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0.1 Introduction

In 1923 Emil Artin published a paper in which he defined a new kind of L-function which now bears his
name. This remarkably short paper was instrumental in the direction of research in number theory for
much of this century. The goal of this thesis is to give Artin’s definitions and to prove the results which
he proved in his paper Uber eine neue Art von L-Reihen [Ar, p. 105], while putting these ideas within
a larger historical framework. To that end, in the first chapter we discuss the historical development of
the ideas on which Artin’s work depended. We will consider the ¢ and L-functions defined by Euler,
Dirichlet, Riemann, Dedekind, and Hecke, and get a flavor of their properties. The goal here is not to
simply reproduce the historical arguments, but rather to give a flavor of the historical chain of ideas.
Thus, when it is appropriate, we will eschew the original proof of a result for a cleaner one along similar
lines. However, when it is possible, we do include the original language or a reference to the original
paper, and we try at all costs to avoid using a modern argument or definition when a reasonable classical
alternative is available.

Why, you might ask, such an emphasis on the historical progression of ideas? After all, a quick glance
at some of the works which we quote shows that they often lack the rigor of modern mathematics and
are almost quaint in their lack of sophistication. One reason to deal with the originals is that they give
a very natural motivation for the introduction of these concepts. The sterile presentation of definitions
that seem to come from nowhere is frustrating at best and, at worst, terribly misleading. If one wants
to understand the way mathematics is done and learn to invent or discover new mathematics, then it is
important not only to understand the ideas as they are thought about now, but also to understand why
some actual person sitting somewhere with a pen and paper would ever have thought of writing down a
certain definition or argument. The history of mathematical ideas is not simply a collection of enjoyable
stories about various personalities, but is actually quite fundamental part of doing mathematics. Another
reason for taking a historical approach is that the mathematicians whose work we will be studying are
absolute giants of the field. By seeing their results in their original forms we get a glimpse of how the
minds of these brilliant mathematicians worked and perhaps let some of their patterns of thought teach
us how to think about mathematics. I would hope that the reader of this paper might be inspired to dig
up old rarely read papers by the original masters and get a glimpse of the beauty that is the process of
mathematics. Finally, if we are to stand on the shoulders of giants, we owe it to them to actually look
at what they have done.

On the other hand, one can certainly go too far in following mathematics from a historical point of
view. There are many dead ends and vestigial organs in mathematics. Often the progression of ideas
is disorganized and tumbles out of order. Thus, while keeping history in mind, we will not be enslaved
to it. In the second half of the first chapter, the ideas are arranged not chronologically but by themes.
Furthermore, whenever it is necessary to omit a proof, I include whenever possible both a modern and
a classical source for the proof. Most importantly, if the original sources lacked rigor, it is crucial that
we fill in these gaps.

Chapter 1 provides background for the rest of the thesis, and is mostly of historical interest. Thus
someone who is well acquainted with the definitions and basic properties of the Riemann (-function,
Dirichlet L-functions, Hecke L-functions, and algebraic number theory up through basic class field theory
can easily skip the first chapter or skim it to find sections of particular interest. (For example, Euler’s
investigations into the functional equation of the (-function and Dirichlet’s original proof of the non-
vanishing of L(1, x) in the prime case are probably unfamiliar to most number theorists.)

In Chapter 2, we will begin by giving the basic definitions and outline what Artin accomplishes in his
paper. In the next few sections, we will prove the basic results which Artin proves in this paper. The rest
of the chapter will be devoted to answering some of the important questions which Artin raised in his
paper and which were answered over the next decade or so. In particular in the second chapter we prove
the basic functorial properties of the local factors of the Artin L-function for unramified primes. Then
we discuss the connection between 1-dimensional Artin L-functions and Hecke’s abelian L-functions
given by Artin reciprocity. We use this connection and Artin’s theorem in representation theory to give
a program for generalizing all of the parts of the completed L-function from the abelian case to the
non-abelian case. This program will be carried out for the ramified primes, the infinite primes, and
the Artin conductor. Once we have nice definitions of all these factors, we will end Chapter 2 with the



functional equation of the Artin L-function (ignoring completely the problem of determining the root
number). Here we continue to make an effort to show these ideas in their historical context. However,
more than in the first chapter, we use modern ideas when they simplify the presentation. In particular,
in the section on the Artin conductor we use notions from local fields and local class field theory which
are crucial to our modern understanding of this theory but would have been completely foreign to Artin
when he defined the Artin conductor.

Chapter 3 is an in-depth explanation of what these definitions mean for the particular example of
the splitting field of 2 — n over Q. This section is computational in nature. Rather than using the
powerful theorems which we have developed in the previous sections, we favor direct computation as
a means of verifying these results. Working through examples directly in this way is important since
many of these results could not have been observed without getting one’s hands dirty in the first place.
Furthermore only by actually going through a computation does it become apparent how useful certain
theorems can be. Once we have verified these theorems by hand we will also note how the computations
can be simplified using more machinery.

Lastly we include an appendix with an English translation of Artin’s paper Uber eine neue Art von
L-Reihen, since it is a little silly to extol the virtues of experiencing original mathematics and then
bury the references in the bibliography, expecting the reader to learn to read German and dig up the
article in a library. Since there are no published English translations of this paper, I was forced to
translate it myself. This is slightly problematic since I do not actually read German. I was, however,
able to complete a translation with the assistance of Altavista’s Babel Fish and a German-English math
dictionary. I am sure there are many translation errors, but hopefully no terribly egregious ones.



Chapter 1
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1.1 Euler and Euler Factorization

1.1.1 Introduction

Leonhard Euler was a Swiss mathematician who lived from 1707 to 1783. During this time, he wrote a
majority of the papers published during the 18th century. As his complete works fill an entire bookshelf,
it would be futile to attempt any sort of catalog of his important contributions. As an 18th century
mathematician, his arguments often lack the rigor which we now expect. Guided by a brilliant intuition
and amazing computational ability (he was so adept at mental calculations that half of his work was
published after he became blind), however, he was able to make striking conclusions with rarely a misstep
despite his lack of rigor. Although many of his methods have been for the most part discarded over the
years, the process of justifying his manipulations provided a road-map for much of 19th century analysis.
Of all his great works, the ones which will interest us in this paper are his results concerning a particular
series one of whose generalizations is our eventual subject.

1.1.2 Some Elementary Results on the Distribution of Primes

Euler’s investigations began with one of the oldest and most important questions in number theory:
“How many primes are there?” For example, on average how many primes are in a given interval of the
integers? How far can this distribution vary from the average? How random is this distribution?

A few of these questions can be answered with completely elementary methods. For example, it is
easy to see that sequences of the form (n! + 2,n! + 3,n! +4,...,n! + n) show that there are arbitrarily
long gaps between prime numbers. In contrast is the following result due to Euclid:

Theorem 1.1.1 (Euclid). There are infinitely many primes.

Proof. Suppose there were finitely many primes, p1,po, . ..pn. Then consider the number

Q=pi-pntl

Clearly this number is not divisible by any prime. But it is also bigger than 1 and so (by descent) must
be divisible by some prime. This is a contradiction, therefore there must be infinitely many primes. [

Although this method is certainly adequate to show that there are infinitely many primes, it does
not seem to show that there are very many primes, because @ is a relatively large number compared to
Prn- To quantify such questions of how the primes distributed, we introduce the following functions:

Definition 1.1.2. Let w(x) be the number of positive primes less than or equal to x. Let p,, be the nth
positive prime.

Euclid’s result, therefore, says that lim,_ ., 7(x) = oo, or, alternately, that p,, is actually defined for
all positive n. On the other hand, the result on composites mentioned above says that limsup,, . pn —
Pn—1 = 00, or, alternately, that for any n, m(x + n) = w(z) for infinitely many z.

A closer look at Euclid’s result allows us to get slightly stronger information on the growth of 7(x)
and p,.

Proposition 1.1.3. p, < e®". Hence, 7(z) > loglog .
Proof. This theorem is obvious if n = 1. If n > 1, Euclid’s construction actually says that
Pn<p1-P2- - Pn-1+1<kpi-p2- P
for any % < k. Combining the first n such equations, we see that:
Do < kp1-po- Pact <KA(pro pa—2)? <k preopams)t <. < (2k)@0.

Clearly we can pick k such that 2k < e. O



This result shows that, for example, there are at least 2 primes smaller than 100 or that there
are at least 3 primes less than 10,000. This is clearly a horrible underestimate as 7(100) = 25 and
m(10,000) = 1,229.

There are other classical proofs of the infinitude of primes based on similar constructive methods
which give similar bounds. For example, consider Goldbach’s proof of Proposition 1.1.3:

Consider the Fermat numbers, F,, = 22" + 1. Fermat claimed that these were all prime, but Euler
found a counterexample. However, they can still be used to prove the infinitude of primes because of
the following lemma:

Lemma 1.1.4. gcd(F,, F,,) =1 so long as n and m are distinct.

Proof. Without loss of generality, take n < m. Suppose some prime p divides both F;, and F,,. Then
—1=2%" (mod p) and —1 = 22" (mod p). Squaring the first equation m — n times shows that 1 = 22"
(mod p), which contradicts the second equation (clearly p must be odd since all the Fermat numbers are
odd). Therefore, all the Fermat numbers are pairwise relatively prime. O

Now we can conclude another proof of Proposition 1.1.3 using this lemma. If all the Fermat numbers
were relatively prime, then each must be divisible by a different prime from all the others. So, p, <
F, = 22" + 1. Thus, we have m(x) > loglog z.

1.1.3 Euler Factorization

Obviously we would like to find a much better lower bound for 7 (x) than loglogx. The first proof of the
infinitude of primes which allows us a substantively better bound is Euler’s proof which can be found
in his book Introduction to Analysis of the Infinite, [Eul, Chapter XV]. Here he actually shows that
> prime 1/p diverges.

Since > 7, e—¢" clearly converges extremely rapidly, Euler’s result will give us a substantively better
estimate on the growth of m(x). Furthermore, the argument itself is exceptional because it does not use
constructive algebraic arguments like Fuclid’s and Goldbach’s, but rather an argument based on the
properties of a certain analytic function. Euler argued as follows:

“Let us consider the expression

1
(1—-az)(1-p382)1—7z) -

“When the division is carried out, we obtain the series 1+ Az + Bz?> + Cz3 4 .... It is clear that the
coefficients A, B, C, etc. depend on the numbers «, 3,7, etc. in the following way: A is the sum of the
sum of the numbers taken singly; B is the sum of the products taken two at a time; C' is the sum of the
products taken three at a time, etc., where we do not exclude products of the same factor.

“If for a, 3,7, etc. we substitute the reciprocals of some power of all the primes and let

1
P= ,
(1=27) (1= 57) (1= 57)
then P =1+ % + 3% + ﬁ + ..., where all natural numbers occur with no exception.

“Because we can express the sum of the series P =1+ 2% + 3% + ﬁ + ... as a product of factors, it
is convenient to use logarithms. We have

1 1 1
logP=—log(1—— ] —log(1l——)—log(l——]—....
oup = e (1) s ) s (- )

“If we use natural logarithms, then

1 1 1 1 1 1 1



“If n =1, then P =14 4 4+ % 4+ ... =log(:17) = log(co). Then
loglogoo =1( 2+ = + = + TR (I L +
g log oo = 5 3 5 5\ 92 32 52

“But these series, except for the first ones, not only have finite sums, but the sum of all of them
taken together is still finite, and reasonably small. It follows that the first series % + % + é + % + ... has
an infinite sum.” [Eul, Chapter XV]

As is to be expected, Euler’s argument lacks rigor at a few points, but in this case the questionable

steps are easy to identify and deal with. First we need to place the series which he discusses on a firmer
foundation.

Proposition 1.1.5. The series
(o)
()= n°
n=1

converges uniformly on the interval [c,00) for any ¢ > 1.

Proof. Since n™* is monotonically decreasing for positive s, for any NV and M and any s > ¢ > 1,

M L) 1-s
) ) N*—s 1
E n=°®< / xz %dx = < —
neN N S — 1 C — 1

which shows uniform convergence. [

The key step in Euler’s proof is the following fact known as the Euler factorization of the zeta
function.

Proposition 1.1.6. The product Hp 177;),5 converges uniformly on the interval [c,o0) for any ¢ > 1.
(Here as always we use the notation [, (resp. ) to denote a product (resp. sum) over all positive

primes.) Furthermore for s > 1,
1
== =<

p

Proof. The important points are that ﬁ = Z,?;O p~ % and that every positive integer factors uniquely
as a product of prime powers. We consider the finite product,

OIS I

p<N k=0 neSyn

where Sy is the set of all integers which are products of primes less than N. But clearly [1, N) C Sy.
Therefore,

H ip_ks — Z n’| =¢e(N,s) < Z n=* < sN17%. (1.1.1)
p<N k=0 n<N n>N

Since the right hand side goes to zero as N gets large, uniformly on the interval [c,00) for any ¢ > 1,
our theorem is proved. O

These two results combine to give us the key formula in the middle of Euler’s argument:

log((s) =Y —log (1 - pl> . (1.1.2)

p

Using the Taylor expansion for log is legitimate here because 0 < 1 — &= < 1, and we can exchange
the order of summation because all the series involved converge uniformly and absolutely. Therefore, we
find that

10



p n=1 n=1
1 1 1
:zp:]; ;ﬁzp:TS' (1.1.3)

Thus far we have simply been rephrasing Euler’s arguments in the language of modern analysis. The
point where we need to do extra work is at the end. Essentially, we want to take the limit as s — 1.
Then the left hand side blows up, while the right hand side consists of the series we’re interested in plus
some finite part. But, unlike Euler, we can not say the left hand side is loglog oc.

We can, however, still conclude that

i 3> Y
im — — —

s—1+ ; p* —n - prs
cannot be finite.

First, we want to show that the terms with k£ > 1 on the right hand side of Equation 1.1.3 are small
under the same limit. This is just another simple integral test:

Z — Z — < / / Ty T dyde = / sTlzT227%%dy
n VP 2 J2 2

1 1 1
7 2 sxd -~ 9~ 23 .
< Is 827 T 32

So clearly the sum of the rest of the series converges in the limiting case, just as Euler claimed. This
implies that lim,_+ 3°, 7= cannot be finite.

1
Theorem 1.1.7 (Euler). g — diverges.
p
P

Proof. For the sake of contradiction, suppose that limNﬁoo Zp <N ]f1 were actually finite. Then

> psn P~ would give a uniform bound on the term
for all s > 1.
Thus the interchange of limits would be valid, and

PSN p - Hence, }°,, 5= would converge uniformly

would also be finite. This is clearly a contradiction. O

This proves the theorem which Euler set out to prove. Already this result shows powerful things like,
Pn, grows faster on average than n” does for any r > 1. However, Euler claimed something stronger. Not
only did he say that Zp % diverged, he claimed that it was loglog co. By this expression Euler seems to
mean, in modern notation, that

Z L. loglog N + O(1).

p<N

In order to prove this result using Euler’s methods, we would simply have to show that the Euler
factorization was approximately valid for a finite sum and s = 1, i.e.

H - > nt <e(N,1)

;D<N n<N

11



for some nice error function. Alas, a little computation shows that this claim is not true at all. Our
computation in Theorem 1.1.6 shows that the error function (N, s) does not behave well as s — 1.

In order to prove this result we will need a bit more information about the ((s) near s = 1. For
many of Euler’s papers in which he considers the Euler factorization and functions like his (-function,
rather than considering the series, ((s) = >, n™°, he instead looks at an alternating series:

Definition 1.1.8. {(s) = Y., (~1)"*n~>.

This new series has the distinct advantage of converging (conditionally) for all s > 0 by the alternating
series test. If we group terms in pairs, then the series actually converges absolutely for all s > 0.
This new function also has an Euler factorization:

()= ()" =(1 -2 =47 = )A 437 +97" = )1 +5 " +25"—..)...

n

N (2 - 1125) 11 (1 1p5> : (1.1.4)

p#3

This factorization is very similar to that of the old {-function. In fact, we have the formula

1
12=5 = 1 ~ 1 ~

2_j§(3) = mg(s) = WC(S)-

1-2—s

(s) =

This new expression for ((s) now makes sense for any s > 0 except for s = 1 where it clearly blows
up. This lets us get a much firmer grasp on the behavior of ¢ near 1.

Theorem 1.1.9. ¢f. [J, pp. 144-145]

lim(s — 1){(s) = 1.

s—1

Proof. If we write .
(s = 1)¢(s) = T—55C(),

the limit as s — 1 actually makes sense. By a standard result from analysis, limg_.q 5(5) = log2. By
L’hopital’s rule,

Thus, lims_,1(s — 1){(s) = 1. O

Therefore, by Theorem 1.1.9, if we consider the series

(- s)(s) = S22,

ns

n

it will converge uniformly in s for s € [1,00). Hence the error term (1 — s)e(N, s) actually does remain
bounded as s — 1. Thus we have shown,

Lemma 1.1.10.

s—1 1 —

. 1 s .
lim(1 — s) H P Zn <21_)rr%€(N7s)<5(N),
p<N n<N

for some error function e(N) which goes to zero as N gets large.

Theorem 1.1.11.

1
Z — =loglog N + O(1).
p<N
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Proof. By the lemma for all N and s > 1,

-1 ] - _1p_1 =(s—1))_ n"+0(1),

p<N n<N

where by O(1) we mean the error is bounded as N — oo and as s — 1. If we take logs of both sides
and use an earlier lemma,

log(s — 1) +Zp *=log(s—1) +loan +0(1).
p<N n<N

Now we can cancel the log(1 — s) terms and the terms we are left with are all bounded as lim,_,;. Thus,

Zl

= log Z n~t 4+ 0(1) = loglog N + O(1).
p<N p

n<N
O

Clearly it follows that there are infinitely many primes. In fact, we can extract from this theorem a
very good idea of how fast w(x) and p,, grow.
We will extend p,, to some monotonic real valued function p, to get

X
/ idx = loglog X + O(1). (1.1.5)
1 Pz

We would really like to “differentiate” this equation to get something like
1 d 11
— ~ —loglogr = ———
Pz dx logz x’
This would imply that p, =~ xlogx. However, although integrating preserves estimates, differentiating
clearly does not. (For example, consider the fact that zsinz = O(z), but sinz + zcosz = ‘Lzsinz #
0(1).)
What this does tell us though is that p, can not grow significantly faster than nlogn. Similarly, we
can see that m(x) can not grow significantly slower than

x
logz*
This phrase “significantly faster” (resp. slower) can mean any of a number of things, for example,

Proposition 1.1.12. For any constant k > 1 and N, there exists some n > N, p, > knlogn.

Proof. Suppose to the contrary that for some constants k < 1 and N, p,, < knlogn for all n > N. Thus,

if n >N,
1 1 1

knlogn’
Integrating yields
Z Pn < log log z — loglog N)
N<n<x

for all x > N. But by Equation 1.1.5, this means that for some constant c,
1 1
loglogz < ¢ — %(log log N) + %(loglogx).

Since k > 1, this last equation is clearly false for large enough =x. O

To show a more concrete result, like p,, ~ nlogn, one would need to prove something stronger about
the smoothness of p,.

It is worth noting that simply showing that there are infinitely many primes does not require any of
the above arguments. We can simply note that if there were finitely many primes, then, by looking at
the supposed finite Euler factorization, lims_.; (s) would be finite.
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1.1.4 General Principles of Analytic Number Theory

Euler’s argument lays the foundations for the field of analytic number theory which is based on the
following principles:

Principle 1. Important number theoretic information can be encoded into analytic functions

The Euler factorization provides the main tool for encoding information about prime numbers into
analytic functions. However, there are many other analytic functions which encode number theoretic
information for completely different reasons.

Principle 2. Increased knowledge of the analytic properties of these functions translates into increased
knowledge about the number theoretic information

As we saw above, to show that there are infinitely many primes we only needed to know that ((s)
blows up at 1. On the other hand, to get better results on how quickly the number of primes grew on
average we needed to know how quickly ((s) blows up at one.

These two principles suggest the following types of progress in analytic number theory:

Type 1. Finding new analytic functions with number theoretic importance
Type 2. Extending the domain where these functions make sense
Type 3. Finding new analytic properties of these functions.

Type 4. Translating these analytic properties (either proved or conjectured) into theorems in number
theory.

We will be focusing on the first two types of progress: firstly, generalizing the notion of a (-function
and Euler factorization to similar functions which tell us about the distribution of certain kinds of primes
in various number fields, and secondly, trying to find as large as possible a domain of definition for these
functions. When important, we will note related results of types 3 and 4; but for the most part we
will take for granted the fact that increased knowledge of the functions which we deal with will give
important number theoretic information.

