —— Gal(K®P/K"r) — 5 Gal(K®P/K) — 5 Gal(K"W/K) —— 1

in which the bottom row is the profinite completion of the top row. The map ¢ on the right
is given by R B
Z — 7 ~ Gal(F, /F,) ~ Gal(K"™ / K),

and sends 1 to the sequence of Frobenius elements (Froby, / k) in the profinite group

Gal(K"™"/K) ~ lim Gal(L/K) C [ [ Gal(L/K),
L L

where L ranges over finite unramified extensions of K; here we are using the canonical
isomorphisms Gal(L/K) ~ Gal(F,/F,) given by Theorem 10.13. The Frobenius element
#(1) is a topological generator for Gal(K"™ /K), meaning that it generates a dense subset.
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Remark 27.10. The Frobenius element ¢(1) € Gal(K"""/K) corresponds to the Frobenius
automorphism x — 27 of Gal(F,/Fy); both are canonical topological generators of the
Galois groups in which they reside, and both are sometimes referred to as the arithmetic
Frobenius. There is another obvious generator for Gal(K""/K) ~ Gal(F,/F,), namely
¢(—1), which is called the geometric Frobenius (for reasons we won’t explain here).

The group Gal(K®/K"r) ~ OF corresponds to the inertia subgroup of Gal(K?*/K).
The top sequence splits (but not canonically), hence so does the bottom, and we have

Gal(K®™/K) ~ Gal(K* /K" x Gal(K"™ /K) ~ O% x Z.

For each choice of a uniformizer 7 € Ok we get a decomposition K*P = K K" correspond-
ing to K* = Oyn’. The field K, is the subfield of K" fixed by 0k () € Gal(K*"/K).
Equivalently, K is the compositum of all the totally ramified finite extensions L/K in K&
for which m € N(L*).

Example 27.11. Let K = Q, and pick m = p. The decomposition Kb = K K" g

Q" =J Q) - | Qulém),

mLp

where the first union on the RHS is fixed by x(p) and the second is fixed by 0x (O ).

Constructing the local Artin homomorphism is the difficult part of local class field theory.
However, assuming the local existence theorem, it is easy to show that the local Artin
homomorphism is unique if it exists.

Proposition 27.12. Let K be a local field and assume every finite index open subgroup
of K* is a norm group. There is at most one homomorphism 0: K* — Gal(K*/K) of
topological groups that has the properties given in Theorem 27.2.

Proof. The proposition is clear when K is archimedean, so assume it is nonarchimedean.
Let p = (m) be the maximal ideal of Ok, and for each integer n > 0 let K, /K be the
finite abelian extension given by Theorem 27.8 corresponding to the finite index subgroup
(14 p")(m) of K*; here 1 + p" and () denote subgroups of K*, with 1 + p? :== O%, and
we note that K* ~ O ().

Suppose 0: K* — Gal(K* /K) is a continuous homomorphism as in Theorem 27.2.
Then 0(r) fixes Ky = U, Krn, since 1 € N(Kr ) = kerf0g,_ /. We also know that
01K (m) = Froby, sk for all finite unramified extensions L /K, which uniquely determines the
action of @(7) on K™ and hence on K2 = K, K",

Now suppose #': K* — Gal(K?*/K) is another continuous homomorphism as in The-
orem 27.2. By the argument above we must have 6'(7) = 6(w) for every uniformizer 7 of
Ok, and K* is generated by its subset of uniformizers: if we fix one uniformizer 7, every
x € K* can be written as ur™ = (um)n"~! for some u € O and n € Z, and ur is another
uniformizer). It follows that 6(z) = ¢'(z) for all x € K* and therefore § = 0’ is unique. [

Remark 27.13. One approach to proving local class field theory uses the theory of formal
groups due to Lubin and Tate to explicitly construct the fields K = |J,, Kr n used in the
proof of Proposition 27.12, along with a continuous homomorphism 6, : Ox — Gal(K,/K)
that extends uniquely to a continuous homomorphism 6: K* — Gal(K,K""/K). One then
shows that K2 = K K" (using the Hasse-Arf Theorem), and that # does not depend on
the choice of 7; see [1, §1.2-4] for details.
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27.4 Finite abelian extensions
Local class field theory gives us canonical bijections between the following sets:
(1) finite-index open subgroups of K* (which are necessarily normal);

(2) open subgroups of Gal(K?/K) (which are necessarily normal and of finite index);

(3) finite extensions of K in K (which are necessarily normal).