1.1.5 Euler and the Functional Equation of the Zeta Function

Although we have already seen all four types of progress in Euler’s work, there is one further example

of progress of types 2 and 3 which will interest us. In a later paper, Euler attempted to discuss values

of ¢(s) for negative integers. Although his methods are not particularly of interest to us since they are

completely un-rigorous, his answers were important to motivate the work of later mathematicians.
Before we can state Euler’s claims, we need the following definition:

Definition 1.1.13. We define the Bernoulli numbers By by the kth term in the Taylor expansion:

One important fact about these numbers is that they vanish for any odd k > 1. To see this, notice
that %5 + 5 is an even function.
Euler claimed that these Bernoulli numbers are related to special values of the ( series:

Claim 1.1.14. If n is a positive even integer, then

2n71,ﬂ.n

((n) =
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sinh z
T

flz) = ﬁ <1 + 7;;) : (1.1.6)

n=1

Proof. Euler got this formula by considering the function f(x) =
Chapters IX and X]) that

Euler reasoned (in [Eul,

Essentially his argument comes down to the facts that the roots of sinhx are +inn for all integers n
and that the two equations agree at 0. Clearly this is not enough to establish the equality in Equation
1.1.6 since, for example, e S22 a]s0 has exactly the same roots. Nonetheless, it was proved in the late
19th century by Hadamard [Ha, Vol. 1, pp. 103-147] that such factorizations can be justified with some
additional growth constraints (see [Da, Chapter 11]). For Euler, however, it was enough to describe a
method and to note that this expression actually gave the correct answer if multiplied out by hand.

Once he had Equation 1.1.6, Euler could expand the left hand side as a Taylor series and multiply
out the right hand side (again this is un-rigorous) to find:

2 4 0 2 4
1+;+;+...:1+<;n2) () +<zmm> B+

Equating the coefficients tells us that {(2) = g—f, that ((2)? — ((4) = %1, ete. Using these equations,
Euler’s claim is reduced to an exercise in combinatorics. O

In his paper Remarques Sur Un Beau Rapport Entre Les Series Des Puissances Tant Directes Que
Reciprogques [Eu2, Vol. 15, pp. 70-90], Euler contrasts this formula with another context in which
Bernoulli numbers appeared.

Euler considered series of the form s;(z) = .77, n®2™. Notice that <L s)(z) = sg41(z). Furthermore

so long as |z| < 1, s1(x) = H% These last two equations give us a recursive formula for s (z) for any
positive £ and any |x| < 1.
Furthermore, although our original expression for s does not converge at x = —1, our recursive

formula does. This enabled Euler to recursively “compute” the (divergent) series > o (—1)"nF =
—((=k), for k a positive integer. Finally with some combinatorial computations, Euler managed to
prove that the recursive formula actually yields

1 B,

(D= o1

Thus, using our formula relating ¢ and f , Euler determined that

((—n) = —f’%i- (1.1.8)

Combining Equation 1.1.8 with Claim 1.1.14, Euler deduced the startling result:

Claim 1.1.15. For any positive integer n,

C(1—n) 2177 cos(%F )n!

¢(n) "

We should pause for a moment to recall that none of this actually makes sense. We have yet to give
a good formula which will make sense for real values less than 0. Nonetheless, Euler was not one to be
bothered with such trifles. In the remainder of this article, Euler proceeded to argue that Claim 1.1.15
actually holds for all real numbers!

Although he did not give a particularly good definition of what he meant by the (-function for
negative values, Euler did have a nice definition of n! for n a general real number.

Definition 1.1.16. For any s > 0, we define

I‘(s):/ =5 e %dx.
0
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Proposition 1.1.17. If n is a nonnegative integer, then T'(n + 1) = nl.
Proof. Clearly
(1) = / e dr=1=0L.
0

By induction, it is enough to show that T'(n + 1) = nI'(n). Recall from the definition that T'(n + 1) =

fooo z"e *dz. Let u = 2™ and dv = e~ "dz. By integration by parts,

Mn+1) =[-z"e "7 + n/ z"e”"dx = nl'(n).
0

O

Thus Euler makes the following conjecture, which is now known as the functional equation of the
¢-function.

Conjecture 1.1.18. For any positive real number s,

C(1—s) 27 %cos(F)T(s+1)

¢(s) ™
If we believe Euler’s earlier argument, we already know that this is true for integers. For s = 1/2,
the result comes down to the classical Gaussian integral T’ (%) = /5. For other half-integers, Euler

attempts to give further evidence of this claim by “estimating” the values of the ( series at these points.
Unfortunately since none of these series actually converge we should be a bit skeptical of his estimations.

Nonetheless (as shocking as it may be since we have given such scant evidence so far) in a few
chapters we shall find that we can give a definition of the ¢ function which makes sense for all complez
numbers (other than s = 1) and we shall be able to prove Conjecture 1.1.18 as well as Claim 1.1.14 using
completely rigorous methods!

Although one might be tempted to dismiss Euler’s mathematics as we have presented it, it is im-
portant to realize that his insights into the relation between number theory and this analytic function
underpin all the great and more rigorous progress which has taken place after him. Perhaps we can even
let this remind us that, although nothing is a substitute for a real proof, an interesting and perhaps cor-
rect argument which actually yields the correct answer often is just as important an insight as providing
the rigorous framework.
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1.2 Dirichlet and his L-series

1.2.1 Introduction

Nearly a century passed before our next important moment in history. Meanwhile, the state of math-
ematics had changed significantly and number theory in particular had been advanced remarkably by
Gauss. During the century after Euler, very little was done to add to his picture of the (-function.
Then, in the 1840’s, Dirichlet gave a proof of a result in number theory which depended heavily on the
use of certain generalizations of Euler’s function. Dirichlet used the letter L to denote these functions
and ever since they have been called L-functions. Dirichlet lived from 1805-1859. Not only did he
make outstanding contributions to Number Theory and Fourier Analysis, he also was one of the great
expositors of mathematics in the 19th century. His Lectures in Number Theory [Dil] (which, thankfully,
has been translated recently into English) brought Gauss’s great work in Disquitiones Arithmeticae to
a larger audience by giving a tighter and improved exposition. Even today this book makes an excellent
introduction to the elementary theory of numbers. We will be roughly following Dirichlet’s proof as
found in [Dil, Supplement VI] and [Di2, pp. 313-342].

1.2.2 Elementary Results on Primes in Arithmetic Progressions

Dirichlet considered a question very similar to the one which inspired Euler’s introduction of the (-
function: namely, how the primes are distributed modulo m. The simplest question of this type is
whether are there infinitely many primes congruent to a modulo m. Obviously there can only be
infinitely many primes of this form if a and m are relatively prime. Unfortunately, this problem turned
out to be much more difficult than proving that there are infinitely many primes. Elementary results
along the lines of Euclid’s proof only sufficed to show very special cases. For example,

Proposition 1.2.1. There are infinitely many primes p = 3 (mod 4).

Proof. Suppose there were only finitely many such primes, p1,po,...,pn. Consider the number

Q=4pip2...pn — L

Clearly this number is not divisible by any of the primes which are 3 modulo 4. Thus, @ = 3 (mod 4)
is a product of primes all of which are 1 modulo 4. This is clearly a contradiction. O

Proposition 1.2.2. There are infinitely many primes p = 1 (mod 4).

Proof. Here we use the fact from basic number theory that —1 is a square modulo p exactly when p =1
(mod 4). Again, suppose there were only finitely many primes p1,ps,...,p, =1 (mod 4). Let

Q= (2pip2...pn)* + 1.

Clearly @Q is not divisible by any of the primes which are 1 modulo 4. Since —1 = (p1p2...p,)? (mod Q),
any prime which divides @ must be 1 modulo 4. Again, this is a contradiction. O

Although similar methods will work for m = 3 or m = 6, they are doomed to failure in general.
Rather than trying to use these sorts of elementary proofs, Dirichlet instead tried to adapt Euler’s
analytic methods to this situation.

1.2.3 A Special Case of Dirichlet’s Theorem
In particular, Dirichlet wanted to prove
Theorem 1.2.3. For any relatively prime positive integers a and m, the series
>
p=a (mod m)

diverges.

17



Let us first consider the particular case m = 4. Since we will consider things more rigorously in the
general case, here we shall be a bit lax.
The most obvious attempt at modifying Euler’s method is to consider the function

A= T —

1—p =
p=1 (2 P

By the same arguments as used the last section we can conclude that
Y. p=log fi(s) + O(1).
p=1 (4)
Unfortunately, f1(1) does not obviously diverge. If we multiply out the Euler product, we see that
fl (5) = Z n_sa
nes

where S is the set of all numbers which are products of primes which are 1 modulo 4. This is entirely
unhelpful. We need to find some functions whose Euler factorizations depend only on what the prime is
modulo 4, and where the terms in the series do not depend on the prime factorization of n.

Dirichlet’s insight was to look at the functions

n-1 g 1 1
Ll(s): Z (_]‘) 2 n = H 1 —s H 1+p—s

n odd p=1 (4) P p=3 (4)
—s 1 1 —s
Lo()= > n= I == Il 7=5==0-27)
L=p L=p
n odd p=1 (4) p=3 (4)

Just as in the last section, we can take logarithms and use the Taylor series expansion. As in the
last section the contribution from quadratic and higher terms in the Taylor series are bounded. Thus,

logLi(s)= > p*— P+ 0(1)
p=1 (4) P=3 (4)
logLo(s)= Y p "+ Y. p"+0(1)
p=1 (4) p=3 (4)

Therefore,

%(log Lo(s) +1og L1(s)) = _12(4)273 +0(1)

S(08 Lofs) —log Li(s)) = 3 p~*+0(1)
p=1 (4)

Thus in order to prove this special case of Theorem 1.2.3, we need only show that log Lo(s)+1og L1 (s)
and log Lo(s) — log L1 (s) are both unbounded as s — 17. Obviously (1 —27%)((s) blows up at s = 1.
Hence we’ve reduced this problem to showing that log L (1) is finite.

But, L;(s) is an alternating series; thus, we can bound it by the first two partial sums, i.e. %3_3 <
Ly(s) < 1. Thus log% < log L1 (1) < 0, so we have proved Theorem 1.2.3 for the case of m = 4.

1.2.4 Some General Results on Dirichlet Series

Before we attack the general proof of Theorem 1.2.3, it will be useful to have a few technical definitions
and results.
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Definition 1.2.4. A Dirichlet series is a series of the form,

f(s.an) =Y 2,

n=1
where a, is some sequence of complex numbers.

We will want to know when a Dirichlet series actually converges. In order to prove this, we will need
the following theorem which is the analog for sums of integration by parts.

Theorem 1.2.5 (Abel Summation Formula). Suppose (a,) and (b,,) are two sequences. Let (Agn) =
S g an. Then Yoy anby = Agnby — Sy Av(bpi1 — bp).-

Proof. To verify this theorem, we simply plug in the definition of A, and check that each term a;b;
occurs with the same multiplicity on both sides. O

Proposition 1.2.6. ¢f. [Se3, pp. 3-4] If > a,n"%° converges, then the Dirichlet series f(s,a,) con-
verges for all complex numbers s with Re(s) > so. In fact, this convergence is uniform in any wedge to

the right of the point sg: {s: Re(s) > Re(sg) and 0 < Rles(;i‘_g‘yo) < M}, where M is an arbitrary positive

constant. (Since this convergence is uniform, f(s,a,) is analytic on that region.)

Proof. Letting M grow arbitrarily shows that the second assertion implies the first. Without loss of
generality, we can assume so = 0 (since we can look at the Dirichlet series ) (a,n™%°)n™%). Also,
without loss of generality, we can subtract off the first term a; and so assume a; = 0.

Since we are assuming that ) a, converges for any € > 0, there exists an integer N such that for
any £,m > N, [Apn| < e

We want to get a good bound on | >, a,n~*|. By Abel’s summation formula,

m m
Zanns‘ <e<1+z
n=~{ n=~¢

To get a bound on that last term, we notice that for any oo > 6 > 0,

Apmbm =Y Apm((n+1)7" =n™%)
n=~{

efslogn . eslog(n+1)’> )

B
e~ _ePr = z/ et dt.
«

Therefore,

B
|e—az _ e—ﬁz} < ‘Z|/ e—tRe(z)dt _ R|e2(| ) (e—aRe(z) _ e—ﬁRe(z)) )
@ z

Applying this to our particular case, we see that

m
E apn”?®
n=~{

<€ (1 + MzefRe(s) logn __ eRe(s)log(nJrl))

n={

=€ ‘1 + M (e Re(®)logty _ e‘RC(S)lOg(m)‘ <e(l+ M).

Thus for large enough N, this goes to zero independently of s, so the series converges uniformly in this
region. O

It turns out that if a function can be written as a Dirichlet series then it can be done so in only one
way.
Proposition 1.2.7. cf. [Ap, Thm. 11.4] Suppose that ) %= =0 on some right halfplane Re(s) > oq.
Then, an, = 0 for all n. Therefore, if we have two Dirichlet series with Z—’; =2, for all Re(s) >
09, then b, = ¢, for all n.
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Proof. Without loss of generality, by considering a,,n~?° we can assume that o9 = 0. Thus, in order to
have ) 92 converge near s = 0, we must have a, = O(1). Now suppose that ay is the first non-zero

term. Thgn
a n\ s
0=ayN— |1 o ()
ay + > o\
n>N

Multiplying by N® we get

Gp (M8
0O=ay [1 A (7)
an + Z an \N
n>N

Now send s — +0040i. Each of the terms in the sum dies exponentially. Therefore, since the coefficients
are bounded, the whole sum dies. Therefore, 0 = ay. This is a contradiction; therefore, a,, = 0 for all
n.

For the second conclusion, we simply consider the Dirichlet series ) % = 0, from which it
follows that b,, — ¢,, = 0 and thus b,, = ¢,, for all n. L]

Definition 1.2.8. A sequence a,, is called multiplicative if apa,, = apm for all relatively prime positive
integers n and m. Similarly, a sequence a,, is called strongly multiplicative if anan, = apm for all pairs
of positive integers.

Theorem 1.2.9. If a,, is multiplicative then the Dirichlet series f(s,a,) has the Euler factorization:

f(s,an) :HZ

p 4=1

apk
psk

Furthermore if a, is strongly multiplicative, summing this geometric series we see that

f(sv“n)znﬁ-

P p*

Proof. The proof here is identical to the proof of Theorem 1.1.1. O

1.2.5 Dirichlet’s L-series

In order to generalize Dirichlet’s argument from the case of m = 4 to a general m, we should look at all
Dirichlet series with particularly nice Euler factorizations in which a, depends only on what n is modulo
m and vanishes when p|m. From our results above, it is clear that we should be looking at the series
corresponding to sequences of the following form:

Definition 1.2.10. Let a Dirichlet character modulo m be any function from x : Z — C with the
properties:

1. If n and m are not relatively prime, then x(n) = 0.
2. If n and m are relatively prime, then |x(n)| = 1.
3. If ny and ne are any two positive integers, then x(ning) = x(nq)x(ns2).

If we restrict a Dirichlet character to (Z/mZ)* we get a homomorphism. (By abuse of notation,
we will also call it x : (Z/mZ)* — C*.) Furthermore, if one considers any homomorphism x :
(Z/mZ)* — C* it will be a Dirichlet character modulo k for any m|k. If y is an injective homomorphism
(Z/mZ)* — C*, then we say that the corresponding Dirichlet character is a primitive character modulo
m. The homomorphism sending everything to 1 and the corresponding Dirichlet character will both be
called trivial.

The above notion of homomorphisms x : (Z/mZ)* — C* generalizes to the more general notion of
an abelian group character, which is a homomorphism y : G — C* where G is an abelian group.
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As far as I can tell, the linguistic history of this term character is quite the opposite of what one
might expect. The notion of a Dirichlet character came before the notion of a general character, and the
name character seems to come from the fact that it is a generalization of the quadratic character that
is the quadratic nature of a number modulo m.

Definition 1.2.11. If x is a Dirichlet character modulo m, then define the Dirichlet L-series
L = 3 = !
(s,x) = ;X(n)” = H 1_@'

p p*

If xo is the trivial character modulo m, then obviously

zso) = T (122 ) ¢to

plm

converges for any Re(s) > 1.

For a nontrivial character, we certainly could get the same region of convergence since ) | x(n)n™° <
> Ix(n)[n~*. However, we might hope to find some cancellation and be able to find a larger region of
convergence.

Lemma 1.2.12 (Dirichlet). If G is an abelian group, and x is a nontrivial character of that group,
then
> x(g) =0.
geG
Proof. For any h € G, notice that
x(h) Y x(g) = x(hg).
geG geG
But, as g runs over all of G, so does hg. Hence,
X)) x(9) = x(9)-
geG geG

Therefore, either x(h) =1 or 3 o x(g) = 0. Since x is nontrivial, we can choose h so that the former
condition is not true. Thus the lemma is proved. O

Corollary 1.2.13. If x is a nontrivial Dirichlet character modulo m, then L(s,x) converges for Re(s) >
0.

Proof. By Lemma 1.2.12, we know that > x(n) is bounded. Thus, ) x(n)n~° converges for any
positive s, which by Proposition 1.2.6 is enough. O

1.2.6 Reducing Dirichlet’s Theorem to an Analytic Theorem

Now that we have proved enough technical results, we can return to Dirichlet’s original question. Fol-
lowing Euler, we notice that

1
log L(s, x) = Z log T
p - s

D

Again the Taylor series expansion is valid, and our estimate on the terms still holds:
o0
1 Rl e 1
Z — Z < / / Yy dyde < 33
L » 2 2

log L(s, x) = Y _ x(p)p~" + O(1).

p

x(p)
p?LS

Therefore,
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S

To get Dirichlet’s result, we need to write f,(s) = > _, (myP~ " as a sum of log L(s, x) for various Y.

We know that
log L(s,x) = Y. x(a)fa(s)+O(1).
a€(Z/mZ)*

In order to get this result, Dirichlet noticed and proved a finite analog of Fourier inversion called the
orthogonality of characters.

Theorem 1.2.14 (Dirichlet). If x1 and x2 are distinct characters of a finite abelian group G, then

Z x1(g)x2(9)~" =0.

geG

Furthermore, if we let G* denote the dual group of characters of G, then, if g # h,

> x(gh™h) =0

xeEG*

Proof. The first assertion follows immediately from applying Lemma 1.2.12 to the character xix; '
Together with the obvious fact that > . x(9)x(9)~* = |G|, this implies that the matrix (%)x,g has
orthogonal rows. By the structure theorem for finite abelian groups, it is easy to see that |G| = |G*|
(since it is obvious for cyclic groups). Thus this matrix is a square matrix. By standard linear algebra
we know that having orthogonal columns is the same as having orthogonal rows and the second half of

the result follows. O

Thus by Theorem 1.2.14, we see that the characters x are all linearly independent and thus form a
basis of the space of all complex valued functions on G. In particular,

& e ={ B

otherwise
xeG*
Therefore, if we let G = (Z/mZ)*,
1 -
fals) = @l > x(h™Hlog L(s, x) + O(1).
xXEG*

Since log L(1, xo) blows up, and log L(1, x) < oo for all nontrivial characters, all that remains is to
show that log L(1,x) > —oc. That is to say, we have shown that Theorem 1.2.3 is equivalent to the
following theorem:

Theorem 1.2.15 (Dirichlet). If x is a nontrivial Dirichlet character, then L(1,x) # 0.
Proof. First we claim that for every m there is at worst one y with L(1, x) = 0. Notice that

Z p~F > 0.

1 p: pF=1 (m)

NE
> =

S log Lis, x) = (m)

x€G*

x>
I

Now we already know that lim,_ i+ (s — 1)L(s, xo) is finite. Hence, log L(s, xo) = log sil + O(1). But
we know by Theorem 1.2.6 that for all the other x # xo, L(s, x) are analytic near 1. Therefore, for all
of these, log L(s, x) either goes to —oo or is bounded.

Suppose one of these series, for instance L(s, 7), had a zero at 1. Since it is analytic, by considering
the Taylor expansion, % is analytic and bounded at 1. Hence, log L(s,7) = —log(s — 1) + O(1). So,
if we had L(1,71) = L(1,72) = 0, then

Z log L(s,x) = log(s — 1) — 2log(s — 1) + &(s),
XEG*
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where ¢(s) is either bounded or goes to —oo as s — 1*. Thus, the right hand side would be negative for
small enough s, and we’ve reached a contradiction.