The bijection from (1) to (2) is induced by the isomorphism KX ~ Gal(K?®/K) given by
Theorem 27.9 and is inclusion preserving. The bijection from (2) to (3) follows from Galois
theory (for infinite extensions), and is inclusion reversing, while the bijection from (3) to (1)
is via the map L — N(L*), which is also inclusion reversing.
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[1] J.S. Milne, Class field theory, version 4.02, 2013.

[2] Jean-Pierre Serre, Local fields, Springer, 1979.
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18.785 Number theory I Fall 2021
Lecture #28 12/8/2021

28 Global class field theory, the Chebotarev density theorem

Recall that a global field is a field with a product formula whose completions at nontrivial
absolute values are local fields. By the Artin-Whaples theorem (see Problem Set 7), every
such field is either

e a number field: finite extension of Q (characteristic zero);

e a global function field: finite extension of F, () (positive characteristic).

In Lecture 25 we defined the adele ring Ak of a global field K as the restricted product
Ap = H (Ky, Oy) = {(av) € HK” tay € O, for almost all v},

where v ranges over the places of K (equivalence classes of absolute values), K, denotes the
completion of K at v, and O, is the valuation ring of K, if v is nonarchimedean, and equal
to K, otherwise. As a topological ring, Ak is locally compact and Hausdorff. The field K is
canonically embedded in Ak via the diagonal map x +— (z,z,x,...) whose image is discrete,
closed, and cocompact; see Theorem 25.12.

In Lecture 26 we defined the idele group

Ik = H(Kvx,(’)vx) = {(av) € l_IKvX :a, € O for almost all v},

which coincides with the unit group of Ag but has a finer topology (using the restricted
product topology ensures that a — a~' is continuous, which is not true of the subspace
topology). As a topological group, Ik is locally compact and Hausdorff. The multiplicative
group K* is canonically embedded as a discrete subgroup of Ix via the diagonal map
x — (x,z,x,...), and the idele class group is the quotient C := I /K>, which is locally
compact but not compact.

28.1 The idele norm

The idele group Ix surjects onto the ideal group Zx of invertible fractional ideals of O via
the surjective homomorphism

@: ]IK —)IK
a —> Hpvp(a),

where vy(a) is the p-adic valuation of the component a, € K of a = (a,) € Ix at the
finite place v corresponding to the absolute value || ||,. We have the following commutative
diagram of exact sequences:

1 —— K~ ]IK CK 1
o |
1 Pr > Tk Clg —— 1

where Pk is the subgroup of principal ideals and Cli = Zx /Pk is the ideal class group.
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Definition 28.1. Let L/K is a finite separable extension of global fields. The idele norm
Nz i I — Ik is defined by Ny /g (by) = (ay), where each

Ay = H NLw/KU (bw)

wlv

is a product over places w of L that extend the place v of K and N /x,: Ly — Ky is the
field norm of the corresponding finite separable extension of local fields L,,/K,.

It follows from Corollary 11.24 and Remark 11.25 that the idele norm Ny, /x: Iy — Ik
agrees with the field norm Ny, /i : L™ — K on the subgroup of principal ideles L™ C I
The field norm is also compatible with the ideal norm Ny /e : 7, — Tk (see Proposition 6.6),
and we have the following commutative diagram:

L* > Ir, Ir
lNL/K J/NL/K \J/NL/K
K* Ix Tk

The image of L* in I, under the composition of the maps on the top row is precisely the
group Py, of principal ideals, and the image of K* in I is similarly Pg. Taking quotients
yields induced norm maps on the idele and ideal class groups, both of which we also denote
Np,/Kk, and we have a commutative square

CL — CIL

iNL/K J/NL/K

Cg —» Clg

28.2 The Artin homomorphism

We now construct the global Artin homomorphism using the local Artin homomorphisms
we defined in the previous lecture. Let us first fix once and for all a separable closure
K% of our global field K, and for each place v of K, a separable closure Ky* of the
local field K,. Let K2 and K2 denote maximal abelian extensions within these separable
closures; henceforth all abelian extensions of K and the K, are assumed to lie in these
maximal abelian extensions.