Notice that this proves the theorem for every character whose image is not contained in the reals. In
this case there is a distinct character x(n) = x(n) with L(1,x) =0 < L(1,%) = 0.

Furthermore, this shows that there is at worst 1 primitive Dirichlet character with L(s, x) = 0. If
there were two, say one primitive modulo m and the other primitive modulo ms, then we could consider
both of them as Dirichlet characters modulo m;msy. Thus their L-series modulo mims would differ from
the originals by only finitely many terms. Thus there would be two different Dirichlet L-series modulo
mimg with L(1, x) = 0, which is a contradiction.

So we have proven this theorem for all but one primitive character which must be real. Any real
primitive character modulo m must have, for g a generator of Z/mZ, x(g*) = (—1)*. Clearly, this means
x(a) is 1 or —1 exactly when a is a square or a non-square respective. Thus, x(a) = (£).

Dirichlet spent several years trying to prove that L(1, (E)) # 0. Eventually he was able to prove
this using his famous class number formula. (See [Dil, Chapter 5] or [Di2, pp.411-496] for Dirichlet’s
original proof of the class number formula. See [Da, Chapter 6] for a very readable version of Dirichlet’s
methods. For a more modern treatment of the class number formula see [J, pp.145-153]. Alternately
for a much more quick proof of this theorem without using the class number formula see [Da, Chapter
4].) O

Although the general case of this last formula was beyond the scope of this paper, Dirichlet was,
however, able to give a much simpler proof in the case of m a prime number (in [Di2, pp. 320-329)).

1.2.7 A Full Proof of L (1, (;)) # 0 for p Prime
Theorem 1.2.16 (Dirichlet). If p is a prime, then L (1, (5)) £0.

Proof. Dirichlet began with the fact that I'(s) = n®z"~! fol (log(%))*~*dx, which can be gotten from our
original definition by a simple change of variables = — nlog(+). Therefore,

e [ (e (1)) a2

Plugging this into the definition, we see that (interchanging sums and integrals is valid since the sum

converges uniformly),
(o= [ S () e

1

L(5) -k () -

for the polynomial f(z) = Zp_i (%) oL

Now we want to split = f (w) into partial fractions. Let ¢, = e’r bea primitive pth root of unity, and
thus a zero of the denomlnator. For a particular denominator (z — Cg), the numerator will be

F Voo T6) (6
Za ) @G =)~ g It -
- () Caf(C“)
TG 1) Y

Notice that
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Therefore,

(e (ot [ e
()1 [

This integral can be done by using ordinary calculus:
/01 . d_mgg = log (25111?) + %T (1 - 2;n) .
() Ao ) 5 (1-3)
"\p e p 2 p))

e - S (%)

m=1

In particular, at s =1,

Hence,

G

is called the Gauss sum, g,. There are several important facts about Gauss sums that can be found in
[Da, Chapter 2], namely g, = (%) g1; and g2 = (%) p. In particular g; # 0.
Hence, we can simplify our formula even further to

2(1(3)) -2 5 (8) (s o) + 5 (- 2))

a=1

p—1 .
g1 a Tai
=—= E ) (10g (2sin 28 +>,
p (p) < g( p ) p

a=1

where for the last equation we used the fact from Lemma 1.2.12 that ZZ: (5) = 0.

Now we must split into cases depending on whether p =1 or 3 (mod 4).
Case 1. p =3 (mod 4)

In the case, (%) = - (m)’ and sin “)* = sin w. Hence, we get

)R

Now, ZZ;} a is odd and Zz;i (%) a is odd and hence non-zero. Thus our theorem is proved.

Case 2. p=1 (mod 4)

Now we have (9) = (ﬂ) and sin T = — sin =™ Therefore,
p p p p
. _Sin 4¢
L (1, ()) — _gfllognai_aa_
P D [L.zosin -
Notice that
Slnal— H ea;’” —67(;7\% B i p% Hea-;m(lie—Zaﬂw)
N 2i o\ 2
a=0 a=0 a=0
1 pT i a —2ami 1 pT s a
:(22) epZa:D H(l—e P ):<21,> epz O H(I—Cp)
a=0 a=0
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We can make an identical calculation to show that

p—1

am 1 2 m
N AT B SexO @ _ ra
sin = <22> er “azl I | (1 Cp).

a#0 a0

Since —1 is a square, Y ,_na =), na= " p.
Thus combining our last two equations we see that

Ha:D sin % Ha:D(l - Cg) é

Ha;éD Sin% B Ha;ﬂ](l _Cg) B B’

Notice that A and B live in the field Q(¢,). The Galois group of Q((,)/Q is just (Z/pZ)* where a
means the map sending ¢, — (5. The subgroup of squares in (Z/pZ)* is the unique subgroup of index

2 and thus fixes the only field with degree 2 over Q. In fact, since Gauss proved that g% = (_71) p in the
case p =1 (mod 4), this quadratic subfield is none other than Q(,/p). A and B are clearly fixed by this
subgroup. Furthermore they are taken to each other under any non-square automorphism. Therefore,
we must have A = x+y,/p and B = z —y,/p with x,y rational. Notice that since AB = p, 22 —py? = p.
Clearly this implies that y # 0. (Notice that, although Dirichlet did not know Galois theory, Gauss had
constructively worked out the complete Galois theory for cyclotomic extensions Q((p).)

In conclusion, because = + y,/p # = — y,/p, we have shown that

L(l, ()) :7&10gé:7&10gw¢0.
p p B P r—yYp

25



1.3 Riemann and the Functional Equation

1.3.1 Introduction

Euler published shelves and shelves of papers about number theory; Dirichlet is remembered most for his
extensive work in number theory; Riemann, on the other hand, published only a single number theory
paper (On the Number of Primes Less Than a Given Magnitude, which was a mere 7 pages) in his entire
life (which lasted from 1826 to 1866). This paper is packed full of little jewels with hardly a wasted
word. Apart from this paper Riemann was best known for his work in geometry (Riemannian metrics,
for example) and complex analysis (such as the Cauchy-Riemann equations). In fact, it was Riemann’s
outsider’s perspective as a complex analyst which enabled him to have some amazing new insights into
the behavior of primes and of the Zeta function which now bears his name.

1.3.2 Analytically Continuing the Zeta Function

Riemann’s paper has been translated into English by H.M. Edwards and appears as an appendix to
[Ed]. Riemann begins his paper by saying,
“In this investigation I take as my starting point the observation of Euler that the product

1 1
H1,L: ns

where p ranges over all prime numbers and n over all whole numbers. The function of a complex variable
s which these two expressions define when they converge I denote by ((s). They converge only when the
real part of s is greater than 1; however, it is easy to find an expression of the function which always is
valid.” [Ed, p.299]

The important thing to realize is that, unlike Euler in his attempts to extend the zeta function to
negative integers, Riemann had a well-defined notion of what it meant to “find an expression of the
function which always is valid.” From complex analysis we know that, if two functions are complex
analytic and agree on some nice region (one that contains one of its limit points), then they must agree
everywhere that both are defined. Thus, for Riemann, if he can give a complex analytic function which
agrees with ¢ on the right half-plane Re(s) > 1, then this is the only way that this function can be
defined there. Thus we can manipulate the formula for {(s) where it converges and, if at some point we
get a formula which makes sense for more values, we can take this to be the definition of the {-function
without any ambiguity.

For an example of the notion of analytic continuation, see a proof in [L2, Chapter XV §2] of the
analytic continuation of the I'-function, a result which we will assume in this paper along with the
following additional facts about the I'-function.

Proposition 1.3.1. The I'-function can be analytically continued to the entire plane with simple poles
at the negative integers and no zeroes. It satisfies the following properties:

(s + 1) = sT(s) (1.3.1)
O] =sin7s (1.3.2)
I(s) = 2577 3T (1+§>F (521> (1.3.3)

Riemann begins with a slight variant of Dirichlet’s formula that

L(s,x) = 7%5) 01 xi(f)l (log (;))1 da,

where f(z) = 327" x(a)zo 1.
Notice that making the change of variables « — nz in Definition 1.1.16, we get

o0
F(s)n_S:/ e "t .
0
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Summing both sides and interchanging summation and integration (which can be easily justified since
the integral converges uniformly in n), we get

Riemann turns to evaluating this integral by cleverly choosing a complex contour around which to
integrate the function. So, consider the integral

[ e
Vs,e e* =1z’

where v is a contour which begins at 400 and at a distance € above the real line continues until it gets
to real part §, where it makes a positively oriented circle of radius J, stopping just below the real line at
—e and continuing back to +o0o. By (—z)*, Riemann means e*'°2(—2) where we take the principal branch
of the logarithm. Thus, this is not defined on the positive real axis which is why Riemann’s contour
must avoid it. By fv’ we will mean the limit of the integrals f% _ase and § go to 0.

This integral can be pictured better by considering the Riemann surface which looks like a spiral
parking lot and which is the codomain of the many valued function log(—x). Then we can ignore € and
consider s to be the contour which goes from +o0o0 to § away from 0 on the first floor above the origin,
then takes a circle of radius  about the origin ending up on the first floor below the origin and finally
returning to 4+oo on this lower floor.

At this point Riemann simply states the value of this new integral assuming that his reader can
make the derivation independently. I, however, do not find this integral entirely trivial. Riemann’s skill
at estimating integrals occasionally got him into trouble when he claimed that some integral could be
bounded and after his death the method of evaluating them was lost.

So, following [Ed, p. 10], if we take € to be very small with respect to 4, then the integral is extremely

close to, ‘ ,
/H” (—2)° dz +/ (—=2)% dz n /+°°_” (—=2)% dz
tootei €6 —1 2 R s_e; €2 —12z"

First we consider the middle integral. Notice that, if we let the angle # parameterize the circle (i.e.
z = 6¢'%), then % = ¢df. Now define g such that (72 = ¢(0). Thus, the middle integral is just

PE
Ozﬂg(ﬁ)ide. But, so long as s > 1, (;i); stays bounded as z — 0. Therefore, if we take & arbitrarily

small, g() approaches a single value. Therefore, this middle integral vanishes as J goes to 0.
The remaining two integrals are over two different branches of the logarithm. Hence, on the first
branch (—z)* = €!™$2°, while on the other (—z)% = e~*2%. Therefore, the whole integral becomes

—2)5d ) ) 0o s—1
/ ( Z) i — (e’Lﬂ"S _ 67271'3)/ z dx.
N o €e*—1

Combining this with our old formula for {(s), we see that for Re(s) > 1,

B 1 (—2)° dz
¢ls) = 2i sin(ws)T(s) [, e —1 2z

ts) = "y / (2)" dz.

e —1 z

Thus, by Equation 1.3.2,

But the right hand side of that last formula actually gives an analytic function which makes sense
for all complex numbers s with the exception of the pole at 1! To see this, notice that the integral part
is clearly finite because of the rapid growth of e®*. Thus, the formula makes sense with the possible
exceptions of s a positive integer where I'(—s) has poles. We already know that ¢ is happily defined for
all positive integers other than 1 and that it has a simple pole of order 1 at 1. Hence the {-function of
Euler can be uniquely extended to the Riemann (-function, which is a function of a complex variable
and is analytic on the whole complex plane except for the pole at s = 1.
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1.3.3 Proving Euler’s Special Values

Now that we have a definition of the (-function which makes sense for negative values, we can attempt
to verify Euler’s {(—n) = —%. Although Riemann’s notes show that he was aware that his methods
allowed him to answer this question, he omitted this computation from his paper (considering it too far

afield from his immediate goals). (Here we follow [Ed, p. 12].)

By definition,
_Tn+1) [ (=2)"dz
() = o [Y e —1 2

But, since n is an integer, a glance back at our old formula shows that the two branch terms exactly
cancel each other out. Furthermore, from Definition 1.1.13, we get

n! =2k _pdz
((=n) = 2mi s (Z Bkk!> (=2) p}

k=0

n! (<= B P
(=1" 5 (Z kf) /|z|—a(z)m do

k=0

= (—1)”n|B"7+1)' = (-1)" Byt

‘(n+1 n+1

Thus, we have proved Euler’s result on the negative special values. To get the positive even special
values we need to prove the functional equation. Using a few Gamma function identities, we can change
this functional equation from Euler’s form to

Theorem 1.3.2 (Functional Equation, Statement 1).
s—1 : ST
C(s) =T(1 —s)(2m) QSIH(?)C(l —3).

The methods which we have used above give a quick proof of this fact. In Riemann’s own words,

“When the real part of s is negative, the integral can be taken, instead of in the positive sense around
the boundary of the given domain, in the negative sense around the complement of this domain because
in that case (when Re(s) < 0) the integral over values with infinitely large modulus is infinitely small.
But inside this complementary domain the only singularities of the integrand are at the integer multiples
of 27i, and the integral is therefore equal to the sum of the integrals taken around these singularities in
the negative sense.” [Ed, p. 300]

A short calculation, which will be left as an exercise to the reader, shows that this residue sum yields
exactly the functional equation. Instead of dwelling on this, we shall move on to Riemann’s much more
important second proof of the functional equation.

1.3.4 Riemann’s Second Proof of the Functional Equation

Before addressing this theorem, we need a classical lemma. Let 6(z) =, ., e~z be Jacobi’s theta
function.

Theorem 1.3.3 (Functional Equation of the Theta Function).
1 .
0 (—) =v—iz0(z).
z

Proof. Let f.(z) = e~z A simple calculation shows that fz(y) = %e‘imﬁ/z. The theorem follows

—1z

immediately from the Poussin summation formula. O
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Riemann noticed that the functional equation of the zeta function could be written in a much more
symmetric form using some I' function identities. Namely, by Equation 1.3.2 and Equation 1.3.3,

C(s) = T(1 — 5)(2m)* 25in (%”) C(1—s)

. DI\ (1 - %) r <521> 2Sw8*1§r (1+ %) r (1 - %) C(1—s).

Rearranging terms and replacing s with 2s, this is equivalent to

Theorem 1.3.4 (Functional Equation of the (-function, Statement 2).

P(s)r=¢(2s) =T (; - s) abHc(1 = 29).

Proof. (Riemann’s original proof appears in [Ed, pp. 300-301].) This time we take the definition of the
Gamma function and make the change of variables x — n’m2 to get

o0
_ _ 2 dl‘
n"%x SF(S):/ e TS —,
0

X

Again we sum over all n and use uniform convergence to interchange sum and integral to get
1 d

C(28)m5T(s) = / 5 (0i) - 3] et

0

T

Now we can apply the lemma to the right hand side:

C(25)7T(s) = /Ooo %(9(@;) - 1)xs%x :/O %(e(m) _ 1);55%:” +/1°O %(9(@) _ 1)x8‘ii”

_ /loo S 01 /i)~ 1) /100 S (0(ir) — 1

= /loo %(x%e)(m) - 1):,73%” /100 %(e(m) - 1):58%‘”

:/100 S 0(iz) ~ Dd 12t 100 et )@
=—2(;_8)—218+/100;(9(ix)— )(x%—wa)df.

Notice that the right hand side is defined and analytic for all of C except for simple poles at s = 0
and s = % Thus we have given another analytic continuation of ¢ to the complex plane except for s = 1
(the pole at 0 coming from the I" factor). But more importantly, this formula is clearly symmetric under

the change of variables s — % — s and our theorem is proved. Making the change of variables back from
25 — s, we see that the completed (-function 77%/2T'(s/2)((s) is symmetric about the line Re(s) = 1/2
and only has poles at s =0 and s = 1. O

At this point, we have gotten through about two and a half pages of Riemann’s paper. In the rest

of the paper, he outlines a program for proving the prime number theorem, m(x) ~ @, by rewriting
m(z) in terms of ¢. In particular, his argument suggests that the prime number theorem is equivalent
to the claim that the ¢-function has no zeroes on the line Re(s) = 1. However, all of these results and
wonderful ideas are well beyond the scope of this paper. Hence we shall leave Riemann having just taken
his functional equation. For more details see [Ed] or [Da, Chapters 8-13].

One last gem from this paper: on the bottom of the third page, Riemann makes his famous conjecture
(that the zeros of the completed (-function lie on the line of symmetry Re(s) = 1/2) with the following
remark:

“One would of course like to have a rigorous proof of this, but I have put aside the search for such
a proof after some fleeting vain attempts because it is not necessary for the immediate objective of my
investigation.” [Ed, p. 301]

I suppose we should be thankful that he put these vain attempts aside or perhaps the rest of his
paper would never have seen the light of day.
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1.4 Dedekind (-functions and Hecke L-series

1.4.1 Introduction

During the course of the 19th century, the focus of number theory broadened from the study of the
integers to the study of other rings which had properties reminiscent of the integers. In particular, when
studying biquadratic reciprocity, Gauss introduced the notion of the Gaussian integers Z[i] = {a + bi :
a, b € Z}. He proved that this ring shares many important properties with the integers. Over the course
of the century, this idea was further generalized to the notion of a “ring of integers.”

Definition 1.4.1. A number field is a finite algebraic extension of Q.

Definition 1.4.2. If K is a number field, we say that one of its elements is an algebraic integer if it is
a root of a monic polynomial with integer coefficients. The set of algebraic integers in K will be denoted
Ok and will be called a “ring of integers.” (To see that this is a ring see [J, pp. 4-5]). Henceforth,
we shall refer to algebraic integers as simply “integers” and use the term “rational integers” to denote
elements of Z.

Dedekind realized that one could define an analogue of the (-function for each of these rings of
integers. Dedekind lived from 1831-1916. He was Gauss’s last Ph.D. students, and a friend of our
previous heroes Dirichlet and Riemann. He is perhaps best remembered for rephrasing Kummer’s theory
of ideals in its modern form.

Years later, in 1917, Hecke (1887-1947) proved that Dedekind’s ¢-function could be analytic continued
to a meromorphic function on the whole plane except for s = 1 and s = 0 and that the completed (-
functions had a functional much like Riemann’s functional equation for his (-function. In his attempt
to further generalize his ideas, he defined Hecke’s L-functions, which are a common generalization of
Dedekind’s (-functions and Dirichlet’s L-functions. Hecke was also able to give an analytic continuation
and functional equation for these L-functions. Although we have neither the time nor the space to repeat
Hecke’s proof, we will at least state his key results.

1.4.2 Unique Factorization and Rings of Integers

The key fact about the Riemann {-function which gives it a connection to number theory is the existence
of an Euler Factorization. This, in turn, depends on unique factorization in Z. Thus, before we can give
a definition of the (-function for a ring of integers O, we must first explore whether such rings have
unique factorization into primes.

First, let us consider the special case Z[i] = Og(;. We say that an element 7 of Z[i] is irreducible if
whenever m = af either « or § is a unit. In order to show that every element o € Z[i] can in fact be
written as a product of irreducibles we would like to use descent, but this requires some notion of size.
Therefore, we define the norm N(a + bi) = a® 4+ b? = (a + bi)(a — bi). This norm is multiplicative and
Na > 0 with equality if and only if o = 0. Furthermore, since it is multiplicative, we can easily see that
if w is a unit iff Nu = 1.

Proposition 1.4.3. Every nonzero Gaussian integer can be written as a product of irreducibles (where
units are considered an empty product of irreducibles).

Proof. If this statement were false, we could take a with minimal norm under the condition that it is
not a product of irreducibles. But then a = gy with N3, Ny > 1. Hence, since Na = NGN~ we
have Na > N3, N~. Therefore, by assumption, 3 and « are products of irreducibles, this is clearly a
contradiction. O

Uniqueness of this factorization follows from the following version of the division algorithm,

Proposition 1.4.4 (Gauss). For any Gaussian integers o and 3 # 0, there exists ¢ and v in Z[i] such
that
a=p0q+r where Nr < Nf.
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Proof. Consider § € Q(i). Clearly, this must lie in some lattice square in the complex plane. Thus, it

must be within g of a lattice point. If that lattice point is the gaussian integer ¢, then we can multiply

2
by 8 to get a = Bq + r with Nr < (%) NB < NB. A priori, 7 € Q(7), but, since r = a — fq, it is
actually in Z[i]. O

Thus, by a standard argument (see [B-S, Section 3.2.2] for example), the existence of a division
algorithm implies:

Theorem 1.4.5 (Gauss). Any non-zero Gaussian integer can be written as a product of irreducibles
uniquely up to order and unit multiples.

Thus, we can attempt a definition of a (-function for the Gaussian integers. First, we notice that in
the integer case we only summed over the positive integers. Thus, in the case of the Gaussian integers, we
should remember to keep in mind that each non-zero Gaussian integer has four different unit multiples.