By Theorem 27.2, each local field K, is equipped with a local Artin homomorphism

O, K — Gal(K®/K,).

For each finite abelian extension L/K and each place w|v of L, composing 0, with the
natural map Gal(K??/K,) — Gal(L,/K,) yields a surjective homomorphism

9Lw/Kv: qu — Gal(Lw/Kv)

with kernel Ny, /g, (Ly;). When K, is nonarchimedean and L, /K, is unramified we have
1., /K, (my) = Froby, /k, for all uniformizers m, of K,. Note that by Theorem 11.20, every
finite separable extension of K, is of the form L,, for some place w|v.
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We now define an embedding of Galois groups

Yw: Gal(Ly/K,) < Gal(L/K)

O’r—>U|L

The map ¢y, is well defined and injective because every element of L,, can be written as
Lz for some ¢ € L and = € K, (any K-basis for L spans L,, as a K, vector space), so
each 0 € Gal(L,/K,) is uniquely determined by its action on L, which fixes K C K.
If v is archimedean then ¢,,(Gal(L,/K,)) is either trivial or generated by the involution
corresponding to complex conjugation in L,, ~ C. If v is a finite place and q is the prime of L
corresponding to w|v, then ¢, (Gal(Ly/Ky)) is the decomposition group Dy € Gal(L/K);
this follows from parts (5) and (6) of Theorem 11.23.

More generally, for any place v of K, the Galois group Gal(L/K) acts on the set {w|v},
via o]y () = |0(a)|w, and @, (Gal(Ly, /Ky )) is the stabilizer of w under this action. It thus
makes sense to call ¢,,(Gal(L,,/K,)) the decomposition group of the place w. For w|v the
groups ., (Gal(L,,/K,)) are necessarily conjugate, and in our abelian setting, equal.

Moreover, the composition ¢y, 08y, /k, defines a map K — Gal(L/K) that is indepen-
dent of the choice of w|v: this is easy to see when v is an unramified nonarchimedean place,
since then ¢, (07, /K, (my)) = Frob, for every uniformizer m, of K,, and this determines
¢w o 0, /K, since the m, generate K*.

For each place v of K we now embed K into the idele group Ix via the map

Ly K — I

a—(1,1,...,1,a,1,1,...),

whose image intersects K* C I trivially. This embedding is compatible with the idele
norm in the following sense: if L/K is any finite separable extension and w is a place of L
that extends the place v of K then the diagram

Nr,/K
>< w v ><
L'LU K’U

[
Np/x

I[L—é]IK

cominutes.
Now let L/K be a finite abelian extension. For each place v of K, let us pick a place w
of L extending v and define

(av) = H Sow(ng/Kv (av))7
where the product takes place in Gal(L/K). The value of ¢, (0r, /K, (ay)) is independent

of our choice of w|v, as noted above. The product is well defined because a, € O and v is
unramified in L for almost all v, in which case

‘Pw(eLw/KU(Gv)) = Frobg(“v) =1,

It is clear that 0pf is a homomorphism, since each ¢y, 00r,, /K, is, and 0k is continuous
because its kernel is a union of open sets: each a = (a,) € kerfp /i lies in an open set
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U, = Ug X vas O, C kerfp,k, where S contains all ramified v and all v for which
ay ¢ O, and Ug is the kernel of (ay)ves = [l,es¢w(fr,/K,(av))), which is open in
HUES K1§<

If Ly C Ly are two finite abelian extensions of K, then 01,k (a) = 01,/k(a)|, for all
a € I. The 01k form a compatible system of homomorphisms from Ik to the inverse limit
Jim Gal(L/K) ~ Gal(K®* /K), where L ranges over finite abelian extensions of K in K2P
ordered by inclusion. By the universal property of the profinite completion, they uniquely
determine a continuous homomorphism.