Definition 1.4.6. For Re(s) > 1, let

Czpiy () = i Z N(a)™® = H 1_;17

a€Zi]—{0} ™ N7s

where [, means a product over all irreducibles but counting each set of unit multiples only once. (To
see that this sum converges for Re(s) > 1, simply write « = a+bi and bound the partial sums by a double
integral.)

A similar argument proves unique factorization for Z[v/—2] = Og(y=2), or Z[% + %\/ -3l = Og(v=3)-
However, if we tried to use the same argument for Z[v/—5] = Og(,/=5 this argument would fail miserably

because the space between elements of Z[/=5] is simply too large. In fact, unique factorization fails in
this ring of integers. For example, 6 = 2-3 = (1 + /—5)(1 — v/=5) has two factorizations as a product
of irreducibles. (To see this, notice that 2 = «f implies N«|4 which is impossible, and similar for the
factors.)

In order to fix this problem of non-unique factorization Kummer (a number theorist who lived from
1810-1893) proposed adding to our usual irreducibles additional “ideal primes” which would restore
unique factorization. In the above example, 6 would be a product of four ideal primes which could
be grouped differently to give the two expressions above. Kummer noticed that the an irreducible a
would have to factor further when O/a contains a zero divisor b. In this case there must be a composite
homomorphism from O — O/a — (O/a)/b. Thus Kummer proposed that there be an ideal prime
corresponding to every homomorphism from O to a finite field. (For Kummer’s original ideas see his
letter [Ku, Vol. 1, p. 64-68] and the article [Ku, Vol. 1, pp. 211-367].) Dedekind, in his paper Uber
die Anzahl der Ideal-Klassen in den verschiedenen Ordnungen eines enlichen Korpers. [De, Vol 1, p.
105], rephrased Kummer’s notions in terms of the much more convenient modern notion of an ideal.
Kummer’s plan is justified by the following remarkable theorem,

Theorem 1.4.7 (Kummer). If Ok is a ring of integers, then each of its non-zero ideals a can be
written uniquely as a product of prime ideals.

(For a 19th century proof of this theorem see [Hi, §5], for a modern proof see [J, Chapter I, Theorem
3.14].)

Sometimes we would like to make the set of all non-zero ideals into a group. To do this, we define a
fractional ideal as an abstract quotient of two ideals. This gives a group (which we denote Ix) which is
free abelian generated by the prime ideals. It will also be useful to be able to write all ideals in terms
of the principal one. To this end we make the following definition.

Definition 1.4.8. Let Px denote the principal fractional ideals, that is to say fractional ideals which
are abstract quotients of principal ideals. The ideal class group of K is Clg = Ix/Pk.

Theorem 1.4.9. Clk is a finite abelian group.
Proof. See [J, Chapter I, Theorem 13.8] or [Hi, Theorem 50]. O

The size of the ideal class group is called the class number.
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1.4.3 The Norm and the Trace

In order to generalize our definition of the (-function we need to generalize the norm to elements of a
general ring of integers, and to the norm of an ideal of a ring of integers.

Definition 1.4.10. Consider K a number field and o« € K. Let L be the Galois closure of K. Let
G = Gal(L/Q) and H = Gal(L/K). The cosets G/H correspond to the embeddings of K into L which
fix Q. We define

Na = H o).

oceG/H

Since the norm is clearly fixed by Gal(L/Q), the norm must be rational. Furthermore, if o € O,
then N« is an algebraic integer (and thus a rational integer).

Definition 1.4.11. If a is a non-zero ideal in a ring of integers Ok, then define

Na = H o(a).

ceG/H

Both of these definitions clearly define multiplicative functions. Furthermore, if (a) is a principal
ideal, then N(a) = (Na).

Both of these notions can be generalized further to the notion of a relative norm. Suppose L/K is
an extension of number fields. Let M be the Galois closure of L. Again, we take G = Gal(M/K) and
H = Gal(M/L). Thus, G/H is identified with the embeddings of L into M which preserve K.

Definition 1.4.12.

Np/jga = H o(a).
ceG/H

Again we see that Na € K and sends integers to integers. Similarly, if a is an ideal we define

NL/KCI: H O'(Cl).

oceG/H
Lastly, we will occasionally require the related notion of the trace.

Definition 1.4.13.
Trp ko= Z o).

oceG/H

Again we see that Tra € K and sends integers to integers. Similarly, if a is an ideal we define

Trp ko= Z o).

oceG/H

The norm is obviously multiplicative while the trace is additive. Furthermore, both the norm and
trace behave well in towers. By this we mean that if one has a tower of field extensions L/M/K, then
Ni/x = Nyyx Npyy and Trp e = Tra e Trp e

It is worth noting that the trace and norm of an element can also be defined as the trace and
determinant respectively of the K-linear transformation A, from L — L given by multiplication by «.
To see this, look at terms in the characteristic polynomial of an element corresponding to the determinant
and the trace (cf. [J, Chapter I, Theorem 5.3]).

Proposition 1.4.14. If a € Ok, then |[Na| = |Ok/aOk|. If a is an ideal in Ok then |Na| = |Ok/al.

Proof. Since aOk is a lattice in O, the number of elements in the quotient space is just the volume of
the fundamental parallelepiped. That is to say, |Ox/aOk| = | det(Ay)| = |Nal. For an ideal the proof
is more difficult, cf. [J, Chapter I, Proposition 8.4]. O
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1.4.4 The Dedekind Zeta Function

The results from the last section allow us to give Dedekind’s definition of the (-function associated to a
number field. Dedekind first gave this definition in [De, P. 118].

Proposition 1.4.15. If K is a number field then the series

(k(s)=) Na™*
a
(where a here as always ranges over all nonzero ideals of Ok ) converges for all Re(s) > 1. Furthermore

in that domain,
1
Ck(s) = 1;[ T-Np=

(here as always p ranges over all nonzero prime ideals of O ).

Proof. We go about this proof backwards, first showing that the product converges and using that to
show that the sum converges.

First, we claim that if n = [K : @Q], then there are at most n prime ideals of Ok dividing a
rational prime p. From the definition, Np = p™. But, (p) factors uniquely as a product of prime ideals
p =Py ...pe. Thus, k is the number of primes sitting above p. Since Np,|p™ and is bigger than 1, we
must have Np; > p. Therefore, p” = Np = Np, ... Npg > p*.

Therefore,
H 1 - 1 "
1— Np—s 1—p—s '

plp

Therefore, since we already know that the Euler product for the (-function converges in this right
half-plane, we get the same result for this new Euler product.
Now we notice that, by unique factorization into ideals,

B 1

a: Na<n p: Np<n
Therefore, since the product converges, the sum must too, and they converge to the same value. O

Lastly, before moving on, we should note that Dedekind’s {-function tells us about the distribution
of prime ideals in Ok in much the same way as Riemann’s (-function told us about the distribution of
primes in Z.

1.4.5 Hecke’s Groflencharakters

Now we turn our attention to generalizing Dirichlet’s L-series. The major hurdle in doing this is that,
in order to get Euler factorization, these characters should be functions of ideals not elements. Even in
Z this presents a problem. If x is an odd Dirichlet character modulo m (that is to say x(—1) = —1),
then x is not a well-defined function of an ideal because (—a) = (a) but x(—a) # x(a). In this case, we
can easily fix this problem by telling the function to take into account the sign of the number. That is
to say, if x(—1) = (—1)?, we have the function on ideals given by,

(@) =@ ().

lal

In order to generalize this notion, suppose m is an ideal of Ok, and we have a character x; of the
abelian group (O /m)*. Let I be the set of all fractional ideals which are relatively prime to m. We
would like to find characters It — S' which agree with ys in a manner similar to the correspondence
in the last paragraph for Z.

Suppose K = Q(v/2). Here the problem is that we have an infinite number of units. It is a relatively
simple exercise to show that all of the units are of the form 4-(1 4 1/2)" for some integer n. So we need
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to take x s and twist it by some factor which cancels out the contribution of the units. Furthermore, we
would like this factor to look vaguely like that (ﬁ) sign factor which we found for the Z case.

In Q(V/2) since we cannot algebraically distinguish /2 from —+/2 we could define the sign of an
element in two different ways. For example, although 1 + /2 is positive, if we had chosen the other
value, then we would have found that 1 — /2 is negative. So, we have two absolute values |- |; and |- |
and for each of them we get a possible sign. This suggest an additional factor of the form,

) ()

In fact, since —1 is negative in both embeddings and 1 + /2 is positive in one embedding and negative
in the other, it is easy to see that for some choice of p1, ps we can get this twisting factor to cancel out
the annoying contributions from the units.

In general, a number field K can be embedded into the complex numbers in n = [K : Q] different ways.
Some of the images of these embeddings are contained in the reals and will be called real embeddings.
Others cannot be, and since complex conjugation is an automorphism of C these embeddings will come
in pairs of distinct conjugate complex embeddings. Suppose that K has rq real embeddings and r, pairs of
complex embeddings (thus r1+2r2 = n), then we can define an embedding from K* — (R*)™ x(C*)™ =
G. Since OIX< — G, any character of the units will come from a character of G. Thus our above examples
both fit into the following definition.

Definition 1.4.16. If Ok is a ring of integers in which every ideal is principal, then x : I® — S is a
Hecke Groffencharakter modulo m if it can be written in the form x((a)) = xr(a)xoo(a) where xs(a) is
a character of (O /m)*, and X is a character of G.

Now suppose Of is a ring of integers in which not every ideal is principal. In order to define a
Groflencharakter in this context we need to add another factor which extends the above definition to
non-principal ideals. This is where the notion of the ideal class group is helpful. To define a character
on the whole ideal group, we just need to know what it is on the ideal class group together with what
it is on the principal part.

Definition 1.4.17. Consider Ok is a ring of integers, with class group Ix/Px = {ai1,...an}. Then,
x ¢ I® — S'is a Hecke Grifencharakter modulo m if it can be written in the form x(a;(a)) =
Xei(@i)xr(a)xoo(a) where xo is a character of CI(K), xf(a) is a character of (O /m)*, and X s a
character of G.

1.4.6 Characters of (R*)™ x (C*)™

During the rest of this section we roughly follow [N, §6 and §8]. Before turning our attention to the
L-series associated to these Grofliencharakter, we first take a slight detour to find an explicit description
of the characters of G. This will give us a very good handle on the Groflencharakter since the other two
components are simply characters of finite abelian groups.

Proposition 1.4.18. If x is a character of G, then

71 Pe r2 p/
Xy ; 2 7 ”
X(X1y ooy Ty 21y e v ey Zry) = | I (|W|) || I | <zj|) |2;]*%,
4 J

=1 j=1
where the py’s are either 0 or 1, the p;» ’s are integers and the q’s are all real numbers.

Proof. First, notice that since z = ‘7””‘|x|, we can split up R = {£1} x RT and C = S* x R*. So, we can
reduce the problem to finding all characters of {#1}, S, and R*.

The characters of {£1} are clearly given by either raising to the zeroth or first power. Also the
characters of S! are well known to be given by raising to integer powers.

This only leaves showing that the characters of RT are given by raising to a purely imaginary power.
To see this, notice that the logarithm gives an isomorphism between R under multiplication and R
under addition. The characters of the latter are given by e?¥ for some real y. Hence, the characters of
the former are in the form e?!°8" = ., O
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1.4.7 Hecke L-Functions
Now we can finally give a definition of a Hecke L-function.

Definition 1.4.19. If x is a primitive Gréfencharakter (that is to say x ¢ does not factor through Ok /o
for any d|n), then we define, for Re(s) > 1,

s 1
L(s,x) = Xa:x(a)Na = ];[ T

(Here convergence is obvious from the convergence of the Dedekind (-function. If x is non-trivial it
actually converges conditionally in a larger halfplane.)

The crucial fact about these L-functions is that they have an analytic continuation and functional
equation. Hecke’s proof of this fact is a generalization of Riemann’s second proof. Hecke defined much
more complicated #-functions and showed that their Mellin transforms were Hecke L-series times a factor
involving the Gamma function.

In order to state this function equation we will need to define the discriminant of a number field and
we will need to write down the appropriate I'-factor.

1.4.8 Discriminants

Consider an extension of number fields L/K, with n = [L : K]. Suppose that (aq,...,a,) is a basis for
L as a K-vector space, and that {0} ...0,} are all the embeddings of L into C which agree with some
fixed embedding of K (if L/K is Galois, this set is identified with the Galois group).

Definition 1.4.20. The discriminant 0(au, ..., o) s the determinant of the matriz (o) .
The important properties of the discriminant are summarized in the following proposition.

Proposition 1.4.21.

1.
O ko, ..., o) = det((Trp i (aiey;))ij)-
2. If A is some linear transformation of L as a K wvector space, and (B1,...,0,)" = Aoy, ..., an)t,
then
DL/K(ﬂh s 7/87L) = (det A)2DL/K(Q17 te ,Oén).
Proof. The second of these claims is clear. For the first, see [N, p. 11]. O

By part 2 of Proposition 1.4.21, we see that if (a1Z+. ..+ apZ) = Of, then the discriminant does not
depend on this choice of basis. Therefore, we can define the discriminant 97,5 to be the discriminant
of any Z-basis for the ring of integers. Furthermore, since the trace of an integer in L is an integer in
K, by part 2 of Proposition 1.4.21, we see that the discriminant 07,/ € Ok . This discriminant has the
following important property:

Proposition 1.4.22.

[L:M]

0/ = (On/K) Ny (ryar)

Proof. For a proof see [N, Corrollary 2.10] or [Hi, §15]. O

1.4.9 The Gamma Factor

Definition 1.4.23. Using the same notation as Proposition 1.4.18, if x is a Hecke Grdfiencharakter,
then Hecke defined the I'-factor corresponding to this character to be,

‘L (stpp—iag) — 2 .
Loo(x,s) = H w*%l“ <(s * pg lql)) H 2(2%)*(”?1'*%‘)“3 + p;v — zq;)
=1 j=1
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1.4.10 The Functional Equation of the Hecke L-function

We need one last notion before we can state Hecke’s functional equation and that is the notion of a
conductor. Consider x a Groflencharakter modulo m with finite part xy. Xy need not be a primitive
character of (Og/m)*. If it were not primitive then it would factor through (O /a)* for some ajm. If
it factors through (Ok/a;)* and (Og/az)*, then it would have to factor through (Ox/ged(ay,as))*
So, we can define the conductor f(x) to be the smallest of these a.

For example, if K = Q and m = 8, then we are looking at characters of the group (Z/8Z)*. Such a
character is defined by where it sends 3 and where it sends 5. So, let x; ; be the function which sends 3
to ¢ and 5 to j (i and j are both either £1). x11 is clearly trivial. Thus its conductor is 1. x7,_1 and
X—1,—1 do not factor through (Z/4Z)* since 5 is not in their kernels, and thus their conductor is 8. In
the remaining case, x_1,1 it is easy to see that it factors through (Z/4Z)* but not (Z/2Z)*. Therefore,
it has conductor 4.

Any Grofencharakter modulo m corresponds to a unique Groflencharakter modulo f(x). However,
the Euler factorization of their L-functions will differ by finitely many terms. In the case of the integers
we already saw this when we noticed that the Dirichlet L-series of the trivial character modulo m differed
by a finite number of Euler factors from the Riemann (-function. To fix this problem, for non-primitive
Groflencharakter we change our definition of the L-function slightly.

Definition 1.4.24. If x is a Griffencharakter modulo m then we define its Hecke L-series to be the
Hecke L-series of the corresponding primitive character modulo f(x).

Theorem 1.4.25. Suppose x is a Hecke Grifiencharakter of K modulo m. Consider the extended Hecke
L-function,

This extended function A has a meromorphic continuation to the entire complex plane, which is holo-
morphic everywhere (except for two simple poles in the case that X is trivial, X is trivial, and all the
p’s and p'’s are 0). Furthermore, it satisfies the functional equation

A(X’ 3) = G(X)A(Xv 1- S)v

where |e(x)| = 1 and x(a) = x(a).

Proof. For the original proof of this theorem see [He, pp. 178-197], for another exposition along the
same lines see [N, Chapter VII]. A completely different approach to this theorem was developed by Tate
in his thesis [C-F, Chapter XV]. For the special case of a Dirichlet L-series see [Da, Chapter IX]. O
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1.5 Frobenius, the Frobenius Automorphism, and Group Rep-
resentation Theory

1.5.1 Introduction

In this section, we discuss two ideas which at first glance have nothing in common. Historically, however,
there is a strong connection: both of these concepts first appeared in papers of Frobenius published in
1896. Surprisingly enough, as we shall see later, there is an important mathematical connection between
these two concepts since the combination of these two notions will be exactly what we need to further
generalize the notion of an L-function.

Frobenius lived from 1849-1917. First we shall look at the question from number theory of how a
prime ideal in one ring of integers factors in some extension to another ring of integers. One of the most
important concepts in understanding this question is the notion of the Frobenius automorphism which
one can attach to a prime. Although the paper in which Frobenius defined this automorphism [Frob,
Vol. II, p. 719] was not published until 1896, its contents were well known for almost two decades
before that and Frobenius was simply waiting on Kummer’s publication of his ideal theory. Secondly, we
shall turn our attention to the subject of group representation theory which was pioneered by Frobenius
[Frob, Vol. III, pp. 1-77] (along with Molien and Burnside, among others). Here Frobenius generalized
the notion of a group character to non-abelian groups.

1.5.2 Factoring Primes in Extensions

Suppose we have an extension of number fields L/K and a prime ideal p of the ring of integers Ok.
Let n be the degree [L : K]. We know, by Theorem 1.4.7, that p factors uniquely into prime ideals in
Opr. Our goal in this section is to get more information about how these primes factor. (For another
exposition of this material see [Se2, Chapter 1 §4].)

In particular, suppose that p = [, B;". We would like to know more about the 9;, for example,
what are their norms? Since the norm is multiplicative,

p" = Np/rp = HNL/K‘B?- (1.5.1)

Therefore, by unique factorization into ideals, we must have that each of the individual norms Ny, *B; =
pfi for some positive integer f;.

Definition 1.5.1. If B is a prime in Op dividing a prime p in Ok, then we define ep/, to be the
highest power of B which still divides p, and fg,, to be the exponent which makes Ny, kB = pfe/e
These numbers are called the ramification degree and the residue field degree respectively.

As we shall often discover, the primes which ramify are much less convenient than the primes which
do not ramify. Fortunately, there are only finitely many ramifying primes as we can see by the following
theorem.

Theorem 1.5.2. A prime ramifies in an extension L/ K exactly when it divides the relative discriminant
0L /K-

Proof. For a 19th century proof see [Hi, Theorem 31] and for a more modern proof see [J, Chapter I,
Theorem 7.3]. O

Proposition 1.5.3. If we have a tower of fields M/L/K, and B a prime in M, with ¢ = PN Oy, and
p= q3 NOk.

1. eq/peqp/p = €q/p-

2. faspfese = fase-

Proof. The first of these equations is clear. The second follows immediately from the property of norms
in towers. O
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Furthermore, we have from Equation 1.5.1

Proposition 1.5.4.

> eq/pfysp =n.
PBlp

The numbers fq/, also have another interpretation which justifies the name “residue field degree.”
Let by = O /P and k, = O /p. Since (Ox N*P)|p, we actually must have equality. Therefore, ly is a
field extension of k.

Proposition 1.5.5.
f‘n/p = [ﬁfp : k'p].
Proof. By definition, N,/ P = pfe/e . Now take, N g of both sides,

|ep| = NijoB = Nicjgp'™/v = [kp |77,

Therefore,
V‘ﬁ : kp] = 10g\kp\ |Zm| = fip/p~
O

Now we turn our attention to the special case of L/K a Galois extension with G = Gal(L/K). Notice
that since G fixes the base field, G' acts on the set of primes ‘J3; sitting over a given prime p. Clearly e
and f should be well-defined on each orbit of this action.

Proposition 1.5.6. G acts transitively on the set of *B;.

Proof. NB, = pf1. So, for any 4, ; divides p which in turn divides N,. But the norm is the product
over all the conjugates. So by unique factorization into prime ideals we must have that 3; is one of the
Galois conjugates of N3, and so Galois group acts transitively. O

Since the Galois groups acts transitively we see that we actually have a well-defined e, and f,.
Therefore, Proposition 1.5.4 becomes,

Theorem 1.5.7. If g, is the number of distinct primes dividing p in Or, then

ep fogp =N

O
Since all the other parts of the efg-equation are multiplicative in towers, we also must have that g
is multiplicative in towers.
One method of finding the way which a prime factors in an extension was given by Kummer.

Theorem 1.5.8 (Kummer’s Theorem). Suppose we have an extension of number fields L/K with
L = K(«), where « is an integer with minimal polynomial f(z). Suppose that p is a prime in L which
factors as p = Hle Pt where P; has residue field degree f;, then we also must have that f(x) =
Hle gi(x)¢ (mod p) where g;(z) is an irreducible polynomial modulo p of degree f;.

Proof. See [J, Chapter I, Theorem 7.4]. O

1.5.3 The Decomposition and Inertia Groups, and the Frobenius Automor-
phism

Now we get to the point where the important idea of Frobenius comes into play. With L/K still Galois,
we fix some particular prime ‘B sitting over p. Recall from the last section that we have the residue field
extension foy /Ky of degree fg/p.

Definition 1.5.9. Let Gy be the subgroup of G which fizes the prime ideal 3. This is called the
decomposition group of B.

38



Since the Galois group acts transitively on the primes there are g different primes, |Gg| = % =ef.
Clearly we have a map from G — Gal({y3/ky). The kernel of this map is called the inertia group. We
wish to show that this map is actually surjective. In order to do this we need to find the structure of

Gal(¢/k).

Lemma 1.5.10. Suppose Fy is a finite field with ¢ = p™ elements. Then Gal(F,/F,) is generated by
the Frobenius automorphism ¢ defined by o(x) = zP.

Proof. That ¢ actually is an automorphism follows from the binomial theorem. By Fermat’s little
theorem it fixes IF},. To see that ¢ generates the entire group, we need to show that it has order m which
is the size of Gal(F,/F,). Suppose ¢ has order k. Then the polynomial 2P" — z has p™ solutions in F,.
Therefore m < k. Hence ¢ must have order m. O

Proposition 1.5.11. Gal({y/ky) is a cyclic group generated by the Frobenius automorphism attached
to the prime P g /p(x) = VP,

Proof. Since we know that Gal(¢y/F),) (where p = PNZ) is cyclic and generated by ¢(z) = P, Gal(¢/k)
has no choice but to be the unique subgroup with [y : k]| elements, generated by plFe:Fr] - Since the
norm is the same as the number of elements in the quotient ring, this generator is clearly the map which
sends z — VP, O

Proposition 1.5.12. There exists an element of the decomposition group which maps to o /,. By abuse
of notation, this element of the quotient group Gs/Iyp will also be called the Frobenius automorphism
attached to B and be still be notated pg,,. By Proposition 1.5.11 this implies that the map Gy —
Gal(lop [ky) is surjective.

Proof. (We follow Hilbert’s proof [Hi, Theorem 69]. For Frobenius’s original proof see [Frob, Vol. 2,
pp. 719-733]. Unfortunately this simple proof seems to have been lost and most proofs in modern texts,
e.g. [J, Chapter III], are much more complicated.) By the Chinese Remainder Theorem and the fact
that the multiplicative group of a finite field is cyclic, we can choose a to be a generator of the unit
group Or, /%P which is divisible by all the Galois conjugates of P. Let

F(z) =[] (z - oa).

ceG

Clearly F'(a) =0 (mod ‘B). But then, because raising to the Np is an isomorphism of the quotient ring,
F(@™) = F(a)™ =0 (mod P).

Hence, we must have for some o € G, ca = a™?. Suppose o were not in the decomposition group. Then
we have o1 # P, so by the choice of a, a = 0 (mod ¢~ "B). This would imply, ca = 0 (mod B)
which is a contradiction. Therefore this automorphism lies in the decomposition group. Therefore, its
behavior in the whole ring of integers is determined by its behavior on the quotient field, and since a is
a generator we actually get that ob = 6P (mod ) for all b. O

Therefore, we have an isomorphism, Gy /Iy — Gal(fy/kp). Comparing sides, we see that |;£ =1
Therefore the size of the inertia group gives you the ramification degree. In particular if 3/p is unramified
(that is to say e = 1), then the Frobenius automorphism corresponding to 8 can be thought of as an

element of the Galois group.

Proposition 1.5.13. If PB/p is unramified in the extension L/K, then the Frobenius automorphism
attached to P has order f in the Galois group G.

Proof. This follows immediately from the fact that the size of the decomposition group isef = f. [

In particular, a prime splits completely (that is e = 1, f = 1, g = n) exactly when its Frobenius is
trivial.
Lastly we summarize a few more properties of the Frobenius and the decomposition group.
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Proposition 1.5.14. 1. If oPo~t =P’ are two primes sitting above p, then Gy = cGypo™!, and
g = oppo . In particular if G is abelian, then the Frobenius does not depend on the choice of

Blp.

2. Suppose M is an intermediate field so that K C M C L, and q =B N Opr. Then, op/q = <p$‘//;.

3. Again we take an intermediate field M, this time with M /K Galois. Then g, restricts to an
element of Gal(M/K) by forgetting its action on L. This restriction is ©qy,.

4. Suppose L and M are both Galois over K, and furthermore there composite ML is also Galois
over K. Then we have a map Gal(ML/K) — Gal(M/K) x Gal(L/K) given by restriction in each
component. This map sends the Frobenius of some prime P in Oy to the Frobenius in each
component of the prime we get by intersecting with the appropriate ring of integers.

Proof. All of these are straightforward applications of the definition. For a proof see [J, Chapter III] O

1.5.4 The Frobenius Density Theorem

Just as we asked before whether there were infinitely many primes which were 1 modulo m, another
logical question to ask is whether there are infinitely primes in Ok which have some particular e, f, and
¢ in the Galois extension L/K. Frobenius realized that his automorphism gave him the tools he needed
to attack this question. Before stating his result we need the notion of Dirichlet density.

Definition 1.5.15. Suppose S is a set of primes in a number field K. Then the Dirichlet density is
defined to be (if it exists)
Cpes N(B) ™)

g N(B)™)

Obviously, the Dirichlet density of the set of all primes in the ring of integers is 1, and the Dirichlet
density of any finite set is 0. Furthermore we notice that up to a bounded error term the denominator in
the definition of Dirichlet density is the logarithm of the Dedekind {-function. We showed in Section 2
that log (g(s) = —log(s — 1) + O(1) because lim, .1+ (s — 1){g(s) = 1. It turns out that a similar result
is true for a general Dedekind {-function.

(5(5) = limsﬁl

Proposition 1.5.16. If K is any number field, there exists some constant c

lim (s —1)((s) =c.
i (5~ 1)¢(s)
Proof. In fact ¢ has a nice formula in terms of the class number and some other invariants of the number

field. Unfortunately the proof of this fact is beyond the scope of this paper. For a proof see [J, Chapter
IV, Theorem 2.12]. O

Therefore, by the usual argument,
s 1
;N(‘B) :1og1;[w +0(1) = —log(s — 1) + O(1).

So we can conclude that the Dirichlet density of S is 6(.5) iff

lims—1 Y N(P)™* = —6(S)log(s — 1) + O(1).
Pes

Furthermore, it is true that if the usual density of a set of primes exists, then so does the Dirichlet
density and they are equal. The converse, however, is not true.

Frobenius conjectured that the primes would be no more likely to have one Frobenius automorphism
than any other one. We should pause for a moment to make sure this makes any sense. For one thing
ramified primes do not have a well-defined Frobenius automorphism in the Galois group. But since
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there are only finitely many such primes the set of ramified primes has density zero. Furthermore the
Frobenius attached to a prime in the base field is only determined up to conjugacy in the Galois group
since we could choose a different prime sitting above it. Keeping these two facts in mind, Frobenius
made the following conjecture:

Conjecture 1.5.17 (Chebotarev’s Density Theorem). Consider the conjugacy class [o] € G =
Gal(K/k). Let S be the set of primes in k with primes sitting over whose Frobenius automorphism is o.

Then, §(S) = %

Although Frobenius was not able to prove this general result, he was able to give a proof of a weaker
result which says something much more awkward about the distribution of primes among certain subsets
of G. Since Chebotarev eventually proved this conjecture of Frobenius, Frobenius’s weaker theorem has
been largely forgotten. This is unfortunate since the Frobenius Density Theorem is just as useful as
Chebotarev’s Theorem in many cases and is far easier to prove.

Definition 1.5.18. Let o be an element of order m in a group G. The division of o is the collection of
all elements in G which are conjugate to some o* with k and m relatively prime.

Being in the same division is clearly an equivalence relation and so we can partition any group into
its divisions.

Theorem 1.5.19 (Frobenius Density Theorem). Let D be a division of G = Gal(K/k), and let
S be the set of primes in k with primes sitting over them with Frobenius automorphism in D. Then

() = |DI/IG].

Proof. (This proof is taken largely from [J, Chapter IV, Theorem 5.2][5] and is also copied verbatim
from [Sn] by the current author.)

First we note an elementary lemma from group theory. If o is an element of order m in GG then the
number of elements in the division of o is ¢(m)[G : Ng({o))] (where ¢ is Euler’s totient function and
N¢(H) is the normalizer of a subgroup G). For a proof of this fact see [J, Chapter IV, Prop. 5.2].

Now we proceed by induction on m the order of o. The base case is relatively easy, which is
remarkable considering that for most of the applications this is the only part of the theorem which we
will use. (Again, it is worth remembering that we have used some non-trivial results about the Dedekind
¢-function and so this is not quite as easy as I've made it out to be.)

For m = 1 we have that ¢ = 1, so S is the set of primes of k£ which split completely in K. Consider
S* the set of all primes in K sitting over S. For each prime p € S there are exactly (K : k) = |G|
distinct primes in S* with norm p. So,

> Niio@) " = Y NiuoNgw(®) ™ =G> Nijglp) ™"

Pes= Pes pes

Now the set S has density 1, since the sum over primes with residue field degree more than 1 looks
essentially like log ¢(2s) which is finite at 1. So this equation tells us that the Dirichlet density of S must
be 1/|G|, which is exactly our base case.

The induction step is mostly a bunch of group theory combined with some elementary facts about
the Frobenius automorphism. So assume that the order of o is m > 1. For each d|m let ¢4 denote the
number of elements in the division of o¢. Let S; be the set of primes of k with Frobenius automorphism
belonging to the division of ¢ (notice S = S;). By induction we know that for d # 1 the Dirichlet
density of Sy is t4/|G].

Let L = K{°). Now, by an elementary result, the primes p of k& which have at least one prime factor
in L having residue field degree one are precisely those p divisible by a prime P of K such that the
Frobenius automorphism of 8 has a cycle of length one on the cosets of (o). This occurs precisely when
the Frobenius automorphism of B is conjugate to some element of (o), or in other words, p € S, for
some d|m.

Now let S, be the set of primes of L having residue field degree one over k. For p € Sy let n(p) be
the number of primes of L which divide p and have residue field degree one over k. Alternately, each
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p € Sy is the norm of n(p) distinct primes in Sz. The Dirichlet density of Sy, is obviously one. So we
get the following relation:

—log(s —1) ~ Z NijoNe(B) ™" = Z Z n(p)Nijq(p) .

BeSL d\m peSY

Now we need to find a formula for n(p). But by an elementary argument this is just the number of
distinct cosets (o)o; such that (o)o;0¢ = Ho;, or alternately exactly when o; € Ng({c?)). So we have
the formula, n(p) = [Ng((c?)) : (0)].

With this formula and the formula for the sum above, we’ve reduced the problem to a relatively
trivial exercise in elementary number theory.

~log(s — 1) ~ —log(s = 1) | [ Y [Ne({o?)  (0)] %l‘ ~ Ve (o)) : ()] %
dlm
+[Na((0) : ()] D Nijolp) ™.

pES]T

Applying the group theory lemma, and arranging all the log(s — 1) terms on the same side we get:

peEST

. —s p(m) 1 m
Nal(e)) ()] 3 Nusalp)™ ~logs =) | 1= T2+ T3 (%)
But by elementary number theory that last sum is just n, and so we get that,

Ne((@)): (@) 3 Nujalo)* ~ = (£ ) logts - ).

pESL

So, by definition,

p(n) t
5 S = - = —
e (R ) e
by the lemma. This concludes the induction step. [J O

In the next section we will see some remarkable applications of this theorem.

1.5.5 Group Representation Theory

Now we turn our attention to a completely different subject. In trying to factor the group determinant
Frobenius was led to generalize the notion of a character to a general non-abelian group. For a the
history of this problem and Frobenius’s solution, see [C1]. Over the next few years through the work of
Frobenius and Molien these non-abelian group characters found a more natural definition in the context
of what is now known as group representation theory. This section summarizes the important results
which we will need. Proofs of all of these results can be found in [Sel], and instead of trying to give any
proofs, I will simply cite the appropriate result in that text.

If G is a group, then we define a representation of G to be a vector space V over some field &, together
with a homomorphism p: G — GL(V). That is to say, a representation is a vector space together with
a linear action of the group on the vector space. When we wish to shorten notation we will refer to the
representation V' and leave p implied. We will only be interested in representations where G is finite, V'
is finite dimensional, and k = C.

Example of representations abound, in fact when you imagine a group you probably imagine some
particular representation of it. For example, if S,, is the group of permutations on n objects there is an
obvious n-dimensional representation where the action is given by permuting the standard basis vectors.
Alternately Ds,, the dihedral group with 2n elements, has a two-dimensional representation given by
its action on a polygon in the plane.

First a few definitions,
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Definition 1.5.20. Suppose we have two representations (p1,V1) and (p2,V2), and a linear map f :
Vi — V. We call this map a G-map if it commutes with the action of G. That is to say, if pof =
fp1. Furthermore if f is a vector space isomorphism and a G-map, then we call it an isomorphism of
representations, and say that Vi and Va are isomorphic.

One can easily show that isomorphism is an equivalence relation on representations of a given group
G. The space of all G-maps from V; to Va will be denoted Homg (V1, Va).

Definition 1.5.21. A sub-representation W C V is a subspace of V' which is preserved by the action of
G.

Definition 1.5.22. If a representation V' has no proper sub-representations, then we call V irreducible.

Definition 1.5.23. If (V1,p1) and (Va, p2) are two representations of G, then we can define their direct
sum to be the representation (V1 @ Va, p1 @ p2), where p1 ® pa(vy,ve) = p1(v1) + pa(ve).

Theorem 1.5.24. Any representation can be written as the direct sum of irreducible representations.
Proof. [Sel, Theorem 2, page 7] O

Theorem 1.5.25 (Schur’s Lemma). If V; and V, are irreducible representations, any G-map between
them s either trivial or an isomorphism. In particular, any G-map from Vi to itself is a scalar map.

Proof. [Sel, Proposition 4, page 13]. O

Theorem 1.5.26. The decomposition of a representation into a direct sum of irreducible representations
is unique up to order.

Proof. This follows immediately from Schur’s lemma. O

Definition 1.5.27. If (V, p) is a representation then we define its character to be xy : G — C, defined
by g — Trp(V).

Notice that since the trace is the same on conjugates, we actually get that xy is a “class function”,
that is to say a function not of elements but of conjugacy classes. The set of all class functions from G
to C will be denoted Rc[G].

In particular if V' is a one dimensional representation then these characters agree with the abelian
group characters of G/ ker p as defined in Section 3. Furthermore we have a remarkable generalization
of Theorem 1.2.14.

Theorem 1.5.28. Let V1, Vs,...,V,, be the irreducible representations of G with corresponding charac-
ters Xi,...,Xn- Then these characters are a basis for the vector space Rc[G]. Furthermore under the
inner product

(. ¥)a = ﬁ S x(@)(g)

geG

this basis X1,...,Xn is orthonormal. It follows that for any two g,h € G, 1 xi(gh™') is 0 unless

g = h in which case it is %, where Cy is the conjugacy class of g.

Proof. [Sel, §2.3-5]. O

Thus all the information about the representations of a group can be written in a “character ta-
ble” whose rows are indexed by the irreducible representations and whose columns are indexed by the
conjugacy classes and whose entries are the values of the characters on those classes.

The free Z-module generated by the irreducible characters is denoted R[G] and is called the Grothen-
dieck group of G. Its elements are called generalized characters. Clearly a generalized character corre-
sponds to an actual one exactly when all the coefficients are non-negative. We have R[G] ® C = R¢[G],
and at times we will want to consider Rg[G] = R[G]®Q, the Q-vector space generated by the irreducible
characters.
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Suppose we have H C G. Then we have an obvious restriction map sending representations of G
to representations of H, by simply forgetting the G structure. This map is called Resg. By abuse of
notation we will refer to Resgx where x is a character or even a class function, it should be obvious
that all of these notions coincide.

We would like to be able to go the other way and build up representations of G from representations
of H.

Definition 1.5.29. Suppose H C G and W is a representation of H. Take some g € G. We define a
representation gW on gHg™1 by the vector space W together with the action ghg™'(w) = hw.

Definition 1.5.30. Choose o; to be representatives of the cosets G/H. Consider the vector space
Indi =@,, oiW. We can define a G action on this vector space. We need to define g(o;W). But,
for some permutation ' and some map h(y : G — H, we get that goi = oyhy. So we can define
g(ow) = oy (hgw). If we extend this action by linearity we get a representation Ind$W .

(This definition is not the same a Serre’s, however they do define the same representation.)

Notice that if we choose some particular basis for W, then the matrix of the action of g on I ndf[W is
given by some block permutation matrix each of whose blocks is the matrix corresponding to the action
of some h.

As one might expect we also define the induction map for characters and by extension for class
functions.

Theorem 1.5.31. 1
Indfix(g) = 0 > x(s7'gs),

seG

where we take x to be zero when its argument does not lie in H.

Now suppose we have y a character of H and 1 a character of G. We could define the inner product
of these two characters in two different sensible ways, namely either restricting ¢ to H or inducing x to
all of G. Frobenius proved the following remarkable fact,

Theorem 1.5.32 (Frobenius Reciprocity).

(Indiyx, ) = (x, Resgi)) .
Proof. [Sel, Theorem 13, page 56] O

Frobenius reciprocity is actually a special case of a more general theorem which has another special
case which we will shall also have occasion to use.

Theorem 1.5.33 (Frobenius Reciprocity, part 2). If H < G, then we can take any representation
of G/H and consider it as a representation of G. Similarly we have a map in the other direction. If x
is a character of G, then we let X* be the character of G/H given by the average of the values of x on
the preimages. If x is a character of G and v is a character of G/H, then

(Xaw)G = (Xhaw)G/H

Proof. [Sel, Serre’s Exercise 7.1(b), page 57]. The proof is immediate upon plugging in the definitions.
O

The character XQ/ on G/H actually comes from a natural representation of G/H.

Proposition 1.5.34. If V is a representation of G and H is a normal subgroup of G, then
VE={veV: hw=vVheH}

is a representation of G/H with character xyu = XE‘—I'
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Proof. Since h acts trivially the action of G' is well-defined on cosets, therefore V' is actually a rep-
resentation of G/H. Now we turn to actually computing its character. Notice that P : V — V given

by
P(v) \H| Z hv,
heH

is a G-map (since left H-cosets are the same as right H-cosets) and a projection onto V. Therefore,

xve (9) = Tr(pv (9)P) = Tr(Ppv(g)) = <|H| > hgv) = xv(9)-

heH
O

Proposition 1.5.35. If H is a subgroup of G and N is a normal subgroup of G and W is a representation
of H, then
(IndGW)N 2 Indg/ WY,

Proof. This can be directly verified by checking that the characters of both sides are equal. On the other
hand, a natural isomorphism is given in [N, p. 524] using a slightly different definition of the induced
representation. O

Definition 1.5.36. If (V,p) is a representation of a group G, then we define the dual representation
(V*,p*) to be the dual vector space V' together with the map (p*(f))(v) = f(p(v)).

Proposition 1.5.37. xv«(g9) = xv(9)

Proof. By basic linear algebra, if we pick a basis, then p*(g) with respect to the dual basis is the inverse
transpose of p(g). Thus the eigenvalues of p*(g) are the inverses of the eigenvalues of p(g). Since these
eigenvalues must be |G|th roots of unity, the result follows. O

The following are a few special cases of representations which will be useful later.

Examples 1

1. Vi denotes the trivial representation, it is one-dimensional and every element of G acts trivially.

2. The regular representation of G is rg = Indeo where Vy denotes the trivial representation of the
trivial subgroup 1. By Frobenius reciprocity, ra = @y, VAmV where the sum is over all irreducible
representations.

3. The regular representation always has one copy of the trivial representation, therefore we can write
rag = Vo @ ag where aq is the augmentation representation.

The last result which we will need was proved much later.