Definition 28.2. Let K be a global field. The global Artin homomorphism is the continuous
homomorphism

Oxc: Ix — lim Gal(L/K) ~ Gal(K*"/K)
L

defined by the compatible system of homomorphisms 0k : Ix — Gal(L/K), where L
ranges over finite abelian extensions of K in K?2P.

The isomorphism Gal(K?P/K) ~ @Gal(L/ K) is the natural isomorphism between a
Galois group and its profinite completion with respect to the Krull topology (Theorem 26.23)
and is thus canonical, as is the global Artin homomorphism 0 : Iz — Gal(K?P/K).

Proposition 28.3. Let K be global field. The global Artin homomorphism Ok is the unique
continuous homomorphism I — Gal(K?/K) with the property that for every finite abelian
extension L/K in K® and every place w of L lying over a place v of K the diagram

0
KX =% Gal(Ly/Ky)

v

0
Ix —25 Gal(L/K)
commutes, where the homomorphism 0p,/x is defined by 0,/ (a) := Ok (a)|, -

Proof. That 0 has this property follows from its construction. Now suppose that there
is another continuous homomorphism 6% : Iy — Gal(K?"/K) with the same property. We
may view elements of Gal(K?*/K) ~ lim Gal(L/K) as elements of [1,/x Gal(L/K), where

L varies over finite abelian extensions of K in K?P. If §x and ¢ are not identical, then
there must be an a € Ik and a finite abelian extension L/K for which 07k (a) # GZ/K(Q).

Let S be a finite set of places of K that includes all places v for which a, ¢ O
and all ramified places of L/K. Define b € Ix by b, := 1 for v € S and b, = a, for
v & S, sothat @ = b][,cgtv(ay). Then 01,k (by) = 1 for all places v, so we must have
Or/k(b) =1= G’L/K(b), and for v € § we have

QL/K(Lv(av)) = @w(eLw/Kv (av)) = 02/1{(%(‘%))’

by the commutativity of the diagram in the proposition. But then

9L/K(a) = 9L/K(b) H 9L/K(Lv(%)) = 0lL/K<b) H HIL/K(LU(QU)) = G/L/K(a)a

vES vES

which is a contradiction. So «9’K = Ok as claimed. O
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28.3 The main theorems of global class field theory

In the global version of Artin reciprocity, the idele class group Cx := I /K> plays the role
that the multiplicative group K¢ plays in local Artin reciprocity (Theorem 27.2).

Theorem 28.4 (GLOBAL ARTIN RECIPROCITY). Let K be a global field. The kernel of the
global Artin homomorphism 0k contains K*, and we thus have a continuous homomorphism

Ok : Crx — Gal(K*/K),
with the property that for every finite abelian extension L/K in K the homomorphism

obtained by composing 0 with the natural map Gal(K**/K) — Gal(L/K) is surjective with
kernel Np k(CL), inducing an isomorphism Ck /[N, (CL) ~ Gal(L/K).

Remark 28.5. When K is a number field, Ak is surjective but not injective; its kernel is
the connected component of the identity, including the image of Hv‘ o Rs0 X [ycon 1 € I,
which injects into Cx. When K is a global function field, fx is injective but not surjective;
its image is dense in Gal(K?"/K).

We also have a global existence theorem.

Theorem 28.6 (GLOBAL EXISTENCE THEOREM). Let K be a global field. For every finite

index open subgroup H of Cy there is a unique finite abelian extension L/K in K" for

As with the local Artin homomorphism, taking profinite completions yields an isomor-
phism that allows us to summarize global class field theory in one statement.