Theorem 1.5.38 (Mackey’s Theorem). Suppose G is a group with subgroups H and K. Let H® =
sHs™1. Recall from Definition 1.5.29 that we have a representation sW of H°. Then

Resf(lndiz @ Indg.gﬂKResgzﬂK sW.
se K\G/H

Proof. [Sel, Proposition 22, page 58|. O
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1.6 Class Field Theory Before Artin

1.6.1 Introduction

Class field theory was the crowning achievement of late 19th century and early 20th century number
theory. Rather than a single result, it is a whole system of theorems which allows one to describe,
given a fixed number field K, all its abelian extensions (that is to say the Galois extensions L/K such
that Gal(L/K) is abelian) in terms of the internal structure of K. The theory is sufficiently complex
that the mathematicians who proved the later results were not even born when these results were first
conjectured. This section summarizes the progress in class field theory up until Artin published his
paper Uber eine neue Art von L-Reihen.

Much of the material in this section is taken from [Sn] by the present author. Most of the historical
information is taken from Hasse’s article in [C-F, Chapter XI] and Katsuya’s article in [C-M-D]. For
a relatively classical exposition of class field theory see [J, Chapters IV and V]. For a more modern
exposition see [N, Chapters IV-VI] or [L1, Part IIJ.

1.6.2 Kronecker and the First Dreams of Class Field Theory

Both Hasse and Katsuya trace the first baby steps towards class field theory to the work of Kronecker
(1823-1891). He got a lucky early boost in his mathematics education when his teacher at the Liegnitz
Gymnasium (the German equivalent of high school), was Kummer. He did important work in number
theory, the theory of elliptic functions, and algebra. During the later parts of the 19th century Kronecker
became very powerful in the University of Berlin and used his power somewhat subjectively to advance
those who agreed with his somewhat quirky philosophical views on mathematics illustrated by his famous
statement that “God Himself made the whole numbers — everything else is the work of men.”

Kronecker made the first conjecture attempting to classify extensions of a number field. This is now
known as the Kronecker-Weber Theorem [Kr, Vol. IV, pp. 1-11].

Theorem 1.6.1 (Kronecker-Weber). Any abelian extension of Q is contained in a cyclotomic exten-
sion.

Furthermore Kronecker’s investigations into elliptic functions lead to his “liebster Jugendtraum” or
“dearest dream of his youth” in 1880 [Kr, Vol. II, pp. 85-93]. At its root this is an attempt to generalize
the Kronecker-Weber Theorem to fields other than Q. That is to describe all abelian extensions of any
given number field. Class field theory eventually gave the answer to this question in the abstract, but
Kronecker had something more concrete in mind. If we let f(z) = e2™**. The Kronecker-Weber theorem
can be restated:

Theorem 1.6.2. The function f(z) has the following properties:

1. The special values f(%) are all algebraic numbers.

2. The field extension Q(f(=))/Q is abelian.

1
3. Every abelian extension of Q is contained in Q(f(%)) for some n.

Kronecker’s Jugendtraum was to generalize this form of Kronecker-Weber. That is to find specific
holomorphic or meromorphic functions whose special values described all abelian extensions of a given
number field. In particular he thought that the quadratic imaginary case could be done using certain
elliptic functions. (See the last chapter of [S-T] for a nice elementary introduction to this case and a
excellent description of Kronecker’s Jugendtraum.)

Although this concrete method of class field theory has never proceeded beyond this quadratic imag-
inary case, this question raised by Kronecker was essential in raising the questions that class field theory
would try to answer.
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1.6.3 An Application of the Frobenius Density Theorem

Although Kronecker raised several crucial questions, he provided little in the way of tools with which to
answer these questions. The first tool for classifying extensions of a number field was given by Frobenius’s
density theorem which we proved in the last section. For example, one can use this theorem to show
that the extensions of a given number field are entirely determined by the sets of primes which split
completely.

Proposition 1.6.3. Suppose that K1 and Ky are normal extensions of k and let S1 and Ss denote the
sets of primes of k which split completely in Ky and Ks respectively. Then S1 C Sy (except possibly for
a set of Dirichlet density 0) if and only if Ko C K;.

Proof. [J, Chapter IV, cor. 5.5] One direction is obvious, since if a prime splits completely in some
number field it must split completely in any subfield.

The other direction uses the Frobenius density theorem. Suppose S; C Sa (except for a set of density
0) and define K = K - Ky the composite field. From the fact that the Frobenius automorphism is
multiplicative for composites, a prime splits completely in the composite of two fields exactly when it
splits completely in each of the fields. Therefore, the only primes which split completely in K are those
in S;. Now we use the Frobenius density theorem to compute the density of S in two different ways
and get, (K : k)~! = (K; : k)~!. This can only happen when K; = K, and so K, C K;. O

This theorem reduces the question of classifying Galois extensions of a number field to classifying
certain purely internal objects, namely the set of primes which splits in that extension. It is the de-
scription of what these sets of primes are for abelian extensions that the rest of class field theory deals
with.

1.6.4 Weber and the First Results of Class Field Theory

After Kronecker raised the right questions, and Frobenius provided some important tools, it was Weber
(1842-1913) who put these together and began the study of class field theory as we know it. Weber
made important contributions to analysis and applications to mathematical physics, as well as the
number theory which interests us here. During the 1890’s he published several papers in number theory
which laid the basis for class field theory. He also gave the first proof of Kronecker-Weber theorem in
1887 [W1].

First let us take a look at Kronecker-Weber theorem. Most modern books view this as a corollary
of class field theory, but as with the Frobenius density theorem, this can be a dangerous view to take
because the 19th century result is significantly easier to prove then the 20th century theorems of which
it is an “easy corollary.” The early proofs of Kronecker-Weber theorem were all elementary and mostly
based on Hilbert’s ramification theory (which we shall discuss briefly in Chapter 2). Unfortunately, all
these results were published in German, and there is an unfortunate tendency in the literature to cite
a German paper by Speiser from 1919 [Sp]. Fortunately in the past few years two elementary proofs of
the Kronecker-Weber theorem have been published in English. One appears in [M, 9, section 4.4] and
the other appears in the recent translation of Hilbert’s Zahlbericht [Hi, Theorem 131]. Both proofs use
Hilbert’s notion of ramification fields which was not available to Weber.

Weber’s other contribution was giving the first statements of the main results of class field theory.
Weber introduced the notion of a “class field” attached to certain “class groups”. Although he only
treated special cases, Weber’s definition works generally and agrees with the modern definition (with
only one defect, since he was dealing with purely imaginary special cases he did not treat the primes at
infinity).

In order to define these notions we first take a closer look at the Kronecker-Weber theorem. As we
saw above an extension is completely determined by which primes split completely, that is to say those
primes with trivial Frobenius automorphisms. In the case of a cyclotomic extension Q((,,)/Q, the Galois
group G is isomorphic to (Z/mZ)* where we act by raising (., to a power. It is easy to see that the
Frobenius attached to a prime above p is simply raising to the pth power. Thus the only primes which
factor completely are those which are 1 modulo m. Now suppose K C Q((,,) and Q((,)/K = H. By the
result on the behavior of the Frobenius in towers, the primes which split completely in K are those which
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are trivial in G/H, that is those which are elements of H. Hence, we can restate the Kronecker-Weber
theorem as follows:

Corollary 1.6.4. If K/Q is an Abelian extension then the set of primes which factor in K/Q is exactly
the set of primes lying in some particular subgroup of (Z/mZ)* for some m.

Furthermore we can get a result in the reverse direction. For each subgroup H of (Z/mZ)* we get
an abelian extension given by the subfield of Q((,,) fixed by H. As stated this correspondence is not
unique, since we can realize essentially the same subset of Z as a subgroup of different (Z/mZ)*. That
is to say, if d|m then we have a map (Z/mZ)* — (Z/dZ)* and the field corresponding to a subgroup H
of (Z/dZ)* is the same as that corresponding to its pre-image in (Z/dZ)*. Thus we make the following
definition,

Definition 1.6.5. A primitive class group modulo m for the field Q is a quotient group of the form
(Z/mZ)* /|H such that for any dlm, H is not the pre-image of a subgroup of (Z/dZ)*.

Definition 1.6.6. If H is a primitive class group modulo m, then we say that K is a class field for H
if the primes which ramify all divide m, and (with at most finitely many exceptions) the primes which
split completely in K/Q are those in H.

Then the Kronecker-Weber theorem actually tells us the following results:
1. Every abelian extension of Q is a class field for some class group.

2. For every class group there exists exactly one class field.

3. The Galois group of the class field is isomorphic to the class group.

4. An inclusion of class groups (by which we mean a that if we write each class group as equivalent to
another one which is a quotient of Z/mZ for some m then the groups we are taking the quotient
by are contained in each other) corresponds to an inclusion of the corresponding class fields but
reversing direction.

Kronecker generalized this notion of a class group and a class field beyond the case of the rationals.
In order to do this we must rephrase these definitions in terms of ideals instead of elements. As with
the case of defining Groflencharakters this presents certain problems, since several different integers can
generate the same ideal, but yet be different modulo m.

Let Q™) be the set of all fractional ideals in Q relatively prime to m (by relatively prime we mean
that for each prime dividing (m) is 0). We want to mod out by something to get the group (Z/mZ)*.
The obvious candidate for this is to mod out by all fractional ideals of the form (a) where a = 1
(mod m). Unfortunately, since (a) = (—a) this quotient is actually (Z/mZ)* /{£1}. We need some way
of distinguishing between the positive and negative elements.

This is where the notion of infinite primes as developed by Takagi (who we shall meet a little
later) comes in handy. An infinite prime of a field K is either a real embedding or a pair of complex
embeddings. At first glance calling these embeddings “primes” seems ridiculous, but they can be thought
of as generalizations of finite primes.

Definition 1.6.7. If K is a field, we define an absolute value | - | on K to be a map from K to the
nonnegative real numbers with the following properties:

1. || =0 <= 2=0
2. |zy| = |||yl
3 |z +yl < |z| + [yl

Clearly each real embedding gives an absolute value by pulling back the real absolute value. Also
each complex embedding gives an absolute value by pulling back the complex absolute value. But
furthermore, if K is a number field for each prime ideal P of O we get the so-called JB-adic absolute
value.
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Definition 1.6.8. Suppose P is a prime ideal in Ok. If a is in Ok, we define ordp(a) to be the
highest power of P dividing a. Then we define the PB-adic absolute value of an algebraic integer to be
[(a)|p = NP0 (@) This can be extended to all of K by taking quotients. One can check that this is
in fact an absolute value.

In fact the only absolute values on K are the ones coming from the infinite primes or the finite primes.
If we have an extension L/K, we say that an infinite prime of L lies over an infinite prime of K when
they agree on K. Furthermore we can define the decomposition and inertia group of an extensions of
infinite primes to be trivial unless we are looking at a complex prime sitting over a real prime in which
case we take the subgroup of the Galois group generated by this complex conjugation.

For Q there is only one infinite prime. But this infinite prime will let us distinguish between positive
numbers and negative numbers.

Definition 1.6.9. If p is an infinite prime, then we say that a =1 (mod p) if p(a) is positive and p is
real, or if p is complex.

Now if we let co be the infinite prime of Q and let P be the set of all ideals generated by elements
which are congruent to 1 modulo m and modulo oo, then Q™) /P™ is actually (Z/mZ)*.

Definition 1.6.10. A modulus m is an abstract product of primes both infinite and finite of K, but where
the real infinite primes only have multiplicity O or 1 and the complex infinite primes have multiplicity 0.
Let mqg denote the finite part, which is an ideal, and my, denote the infinite part. If a and b are non-zero
elements of Ok, then we say a =b (mod m) if § =1 (mod mg) and § =1 (mod p)s for each infinite
prime dividing M.

Definition 1.6.11. Ifm is a modulus of K, then we let I} be the group of all fractional ideals relatively
prime to mg. Ix = Ié(l) is the group of all fractional ideals.

Definition 1.6.12. If m is a modulus for some field K, then we define the ray class Py to be set of all
fractional principal ideals which are generated by elements congruent to 1 modulo m.

Definition 1.6.13. A class group for a modulo m is a quotient of the form (IR/PR)/H. Two class
groups modulo different m are said to be equivalent if the sets of primes ideals in the pre-image in I of
the respective subgroups H agree with only finitely many exceptions.

Notice that if m = (1) then the class groups are precisely the subgroups of the ideal class group.
Proposition 1.6.14. The ray class group (I}2/Pk) is finite.
Proof. For a proof see [J, Chapter IV, Cor. 1.6]. O

Definition 1.6.15. If (I}/Pj2)/H is a class group, then we say that L is a class field for this group if
all of the primes which ramify in L are contained in m and (with at most finitely many exceptions) the
primes which split completely are exactly those in HPR.

Weber stated the following main results of class field theory (in the special cases of cyclotomic fields
and quadratic imaginary fields, he did not know that all of them held generally, and several of these he
did not state so precisely):

Conjecture 1.6.16.
1. The completeness theorem: Fvery abelian extension is a class field.
The existence theorem: For every class group there exists some class field.

The uniqueness theorem: The class field given in (2) is unique up to equivalence.

e e

The “first” (or second depending on what approach you are using) fundamental inequality of class
field theory. If we have some field extension L/K and any modulus m of K then we have the
following inequality, then

IR : NepwUD) PRl =h<n=(L:K).
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5. The fundamental equality: If m contains all the primes which ramify in L/ K, then equality actually
holds in (4).

6. The isomorphy theorem: The Galois group of a class field is isomorphic to the class group.

7. The ordering theorem: The correspondence between class groups and class fields preserves order in
the sense that if m'|m and if H is a subset of H’ (conszder as subsets of I ), then the class field
of (IR/P2)/H contains the class field of (I /PR)/H'.

First we should pause for a moment to notice how remarkable the completeness theorem actually is.
As we noted above in the integer case the units can make the class groups smaller than we might expect
them to be. The addition of primes at infinity was enough to eliminate this problem in the integers, but
since we have no condition involving the infinite primes if we are in a purely imaginary field, thus the
units will actually make the class group much smaller than we might expect.

In particular consider K = Q(%). As we have seen before its ring of integers is Z[i] which is a principal
ideal domain. The units are £1 and +i. Now consider the prime (1 + 2i). (Z[i]/(1 + 2i))* is a cyclic
group with four elements, the equivalence classes of =1 and +i. But since the class group is defined
in terms of ideals I (1+20) / P(Hzl) kills not only the ideals generated by things congruent to 1 modulo
(1 4 24) it also leb those thlngb who have a unit multiple congruent to 1 modulo (1 4 2¢). Therefore
this class group is actually trivial!

By the completeness theorem this means that there are no non-trivial abelian extensions L/K which
ramify only at the prime (142¢). In fact if we sit down and try to construct such a field we will inevitably
run into problems. For example if we look at K (1/1 + 2¢) this will ramify at 1+ 2i. However, as we will
show in Proposition 2.7.19, the prime (1 + ¢) also ramifies in this extension.

Weber proved Conjecture 1.6.16 parts 3, 4, and 7 by using analytic methods drawn from Dirichlet’s
proof about primes in arithmetic progressions and the Frobenius density theorem. We’'ll illustrate how
this is done in the most difficult of these cases, namely the first fundamental inequality of class field
theory. To see the meaning of this result notice that the left hand side is what the class group would be
if L were the class field of something (to show it actually is the corresponding class field we also need
that all of the primes in Pg are actually in Nz /x(IT)), and the right hand side is the size of the Galois
group that we hope this class group is isomorphic to.

1.6.5 Generalized Dirichlet L-series
Before giving a proof of the first fundamental inequality we need to define some new L-functions.

Definition 1.6.17. A generalized Dirichlet character modulo a modulus m is a function on Ik which
agrees with an abelian group character of a ray class group I} /PR (and which is 0 exactly on things not
relatively prime to m).

It is easy to see that such characters are exactly the Hecke Grolencharakter which have all the g
and q§ zero, the p; all 0 (remember these are the components corresponding to complex primes), and
the py zero for the real primes which do not divide m. (It should be noted that Hecke defined his
Groflencharakter after the definition of class fields, so historically we should think of Hecke’s definition
as a generalization of this notion of a Dirichlet character and not that the Dirichlet characters are special
cases.) Furthermore, one can see that these are the Hecke GroBencharakter of finite order. Thus for
each of these generalized Dirichlet characters we have a Hecke L-series. From our theorem on Hecke
L-functions these are all analytically continuable and satisfy a functional equation. Before stating this
special case of Hecke’s functional equation we need a few definitions.

Definition 1.6.18. If x is a generalized Dirichlet character modulo some modulus m for some field K,
then we define its conductor §(x) to be the smallest modulus such that x factors through I;(/Plf(,

The fact that such a conductor exists again comes from constructing it as the greatest common
divisor of all possibilities. Notice that here the conductor is a modulus, this agrees with our former
definition in the sense that the finite part fo agrees with our old definition of a conductor.

At times it will be useful to think of the conductor in a different way.
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Definition 1.6.19. If L/K is class field, then its conductor fr,k is the greatest common divisor of all
modulii m such that L/K is a class field for some class group modulo m. That is to say, the conductor
is the smallest modulus such that every prime congruent to one modulo § splits completely in L.

If x is a primitive character of a class field L/K it is easy to see that its conductor is the same as the
conductor of the field extension. Furthermore if x is not a primitive character and has kernel N C G (G
being the class group for L/K, then if N is the class group for some extension M /K the conductor of
X is the conductor of M/K.

Definition 1.6.20. Suppose x is generalized Dirichlet character with conductor f and p is an infinite
prime of a field K. Then we define the local factor of the L-series at p, written L,(s,x), as follows.

Ir(s) =73 (%) If p is a real prime not dividing f
Ly(s,x) =4 Tr(s+1)= =% T (22)  If p is a real prime dividing §
Tc(s) = 2(2m)°T'(s) If p is a complex prime

Now Theorem 1.4.25 can be rephrased as follows:

Theorem 1.6.21. If x is a generalized Dirichlet character modulo m for a field K, then the completed
abelian L-function,

s 1
A(x, s) = (0x/0l Nk /of(X)o) IZILp(SaX) g T x(p)Np—’

(where p ranges over all infinite primes) can be analytically completed to a holomorphic function (unless
X 18 trivial in which case it is meromorphic with poles at 1 and 0) with the functional equation A(x,s) =

e()A(X, 1 — 5) where [e(x)| = 1.

Proof. We have simply restated Theorem 1.4.25 in this special case. O

1.6.6 A proof of the First Fundamental Inequality

Theorem 1.6.22 (The “first” fundamental inequality of class field theory). If we have some
field extension K/k and any modulus m then we have the following inequality, then

P s Ny sr(IR)ilkm1)] = h <n= (K : k).

Proof. (Following [J, Chapter IV, Thms. 5.6. and 4.7.])

We compute the Dirichlet densities of S = Nk /,(I%) and S = Ng/,(I%)Pg¢. Clearly 6(5) < 6(5").
Except for a set of density 0, S is the set of primes which split completely in K, so by the Frobenius
Density Theorem (again just the easy base case), §(S) =1/|G| = 1/(K : k).

Next we consider §(S’). Let x be a generalized Dirichlet character of I} /Ng /(1) P, that is to
say a generalized Dirichlet character modulo m which is trivial on Nk (/). By Euler factorization,

log L(s,x) = Y x(p)N(p)~* + O(1).

pelm

By the orthogonality relations for abelian group characters, for any p, Zx X(p) =0 unless p € S" in
which case it is h. Therefore, we can sum the above expression for log L(s, x) over all x to get,

Z hNp~*® = Z log L(s,x) | —log(s—1)+ O(1),

pes’ XFX0

where to get the second term we used the fact that the set of primes relatively prime to m obviously has
density 1.
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By definition, > o N(p™%) = —6(5")log(s — 1) + O(1), so we can arrange terms in the above
expression to get,
0=—(1—hd(S"))log(s — 1)+ Y _ log L(s,x) + O(1).

X#X0

Now, if L(1, x) # 0 the terms in the sum are all bounded as s goes to 1, otherwise they all go to negative
infinity. In either case we get that, 0 < 1 — hd(S’), so §(S’) < 1/h. (Notice that equality holds here
exactly when all the nonprincipal L(1, x) # 0.)

Combining these two computations, we get, 1/(K : k) = 6(5) < 6(S’) < 1/h. Therefore, h < (k :
k). O

(As an interesting side note, notice that by the Kronecker-Weber theorem we have §(S’) = 1/h in
the above theorem. Therefore, we can conclude that the ordinary Dirichlet L-series have L(1,x) # 0.)

1.6.7 Hilbert, Furtwangler, and Takagi

David Hilbert lived from 1862 until 1943 and was the dominant mathematical figure at the turn of the
century. He did important work in algebraic forms, algebraic number theory, foundations of geometry,
analysis, theoretical physics and the foundations of mathematics. He is perhaps most famous for his 23
questions which he proposed before the Second International Congress of Mathematicians at Paris in
1900. Two of these questions were related to class field theory:

Hilbert’s Problem 9: “Proof of the most general law of reciprocity in any number field.”

Hilbert’s Problem 12: “Extension of Kronecker’s theorem on Abelian fields to any algebraic realm of
rationality.”

Problem 12 is essentially the question which class field theory was invented to answer. Hilbert made
several contributions to this theory. He gave a new proof of Kronecker-Weber theorem which lead him to
suggest the following program for generalizing this to other fields: first describe the maximal unramified
abelian extension of any number field, and second, find a good collection of abelian extensions which
can add in all the ramified parts. This lead him to begin studying the Hilbert class field, or the maximal
unramified extension, which is also the class field of the full ideal class group. He proved the existence of
the Hilbert class field in the special case of degree 2 extensions with class number 2. The methods that
he used for this were eventually modified to give more general existence theorems. He also conjectured
that all ideals become principal in the Hilbert class field.

Problem 9 on the surface bears no relation to class field theory, but Hilbert’s other great contribution
to class field theory was to realize the connection between class field theory and reciprocity laws. The
connection between quadratic reciprocity and certain abelian extensions goes all the way back to Gauss’s
6th proof using Gauss sums and hence the embedding of the quadratic field into a cyclotomic field. The
following proof makes this connection even more apparent:

Theorem 1.6.23 (Quadratic Reciprocity). If p and q are two positive primes and ¢* = (_71) q,

(5)-()

Proof. Consider two distinct odd primes p and g. By Kronecker-Weber theorem and a calculation of
discriminants (or by Gauss sums), we see that Q C Q(v/¢*) C Q((;) where ¢* = (%) g. Now look

at the Frobenius substitution of p in each of those fields. In the quadratic field it is obviously (%)

and in the cyclotomic field it is obviously the map that sends (; — (7. When we restrict this second
map to the quadratic field we notice that the map on Galois groups is the only non-trivial map from
(Z/qZ)* — {£1} namely the one that takes squares to 1 and non-squares to —1. So the restriction of the

Frobenius substitution of p is (g). The fact that the Frobenius substitution behaves well in extensions

implies that (%) = (B). O

q
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Thus we have seen that quadratic reciprocity can be realized as a corollary of Kronecker-Weber
theorem, which in turn is equivalent to class field theory for Q. Hilbert took this connection further and
defined the Hilbert norm residue symbol and proved a reciprocity law for that symbol.

Furtwangler generalized Hilbert’s approach to the general power reciprocity law which he proved in
varying generality between 1902 and 1928. Not only did he prove the general reciprocity law, he also
gave a general proof of the existence of Hilbert class fields which was the first general result in class field
theory since Weber’s proof of the first fundamental inequality. His existence proof provided many of the
tools which would later be applied to the general existence theorem.

In 1920, a full 30 years since Weber first discussed the main results of class field theory, there was
still very little in the way of proofs. The existence theorem had only been proven for the case of Hilbert
class fields and other than in a few very special cases there was no progress on the completeness theorem,
and outside of the Hilbert class field case there was no progress on the isomorphy theorem. Then in
1920 Takagi proved them all.

At this point we take a slight historical tangent since the appearance of Takagi is remarkably in-
teresting. Teiji Takagi was born in 1875 near Gifu, Japan and died in 1960 (additional biographical
information taken from On the Life and Works of Teiji Takagi [T, Appendix]). Takagi was the first
Japanese mathematician of note. Modern mathematics was introduced to Japan via military science,
in particular the use of European textbooks in Nagasaki Naval Academy. The adoption of European
methods was hastened by the existence of an abstract Japanese form of mathematics called wasan (unlike
the more practical computational mathematics which dominated China) and the strong push in Meiji
Japan to match the military prowess of the European powers. In 1877 the University of Tokyo and
the Tokyo Mathematical Society were founded, events which heralded the beginning of a strong modern
mathematical tradition in Japan. The University had 5 professors in the Department of Mathematics-
Physics-Astronomy, four of whom were foreigners and one was Japanese but educated in England (it is
this professor, Dairoku Kikuchi who was the only Professor of Mathematics).

In the first few years the University of Tokyo was based on the English model, but in 1887 Rikitaro
Fujisawa a former student at the University of Tokyo returned from graduate studies in Germany and
became the second professor of mathematics at the University of Tokyo. He brought with him the more
rigorous research based approach of the German University system. Fujisawa had studied under Kro-
necker, Weierstrass, and Kummer and thus had a much stronger understanding of modern mathematics
than any prior Japanese mathematician. Although Fujisawa was the first modern mathematician in
Japan, it was his student Takagi who was the first to make a significant contribution. His thesis proving
Kronecker’s Jugendtraum in the special case of Q(4) (see [S-T|] for a proof of this case) published in 1903
was the first major result proved by a Japanese mathematician. The progression from the opening of
Japan in 1853 until Takagi in 1903 is shockingly rapid. (Although perhaps this development is a bit less
shocking if we remember that in this same amount of time Japan went from having no navy whatsoever
to sinking the entire Russian fleet. On the other hand it is still worth noting because naval prowess
does not always correspond to mathematical ability, for example, the Viking’s were not famous for their
number theorists.) For more information of mathematics in Meiji Japan see Sasaki’s article in [C-M-D].

Takagi worked on the main results of class field theory in Japan during the war in seclusion from his
German colleagues and was so shocked by the generality of his results that he doubted there validity for
quite some time.

Takagi’s proofs of the main theorems are obviously beyond the scope of this paper. His methods for
proving the fundamental equality have been described both as a complicated generalization of Gauss’s
genus theory and as an early form of cohomology. The basic method that Takagi used in proving the
main results of class field theory was to restrict to the cyclic case where one could prove things just by
counting, and then gluing these results together to get the general results.

After Takagi there were three remaining open questions in class field theory, Hilbert’s principal ideal
theorem, Frobenius’s conjecture concerning the density of primes with a certain Frobenius automorphism,
and generalizing the reciprocity theorems to general abelian extensions.

Although Takagi had already published his important class field theory paper in 1920, his results were
not yet well known partly because of disruptions caused by the war. In particular Takagi presented his
main papers in 1920 in Strasborg which changed hands after the war, and so the German mathematicians
were not allowed to attend. It was only when Siegel persuaded Artin to read these papers in 1922 that
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Takagi’s results became generally known. The results of Artin’s investigations prompted by his reading
of Takagi’s paper is the subject of the second chapter and so the rest of the story of class field theory
will have to wait until then.
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Chapter 2

Artin L-functions
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2.1 Artin L-functions, Their Definition, and Their Most Basic
Properties

2.1.1 Introduction

At long last, we have reached the point in our story where our lead actor takes the stage. Emil Artin
was born in 1898 in Vienna and died in 1962. His university studies were interrupted when he was called
into military service from 1916 to 1919. Fortunately for mathematics, he survived. After the war he
studied under Herglotz and received his doctorate in 1921. Artin became famous, not only for his early
work in class field theory, but also for his important conjectures concerning the Riemann hypothesis for
algebraic curves, his involvement in later developments in class field theory and analytic number theory,
and his work in abstract algebra.

His paper Uber eine neue Art von L-Reihen [Ar, p. 105] was published in 1923, and was only the
second paper he had published. At the time, Artin was trying to generalize the results of Hecke and
Weber’s that showed if L/ K is a class field, then g—: is a holomorphic function. This says something rather
remarkable about the distribution of the zeroes of these (-functions. Weber had given a decomposition of
the (-function of the larger field into a product of L-functions of characters of the class group. By Hecke’s
results these L-functions could be holomorphically continued to the entire complex plane. Since Artin
was aware of Takagi’s results, he knew that all abelian extensions were class fields. Thus Weber’s result
holds for all Abelian extensions. Artin wanted to generalize this result to non-abelian extensions. In order
to do this, he needed to define a completely new kind of L-function which made sense for non-abelian
extensions. In his investigations, he not only proved many important basic results about L-functions, he
also conjectured Artin Reciprocity (a result which subsumed all the previous reciprocity theorems and
gave class field theory a much nicer formulation), and he laid out a program for generalizing facts about
abelian L-functions to his new Artin L-functions. In this section, we concentrate on the definition and
most basic properties of these Artin L-functions.

2.1.2 Factoring the (-function of an Abelian Extension

Before we can understand Artin’s definitions, it is important to understand the result of Weber’s which
he was trying to generalize.

Theorem 2.1.1 (Weber). Suppose L/K is a class field for the class group G = (IR/PR)/H. Let G*
denote the group of abelian characters of G. Then,

CL(S) = H L(‘SaX) :CK(S) H L(87X)a

XEG* X#X0

(where xq is the trivial character). In particular, by Theorem 1.6.21, we have that éf(((i)) is a holomorphic

function on the entire complex plane.

Proof. This theorem was first proved by Weber in [W2, Vol. 3 §163]. We check this equality prime by
prime in the Euler factorization. Suppose p is unramified. If p is a prime of K, then we want to show:

1 1
gl—N‘B :E[l_x(p)Np_s. (2.1.1)

Since N = Np/?, the left hand side of Equation 2.1.1 is

g 9p

On the other hand, if p has order j in the class group, then it is easy to see that the different
characters will send it to j-th roots of unity. Furthermore each j-th root of unity will appear equally
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often. (To prove these claims, decompose G into a product of cyclic groups, and classify the characters
of a cyclic group.) Therefore, if n = |G|, then the right hand side of Equation 2.1.1 is

n

(o am)
2:1(1 *Cpr) .

Thus we have reduced this result to showing that the order of p in the class group equals f,. But, both
of these numbers are the smallest power of p which can be written as a norm down from L. Therefore,
they must be equal.

If p is ramified, then this takes a bit more work. The point is that now we are trying to show,

1 1
11 I-NJ 1;[ 1 x(p)Np—’ (2.1.2)

Blp

where x does not range over all characters of the class group G, but rather over all characters of the
group G’ = (I%/P%)/H' (where 0 is the part of m relatively prime to p). This group is the class group
for some field M sitting between L and K. We can then use the above result for unramified primes
applied to the extension M/K to get the needed result. O

Furthermore, Hecke showed (in the simpler case that K is purely imaginary) that this equality
actually held for the completed L-functions [He, pp. 172-177].

Theorem 2.1.2 (Hecke). Suppose L/K is a class field for the class group G = (I%/Pp)/H. Let G*
denote the group of abelian characters of G. Then, for Hecke’s extended L-functions and (-functions,

we still have
CL(S) = H L(SaX) :CK(S) H L(57X)a

XEG* X#X0

(where xo is the trivial character).

Proof. First we check this formula for the infinite primes. We have three different cases, either p is a real
prime of K and all the primes over it in L are also real, p is a complex prime of K (and hence extends
to complex primes in L), or p is a real prime of K which extends to a complex primes of L. The first
two cases are trivial since on the left hand side we get n copies of I'r(s) or T'c(s) respectively (one for
each prime sitting above p), and, on the right-hand side, since the prime never divides the conductor of
any of the characters, we also get n copies of I'g(s) or I'c(s) respectively (one for each character).

The remaining case is more difficult. If p is a real prime but the primes sitting over it are complex,
then p divides the conductor of the extension. It will not, however, divide the conductor of each of the
characters. In fact, if m’p = m, then (Il /PR")/H) is a subgroup of G of index 2. Thus, exactly half of
the characters will not have p in their conductor. Therefore, the right hand side is (I'g(s)['r(s 4+ 1))%,
while the left hand side is I'c(s)? (because conjugate embeddings only count as one prime). Thus, we
have reduced to showing that I'g(s)I'r(s + 1) = I'c(s). This is just Equation 1.3.3.

Now we know that the formula holds for the local factors for the finite and infinite primes. For
the exponential factor, we can actually pull equality out of thin air. Notice that both sides of the
equation with the infinite prime factors included have a unique analytic continuation to the entire plane.
Furthermore, by the functional equation, the ratio of the values of each side at 1 and their value at
0 tells you, up to a factor of size 1, the exponential factor. Therefore, by the uniqueness of analytic
continuation, the exponential factors must be equal up to a factor of size 1. However, for real s, the
exponential factor on both sides is strictly positive. Therefore, the exponential factors must be genuinely
equal. O

2.1.3 Defining the Artin L-function

Artin was fascinated by these L-function relationships and his first paper [Ar, pp. 95-104] explored other
more complicated relationships between L-functions. For example, he proved that if Gal(L/K) = Ss,
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and k is the subfield fixed by one of the subgroups of size 2 and F' is the subfield fixed by the normal
subgroup As, then

CLlk = CrCi

This formula implies that & is a product of abelian L-functions and is therefore holomorphic. Although
Artin managed to prove by hand a lot of very surprising relationships like this one, he was unable to
find a general explanation for the origin of these relationships. Artin surmised that generalizing Weber’s
result to non-abelian extensions would allow him to classify these formulas relating (-functions and
L-functions.

To have any hope of being able to define non-abelian L-functions, Artin needed to translate the
characters of a class group into some other form which did not have to do with the class group at all.
After reading Takagi, Artin realized that Takagi’s proof of the isomorphy theorem gave him exactly the
tool he needed. Since the class group is isomorphic to the Galois group, one should be able to attach the
L-series to characters of the Galois group. This reformulation would allow him to generalize the notion
of L-series to the non-abelian case.

Suppose x is the character of some representation V' of a (non-abelian) Galois group G. We want to
define an L-series as a product of Euler factors for each prime. In order to do so, we need some way of
identifying to every prime an element of the Galois group. In the unramified case, this is exactly what
the Frobenius does. This suggested to Artin the following definition:

Definition 2.1.3. Suppose K/L is a Galois extension of number fields with Galois group G, and suppose
(V,p) is a representation of G, then we define the Artin L-function to be:

L(s,V; L/K) = [ det(Id — No~p(pp)) ",
p

where the product is taken over all unramified primes in K, and where P is any prime over p. Notice that
this definition actually makes sense, because choosing a different prime P over p changes the Frobenius
by conjugation which does not change the determinant. (Later we will change this definition by adding
terms corresponding to the ramified primes.)

For other sources on the definition of the Artin L-function and its basic properties, see Artin’s article
in the appendix, Martinet’s article [Fréh, pp. 1-87], and [N, Chapter VII, §10].

Since conjugating p(¢g/p) by another matrix in the above definition does not change the value of
the L-function (because the determinant does not depend on choice of basis), the above definition only
depends on V up to isomorphism, as we would hope. Furthermore, the above product converges so long
as s > 1 because it is bounded by (#™V. Lastly, we notice that if we multiply out the right hand side
of this definition, the Artin L-series is a Dirichlet series.

As we saw in the last section, it is often useful to consider the L-function term by term. Thus, we
define the local factor at a prime p of the L-series to be

Definition 2.1.4. If p is unramified, let

Ly(s,V) = det(Id = Np~*p(ogp)) -

2.1.4 Additivity and the Artin L-function of a (Generalized) Character

Since the Artin L-function only depends on V' up to isomorphism, it only depends on the character xy .

Artin’s first goal was to find an expression for the L-function in terms of the character. In order to do

this, Artin took the logarithm of the L-function and expanded each term using the Taylor expansion.
That is to say,

log L(s,V;L/K) = Z —logdet(Id — Np~*p(py)).
p

Now for each term in this sum we can diagonalize p(p,), say it has eigenvalues Aq,..., A,. Therefore,

log det(Id — Np~*p(py)) = log [J(1 = Np~*Ai) =) log(1 — Np~*X)).

i=1 i=1
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By the Taylor expansion of the logarithm and switching the order of summation (which is legitimate
because one of the sums is finite),

n n o0 i oo
IITIRRTE NI 9) SR AV SIS DR AN

i=1 i=1 (=1 (=1

Plugging this result into the formula for log L(s,V; L/K), we get

log L(s, V; L/ K) = ZZ XV Np—t.

p 4=1

Thus the original definition of the Artin L-function attached to a representation agrees with the
following definition of the Artin L-function attached to a class function.

Definition 2.1.5. Suppose L/K is Galois extension with Galois group G, and 1 is a class function of

G. Then, let
L(s,y; L/K) —exp( ZZ _96>.

p =1

Theorem 2.1.6 (Artin).
L(s; ¥y +1ho; L/K) = L(s,41; L/ K)L(s,1b2; L/ K).

Proof. This follows immediately from our definition, since the logarithm of the L-series is clearly additive.
O

In particular, since the characters of irreducible representations are a basis for the space of all class
functions, the Artin L-series attached to any class function v, can be written in the from

L(s,; L/K) = [[ L(s,x: L/ K)™,
X
for some complex numbers r; (where the sum is over all characters of irreducible representations).

2.1.5 The L-series Attached to the Pullback

Suppose 1) is a class function on G which has some nontrivial kernel N. Then, 9 is also a class function
on the group G/N (which is the Galois group of M/K for M = L%). In this case, we can consider two
different L-functions assigned to v, namely L(s,v; L/K) and L(s,¢; M/K). One would hope that these
two functions would be equal. In fact, if we look at our definition it is clear that these definitions do
agree with one small problem: in the one case we are summing over all primes which are unramified
in L/K, while in the other case we are summing over all primes which are unramified in M /K. Thus,
these two answers differ by finitely many Euler factors.

This is reminiscent of a similar problem for abelian L-functions. Namely, if we had a non-primitive
character the obvious definition differed from the definition which we got by considering the associated
primitive character modulo the conductor by finitely many factors.

Although we shall later see that we can add Euler factors for the ramified primes into our definition
in such a way that this problem disappears, for the time being we will use the symbol = when applied
to Artin L-series to mean “equal up to finitely many primes.”
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2.2 The Artin L-function of an Induced Representation

2.2.1 Hecke’s Formula in Terms of Artin L-functions

As we recall, Artin’s original goal in introducing these L-functions is to generalize Hecke’s formula for
ETL(' Both of these (-functions are Artin L-series; (5, = L(s, xo0, L/L) and (ki (s, xo, L/ K), where xq is the
trivial character. In order to write (;, as a product of Artin L-series, we need to rewrite L(s, xo,L/L) as
an L-function for L/K. This is a special case of the more general problem of taking the L-function of a
character of a subgroup and rewriting it as the L-function of a character of the whole group. There is
really only one logical way to build up such a character, namely, by induction. Thus, Artin’s next step
was to prove, if we have number fields K ¢ M C L with Gal(L/K) = G and Gal(L/M) = H (H can be

identified with subgroup of G), then, for x is any character of H,
L(s,x; L/M) = L(s,Ind% y; L/K).

In particular, we apply this theorem to M = L and x = xo. By Frobenius reciprocity, InngO =
Zx x(0)x, where the sum is over all irreducible characters. Thus,

Cr (5)
Ck(s)

= H L(s,x; L/K).
#X

2.2.2 A Proof of the Induction Formula

Artin proved this induction formula by direct computation. The reader is encouraged to look at this
proof in the appendix (Theorem A.3.1). It is remarkable how many questions are first resolved by
brute force long before they’re conquered in a clever way (Gauss’s first proof of quadratic reciprocity
by induction is a particularly shocking example). However, much of Artin’s calculations are only a
special case of Mackey’s Theorem. Thus, rather than repeating his proof, we will rephrase it in terms of
Mackey’s Theorem to elucidate what is actually going on behind Artin’s proof.

Theorem 2.2.1 (Artin). Suppose we have number fields K ¢ M C L with Gal(L/K) = G and
Gal(L/M) = H. H can be identified with subgroup of G. Then, if x is any class function on H, then

L(s,x; L/M) = L(s, Ind%x; L/K).

Proof. By additivity it is enough to show this formula for characters. So consider some representation
W of H with character y.

In order to simplify notation if (V, p) is any representation then we will use the notation det(1—gt; V')
to denote det(1 — p(g)t).

As one might expect, considering we only have equality up to finitely many primes, we will prove
this equality prime by prime. To write down the local factors, we must first choose some notation. Fix
p some unramified finite prime of K. In M this will factor as p = q1q2---q4. For each 4, choose some
B; € L sitting over q;. Let G; denote the decomposition group of PB;/p. Now take ¢ € G the Frobenius
of PB1/p. Thus, by definition, the local factor at p is

Ly(s,IndSW; L/K) = det (1 — oNp~; Indgw)
We would like to rewrite this local factor so that it will look like a product of the local factors at the

;. First, we notice that the Frobenius actually lives in G;. Therefore, in general we can replace Indi
with Res& 1IndgVV. In this case, this lets us rewrite our local factor as

—1
Ly(s, Ind$W, L/K) = det (1 — oNp; Resé Tnd§ ) .