Theorem 28.7 (MAIN THEOREM OF GLOBAL CLASS FIELD THEORY). Let K be a global
field. The global Artin homomorphism Ok induces a canonical isomorphism

Ox: Crc = Gal(K**/K)
of profinite groups.
We then have an inclusion reversing bijection

{ finite index open subgroups H of C } +— { finite abelian extensions L/K in K2}
H — (Kab)eK(H)
Nz/k(Cr) 4 L

and corresponding isomorphisms Cx /H ~ Gal(L/K), where H = Ny, /i (Cp). We also note
that the global Artin homomorphism is functorial in the following sense.

Theorem 28.8 (FUNCTORIALITY). Let K be a global field and let L/ K be any finite sepa-
rable extension (not necessarily abelian). Then the following diagram commutes

Cp — Gal(L*>/L)

J/NL/K lres

Cx 255 Gal(K™/K).
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28.4 Relation to ideal-theoretic version of global class field theory

Let K be a number field and let m: Mg — Z>o be a modulus for K, which we view as
a formal product m = Hv v over the places v of K with e, < 1 when v is archimedean
and e, = 0 when v is complex (see Definition 21.2). For each place v we define the open
subgroup
oy if v fm, where OF := K* when v is infinite),
Ur(v) := 14 Ryg if vjm is real, where Ryg CR* ~ O = K,

1+ p® if v|m is finite, where p = {z € O, : |z|, < 1},

and let U := [[, UR(v) C Ik denote the corresponding open subgroup of I. The image
U‘?( of U in the idele class group Cx = I /K™ is a finite index open subgroup. The idelic
version of a ray class group is the quotient

O™ =1g /(URK™) = Cx /U,

and we have isomorphisms
Cr ~ Cly ~ Gal(K(m)/K),

where Cl% is the ray class group for the modulus m (see Definition 21.3), and K (m) is the
corresponding ray class field, which we can now define as the finite abelian extension L/K
for which Ny, x(CL) = Un;(, whose existence is guaranteed by Theorem 28.6.

If L/K is any finite abelian extension, then Ny /5 (C) contains U for some modulus m;
this follows from the fact that the groups Un;( form a fundamental system of open neighbor-
hoods of the identity. Indeed, the conductor of the extension L/K (see Definition 22.24) is
precisely the minimal modulus m for which this is true. It follows that every finite abelian
extension L/K lies in a ray class field K (m), with Gal(L/K) isomorphic to a quotient of a
ray class group C%.

28.5 The Chebotarev density theorem

We conclude this lecture with a proof of the Chebotarev density theorem, a generalization
of the Frobenius density theorem you proved on Problem Set 10. Recall from Lecture 18
and Problem Set 9 that if S is a set of primes of a number field K, the Dirichlet density
of S is defined by

N(p)~™° N(p)~°
d(S) = lim > _pes (pzs ~ lim > _pes fp)
s—1+t ZPN(]J) s—1t 10ng

S

I

whenever this limit exists. As you proved on Problem Set 9, if S has a natural density then
it has a Dirichlet density and the two coincide (and similarly for polar density).

In order to state Chebotarev’s density theorem we need one more definition: a subset C
of a group G is said to be stable under conjugation if cro~' € C for all ¢ € G and 7 € C.
Equivalently, C' is a union of conjugacy classes of G.

Theorem 28.9 (CHEBOTAREV DENSITY THEOREM). Let L/K be a finite Galois extension
of number fields with Galois group G := Gal(L/K). Let C C G be stable under conjugation,
and let S be the set of primes p of K unramified in L with Frob, C C. Then d(S) = #C/#G.
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Note that G is not assumed to be abelian, so Frob, is a conjugacy class, not an element.
However, the main difficulty in proving the Chebotarev density theorem (and the only place
where class field theory is used) occurs when G is abelian, in which case Frob, contains a
single element. The main result we need is a corollary of the generalization of Dirichlet’s
theorem on primes in arithmetic progressions to number fields that we proved in Lecture 22,
a special case of which we record below.

Proposition 28.10. Let m be a modulus for a number field K and let Cl be the corre-
sponding ray class group. For every ray class ¢ € Cly the Dirichlet density of the set of
primes p of K that lie in ¢ is 1/#Cl%.

Proof. Apply Corollary 22.22 to the congruence subgroup C = R O

The Chebotarev density theorem for abelian extensions follows from Proposition 28.10
and the existence of ray class fields, which we now assume.!

Corollary 28.11. Let L/K be a finite abelian extension of number fields with Galois
group G. For every o € G the Dirichlet density of the set S of primes p of K unrami-
fied in L for which Froby, = {co} is 1/#G.

Proof. Let m = cond(L/K) be the conductor of the extension L/K; then L is a subfield
of the ray class field K(m) and Gal(L/K) ~ CI%/H for some subgroup H of the ray class
group. For each unramified prime p of K we have Frob, = {o} if and only if p lies in one
of the ray classes contained in the coset of H in Cl%/H corresponding to o. The Dirichlet

density of the set of primes in each ray class is 1/#Cl%, by Proposition 28.10, and there are
#H ray classes in each coset of H; thus d(S) = #H/#Clg = 1/#G. O

We now derive the general case from the abelian case.

Proof of the Chebotarev density theorem. It suffices to consider the case where C' is a single
conjugacy class, which we now assume; we can reduce to this case by partitioning C' into
conjugacy classes and summing Dirichlet densities (as proved on Problem Set 9). Let S be
the set of primes p of K unramified in L for which Froby is the conjugacy class C.

Let 0 € G be a representative of the conjugacy class C, let H, := (o) C G be the
subgroup it generates, and let Fj, := L¥> be the corresponding fixed field. Let T, be the set
of primes q of F,, unramified in L for which Frobq = {o} C Gal(L/F,) C Gal(L/K) (note
that the Frobenius class Froby is a singleton because Gal(L/F,) = H, is abelian). We have
d(T,) = 1/4#H,, since L/F, is abelian, by Corollary 28.11.2

As you proved on Problem Set 9, restricting to degree-1 primes (primes whose residue
field has prime order) does not change Dirichlet densities, so let us replace S and T, by their
subsets of degree-1 primes, and define T, (p) := {q € T, : q|p} for each p € S.

Claim: For each prime p € S we have #71,(p) = [G : H,|.

Proof of claim: Let t be a prime of L lying above q € T,,(p). Such an v is unramified,
since p is, and we have Frob, = o, since Froby = {o}. It follows that Gal(F./F,) = (¢) ~ H,.

!This assumption is not necessary; indeed Chebotarev proved his density theorem in 1923 without it.
With slightly more work one can derive the general case from the cyclotomic case L = K((), where C is a
primitive root of unity, which removes the need to assume the existence of ray class fields; see [4] for details.

“Note that the integers #H, and [G : H,] do not depend on the choice of ¢ (the H, are all conjugate).
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Therefore foq = #Ho and #{r|q} = 1, since #H, = [L : F5] = g €/qfesq- We have
fesp = fepafape = feyq = #Ho, since fq, = 1 for degree-1 primes q|p, and e,/, = 1, thus

#G =[L: K| = eqpfeyp = #{tIp}#Hy = #To(p)#H,

tlp

so #1,(p) = #G/#H, = [G : H,] as claimed.
We now observe that

DN =)D iy 2 NOT =gy 2 N@T

pesS oeC pES qug(p quo

since N(q) = N(p) for each degree-1 prime q lying above a degree-1 prime p, and therefore

#C 4O #C

15 =@ m,) G H,J#H, #G

d(T,) = O

Remark 28.12. The Chebotarev density theorem holds for any global field; the generaliza-
tion to function fields was originally proved by Reichardt [3]; see [2] for a modern proof (and
in fact a stronger result). In the case of number fields (but not function fields!) Chebotarev’s
theorem also holds for natural density. This follows from results of Hecke [1] that actually
predate Chebotarev’s work; Hecke showed that the primes lying in any particular ray class
have a natural density.
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