At first glance, this seems to make the situation more complicated. However, Mackey’s theorem is
precisely what we need to simplify such a situation.
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To apply this theorem we need a concrete description of G1\G/H. Recall that G acts transitively
on the set of primes in L sitting over p. Thus, the cosets G;\G are determined by the image of the
right action g~'93;. But, the left action of H acts transitively on the primes in L over q,. Therefore,
the cosets G;\G/H are determined by the image of g~'q;. Stated more concretely, suppose we take
7; € G such that 7'[1qJL = q;, then {7;} is a set of representatives for the double cosets G;\G/H. (Here
as always 7 ranges between 1 and g.) Furthermore, since the J3; were chosen arbitrarily (as divisors of
q), we can choose them so that 7, ', = .

Hence we can rewrite our local factor as

—1
g
SRR A S
i=1

g -1
— I det (1 — Np;Ind$L HTi,mW)
=1

Conjugating each term individually by Tfl yields

g

i -1
Ly(s, Ind§W. L/K) = [ ] det (1 — 7o Ny, Ind:f,lg;:mHW) (2.2.1)

i=1
g
= I det (1 — oiNp; (Indgj_W))
i=1
Thus we have reduced our general problem to verifying the equation
det (1 — oliNpTs; W) = det (1 — i Np; Ind§ W)

But, this is exactly the equality of local factors in the special case of the extension of decomposition
fields L% C LH: C L (in this case g = 1). (It is important to note here that the Frobenii for this field
extension are exactly the same as those at the same prime in the original field extension.)

Now we take 9; is prime in L% and is completely inert in the extension L/L% . Therefore, the
Frobenius generates the full Galois group G;. This allows us to simply compute the right hand side of
the equation. Choose some basis for W, and let A be the matrix for ¢f¢ with respect to that basis.
Then, since ¢ generates G;, we have Indg’;W =W oW @ *’W @ ...» " 'W. Therefore, ¢ times
each element of our basis for W gives us a basis for Indi. With respect to this basis the matrix for
© is (taking I to be the appropriate identity matrix):

0 I O 0
0 0 I 0
0 0 O 1
A 0O 0

Now we know that the righthand side, det (1 — @Np; Indﬁi W)7 becomes

I —-NpI 0 ... 0

0 I —NpI ... 0

: : : : =det(1 — " Np"; W).
0 0 0 ... —NpI
~A 0 0o ... I

To get the last equality take the first column multiply by Np and add it to the second column, then
multiply the second column by Np and add to the third, etc.
This completes the proof of the special case, and hence the proof of the full theorem.
O
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2.3 Artin Reciprocity

2.3.1 Statement of Artin Reciprocity

Thus far, we have skirted around the crucial issue of whether Artin’s L-functions are actually generaliza-
tions of abelian L-functions or not? After all, Artin’s goal was to explain the origin of certain relations
between abelian L-functions. Suppose that x is the character of a one-dimensional representation of an
abelian group G = Gal(L/K), then the Artin L-series is

L0 = [[—

x(#p) °
p 1- Np';
The right hand side looks like the definition of an abelian L-function, so long as x(¢,) agrees with some
character of the class group. Suppose that all these characters of G actually agreed with some character
of the class group. This would give us a concrete identification of elements of G with elements of the
class group. In particular, Artin realized that we would have the following explicit form of the isomorphy
theorem.

Definition 2.3.1. If L/K is an abelian extension with conductor § (here we are including the infinite part
of the conductor), then we define the Artin map to be ¢,/ : I;( — Gal(L/K) given by o k(p) = ©p
and extended by multiplicativity.

Notice that the kernel of the reciprocity map contains precisely those prime ideals which are norms
down from L.

Theorem 2.3.2 (Artin Reciprocity). The Artin map, or K : I;( — Gal(L/K), is surjective and
its kernel contains P[f(. Thus, the Artin map gives an explicit isomorphism between the class group
(I} /P}.)/ ker ¢r/K and the Galois group Gal(L/K).

It may seem amazing to us in retrospect that in the decades between the conjecture of the isomorphy
theorem and Artin’s statement of his reciprocity theorem, no one had bothered to ask the question, “what
exactly is this isomorphism.” Takagi gave a proof of the result simply by reducing to the cyclic case and
counting. The modern student of mathematics are conditioned to ask immediately when presented an
isomorphism, “is it canonical?” But in the 19th century this was not yet considered a crucial question.

A proof of Artin reciprocity is well beyond the scope of this paper (see [J, Chapter V §5] or [N,
Chapters VI §7]), however we can give a short proof of the first half of the claim (that the Artin map is
surjective) using the Frobenius density theorem.

Proof. (Following [J, Chapter IV, Cor. 5.3] and taken directly from [Sn].) Given an element o €
Gal(L/K), the division of ¢ consists of exactly those elements which generate (o). So, by the Frobenius
density theorem, there exist infinitely many primes not in m whose Frobenius substitution generates (o).
So, there exists some B sitting over p with ¢, /x () a generator of (o). Therefore, the image of the
map contains every cyclic subgroup, and must be the entire group. O

2.3.2 Why is This a Reciprocity Theorem?

Certainly Artin reciprocity is enough to show that all the Artin L-series of irreducible characters for an
abelian extension correspond (up to finitely many factors) to some abelian L-function. However, this
theorem is important of its own right. In Artin’s words, “In the case of a cyclic extension our theorem
becomes the general reciprocity law (if k£ contains the appropriate root of unity), this agreement means
that we must understand Theorem 2 as the formulation of the general reciprocity law in any field (also
without unit root), even if the wording seems somewhat strange to us at first sight. ” [Appendix, page
111]

What exactly does Artin mean by this? Certainly at first site the wording of this looks nothing like
a reciprocity law. However, this theorem can be rephrased as “The way a prime factors in an abelian
extension is given by some modularity condition,” where by “the way a prime factors” we mean what
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its Frobenius is, and by “a modularity condition” we mean which coset of a particular subgroup of the
ray class group modulo f.

In this guise the connection to reciprocity laws becomes apparent. By Kummer’s theorem, whether
p is a square modulo ¢ is the same as asking how p factors in Q(,/q). Thus Quadratic reciprocity tells us
exactly that the way a prime (p) factors in Q(v/d) is given by a modularity condition on p modulo 4doo.
Thus quadratic reciprocity proves Artin reciprocity in the case of quadratic extensions of the rationals.

Similarly all of the other reciprocity laws prove special cases of Artin reciprocity. Thus, with the
results of Hilbert and Furtwangler, Artin was able to prove his reciprocity law for all extensions that
were composites of extensions of prime degree. He was not, however, able to prove the remaining case
of prime power degree extensions.

It is not clear immediately, nor does Artin attempt to show, that one can actually derive all of the
classical reciprocity results from his new reciprocity law. The classical reciprocity laws actually explicitly
give a modularity condition rather than simply claiming that one exists. In order to find such explicit
formulations, one needs to be able to find the conductors of the extensions in question. For certain
simple cases this is possible.

Theorem 2.3.3 (Quadratic Reciprocity). Suppose that p and q are odd primes in Z. Then (%) =

(%), where p* = (_71) p.

Proof. Consider the extension L/K where L = Q(,/q) and K = Q. Since a quadratic algebraic number
is an integer exactly when its norm and trace are integers, Op = Z[a] where a = v/d unless ¢ = 1
(mod 4) in which case a@ = % + g. Thus we can compute the discriminant in these cases, getting
(4¢) and (q) respectively. As we shall see later (Proposition 3.6.7), the finite part of the conductor of
a quadratic extension is the same as its discriminant. Thus the finite part of the conductor of L/K is
(4q) or (q) respectively. To find the infinite part, we need only find out whether the infinite prime of Q
stays real in L. Obviously, this happens exactly when ¢ is positive, and so the infinite prime appears in
the conductor exactly when ¢ is negative.

By Kummer’s theorem, the value of (%) is given by whether or not (p) splits completely in K. This

in turn is determined by whether ¢,y is trivial. Now, by Artin reciprocity, the value of ¢, is given by
some modularity condition modulo f. Regardless of what f is, this means that the value of ¢, is given
by some modularity condition modulo (4¢g)oc. Since (p) = (p*), we can look at p* instead, which has
the advantage of being 1 (mod 4). Thus, whether ¢, is 1 is given by whether p* lies in some subgroup
of index 2 in ng)oo/Pf(?q)oo = (Z/4qZ)* = (Z/AZ)* x (Z/qZ)*. The only such subgroup is the squares.
Since p* is automatically a square modulo 4, we get that the way that (p) factors in L is given by whether

p* is a square modulo g. Therefore, we get (%) = (%). O

The same sort of argument works for more difficult reciprocity laws.

Definition 2.3.4. Let K = Q({3). Suppose 7 is a prime in Ox = Z[(3]. Then we define the cubic

Nm—1
,=a 3

residue symbol, for any a € O relatively prime to , (%)3

This definition makes sense because N7 =1 (mod 3). In order to see this notice that K = Q(v/—3)
and so by quadratic reciprocity 7 N Z splits exactly when it is 1 (mod 3). Hence if 7 NZ is 2 (mod 3)
then it has residue field degree 2, and so its norm is congruent to 1 = 22 (mod 3).

Just as with the Legendre symbol, one can argue that the cubic residue symbol is 1 exactly when a
is a cube modulo 7.

Now if we consider the Galois extension L/K where L = K({/71), then by Kummer’s theorem, the
way that some other prime 75 factors in L is given by the cubic residue symbol.

Theorem 2.3.5 (Cubic Reciprocity). Suppose that w1 and mo are distinct primes in O relatively
prime to 3. Then there exists a unique w5 which is a unit multiple of o and with 75 = 1 (mod 3).

F'L“ th€1 more we have
< : ) ( )
T2 3 1 3
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Proof. First we show that for any prime 7 there exists a unique 7* which is a unit multiple of 7 and
with 7* =1 (mod 3). A prime which is 1 (mod 3) is called primary. First notice that the only units are

41, +(3,+¢2. To see this, notice that Ox = Z[% + @] and recall that the only units are those things
with norm 1. Thus each prime has 6 unit multiples. Furthermore (O /(3))* has exactly 32 — 3 = 6
elements. So all we need to do is check that all the units are distinct modulo (3). This is an elementary
computation so we will leave it as an exercise to the reader.

As one might expect the rest of the proof proceeds by considering Artin reciprocity for the extension
L/K. As in the quadratic case the first thing we need to do is find the conductor. As we shall see in
Proposition 3.6.7, one can show that the finite part of the conductor divides (371). Since K is complex,
there are no real primes and so a priori no ramified primes. Thus the conductor genuinely divides (37 ).

Thus we can go through the same argument as for quadratic reciprocity. The value of ¢, (and thus
of the cubic residue symbol) is given by a congruence condition modulo (37w). We need to write the

class group ISM) / P1(<3 ™) in a more manageable form. Notice that every element of Ig?ﬂ) can be written
uniquely as a product of principal prime ideals generated by primary primes. In this form, the things
we are modding out by are solely those principal prime ideals generated by a primary prime congruent
to one modulo 7. Thus the class group can be identified with (O /(m1))*), where to each prime ideal
we associate the primary prime which generates it.

Thus, Artin reciprocity says that ¢(,,) is given by the image of 73 in the quotient of (O /(71))*) by
some subgroup of index 3. Since this group is cyclic, the only such subgroup is the subgroup of cubes.

Therefore, we get that
(),-)
T 3 1 3 ’

2.3.3 Chebotarev’s Density Theorem

One interesting consequence of Artin reciprocity is that it allows one to prove Frobenius’s conjecture on
the even distribution of primes with a given Frobenius automorphism. There is a clever trick which allows
one to reduce to the case of an abelian extension. For any o € Gal(L/K) we can show that Frobenius’s
conjecture holds for ¢ and L/K exactly when it holds for o and L/L° by a counting argument done in
[L1, VIL.4, Thm 10].

Now by Artin reciprocity, the set of primes with a given Frobenius in an abelian extension is the
same (up to finitely many terms) as the set of primes in some particular coset of the ray class of
some modulus. Thus we have reduced the general conjecture of Frobenius to a simple generalization of
Dirichlet’s theorem on primes in arithmetic progressions. The exact same proof which Dirichlet used
will give this result, provided that we can show that L(1,x) # 0 for any non-trivial character of the class
group of L/K. As we commented in our proof of the first fundamental inequality, this non-vanishing
follows from L/K being a class group.

Unfortunately since Artin was unable to prove his reciprocity theorem, he was unable to give a proof
of Frobenius’s conjecture. But in 1923, Chebotarev proved Frobenius’s conjecture without using any of
Artin’s methods. From this point on it has been referred to as “the Chebotarev density theorem.” Nikolai
Chebotarev was born in 1894 (after Frobenius conjectured the result that now bears Chebotarev’s name)
in Kamenets-Podolsk in Russia and died in 1947.

Chebotarev’s method’s are beyond the scope of this paper, but there is a nice outline in [S-L]. He
used a clever method to reduce to the case of a cyclotomic extension where he could prove the result
by hand. Chebotarev’s methods were a crucial step forward in completing class field theory, however,
for a few years Chebotarev was not aware of the developments in class field theory and the German
class field theorists were not aware of Chebotarev’s results. Although Chebotarev published his paper in
1923, he did not publish a German version until 1925, and he did not study class field theory until 1927.
Chebotarev’s methods were exactly what was needed to prove Artin reciprocity and this became clear
to Artin in 1925 and Chebotarev in 1927. Thus Artin was able to complete the proof of his reciprocity
law first in July 1927 using the methods of Chebotarev.
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2.4 Artin’s Theorem and Generalizing from the Abelian Case

2.4.1 Artin’s Theorem

Artin’s next goal was to show that his new L-series had the same properties as the abelian L-series. For
example, we would like to show that they can be analytically continued to a meromorphic or holomorphic
function on the whole plain, that they have a certain functional equation, that they do not vanish at 1,
etc.

Before attempting to concoct a whole new proof of these results it is worth pausing for a moment to
notice in which situations we have already proven them. In particular, let’s consider the fact that the
L-series do not vanish on the line Re(s) = 1 (this fact is needed for certain theorems on the distribution
of primes). We might hope that the same result holds for all Artin L-series.

Suppose V is any 1-dimensional representation V' of a group G = Gal(L/K),then this representation
has some kernel N and G/N — C* is abelian. Thus V is the pull-back of a character of an abelian
group, and its L-series agrees (up to finitely many Euler factors) with the L-series of some class group.
Therefore, our fact is true for all 1-dimensional representations.

Furthermore, by the induction property, if V' is a 1-dimensional representation of a subgroup H C
G, then L(s,Ind%V) = L(s,V) also is non-vanishing on the line Re(s) = 1. Lastly, notice that if
this property holds for two representations of G, V; and Va, then it clearly holds for L(s, Vi + V3) =
L(S, Vl)L(S, VQ)

We can even squeeze a bit more information out of the abelian case, since the above argument actually
works for arbitrary class functions. That is to say, we have already shown that L(1+it, f) # 0 for any class
function f that can be written as a Q-linear combination of representations induced from 1-dimensional
representations. (Henceforth, representations which are induced from 1-dimensional representations will
be called monomial representations and their characters will also be called monomial.)

This seems to be of little use since we do not a priori know which representations can be written as
a Q-linear combination of monomial representations. However, we have the following theorem due to
Artin.

Theorem 2.4.1 (Artin). Let H; index the cyclic subgroups of a group G. For each H;, we have the
induction function on the space of class functions sending Rc(H;) — Rc(G). This gives us a composite
map

Ind: @ Re(H;) — Re(G).

This map is surjective.

Proof. Any linear map of vector spaces gives an adjoint linear map in the opposite direction of their dual
spaces. Since we have a canonical inner product on all of these spaces, the dual spaces are canonically
identified with the spaces themselves. Frobenius reciprocity tells us precisely that the adjoint map to
induction is restriction. Thus in our case, the adjoint map on dual spaces is

Res: R¢(G) — @RC(Hi).

By basic linear algebra, if we choose a basis, then the dual map is the conjugate transpose of the
original map. Therefore, showing that the induction map is surjective is the same as proving this
restriction map is injective. But, Rc(G) is simply the space of complex valued class functions. Since
every element of GG is contained in one of the H;, no non-trivial class function can be mapped to 0 under
restriction. O

Corollary 2.4.2 (Artin’s Theorem).

Ind : EBRQ(HZ-) — Ro(Q).

Proof. Here we simply note that by the formula for induction, if we pick a basis, all the matrix element
of Ind are rational numbers. Therefore, the rank of this map has the same dimension as the rank of the
map in Theorem 2.4.1. O
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This lets one prove many results about Artin L-functions immediately from the abelian case.
Proposition 2.4.3. For any character x of Gal(L/K), L(1 +it,x; L/K) # 0.

Proof. By Artin’s theorem, we can write x as a linear combination of monomial representations. But as
commented above, this is enough to prove this result. O

By some standard arguments from analytic number theory (cf. [C-F, Theorem 4, p. 214]), it follows
that

Corollary 2.4.4. If © is a positive integer and C is a conjugacy class of G = Gal(K/Q), let w(x,C) be
the number of distinct prime ideals with norm less than x in some field K which have Frobenius lying in

C.
el
|G|

(where ~ denotes asymptotic equality, that is their ratio approaches 1).

m(x,C)

2.4.2 Analytic Continuation and the Completed Artin L-series

Similarly, one can use Artin’s theorem to get a functional equation for Artin L-series. We can decompose
any character of G into Q-linear combination of monomial characters, say

X = Z aiIndgzwi.

Each of the terms on the right hand side has an associated abelian L-function each of which can be
extended to a meromorphic function on the entire plain which has a functional equation. Furthermore,
this functional equation relates the value of each of these L-functions of monomial characters to the
value of its conjugate character. Since the conjugate of a linear combination is the same as the linear
combinations of the conjugates we get that this functional equation relates the value of the L-function
at s to the value of the conjugate Artin L-function at 1 — s.

There are several problems with this picture. Firstly, since the Artin L-series is a Q-linear combination
of the abelian L-functions, its analytic continuation is not meromorphic, because it may have several
branches. We only get that some power of the Artin L-function is meromorphic. Secondly, since we
don’t have an explicit decomposition of y into a linear combination of monomial characters, we do not
have an explicit form of this functional equation.

To fix the first problem, Artin suggested that in fact every character is a Z-linear combination of
monomial characters.

Definition 2.4.5. A subgroup of G is p-elementary if it is the direct product of a cyclic group of order
prime to p with a p-group. A subgroup is elementary if it is p-elementary for some p.

Theorem 2.4.6 (Brauer’s Theorem). Fuvery character of an elementary subgroup is 1-dimensional.
Furthermore, if G is any group and X is any character of G, then we can write x =, aiIndgiwi where
H; indexes the elementary subgroups, a; is an integer, and v; is character of H; (which is therefore
1-dimensional).

Proof. This result was finally proved by Richard Brauer in 1946. For the original article see [B, pp.
539-551] for another proof see [Sel, Chapter 10]. With this result we get that every Artin L-series can
be analytically continued to a meromorphic function on the whole plane. Although we do not have time
to give the proof of this result, it will occasionally be necessary to use it. O

As Artin nonchalantly notes, “However, it will require completely new methods to show that the
L-series are associated to entire functions (aside from the principal character).” This claim is one of
several which bears the name “Artin’s Conjecture.” It is still an open problem and a subject of very
active research. For a survey of the methods which are being applied to this problem in the simplest
case of two-dimensional representations, see Serre’s article in [Fréh, pp. 193-268].
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In order to give an explicit formulation of the functional equation for the Artin L-function, we
would like to define the notion of a completed Artin L-series. Artin’s theorem suggests a program
for accomplishing this, namely, we decompose our L-function as a product of powers of abelian L-
functions and define the completed Artin L-function to the product of the corresponding completed
abelian L-functions. This definition has a significant problem in that it is conceivable that several
different decompositions could yield different completed abelian L-functions.

2.4.3 Conditions for Extending Functions on Cyclic Subgroups

In order to fix this problem and find a well-defined completed Artin L-function, we need to know when
a function on characters of abelian subgroups of a group defines a unique function of characters of the
whole group by extending by additivity and induction. In other words, suppose we have a group G, and
for each element of g we have the cyclic subgroup H, generated by g, and for each H, we have some
function fg on the set of characters of H,, when does this define a unique class function on G given by
o2, a;Ind% .. Xi) = 2_;a; fg(Xi), where x; are characters of dimension 17

The methods which we used to prove Artin’s theorem are precisely what we need to answer this
question. Since we have a canonical inner product on class functions, each f,(x) must be given by
(X, %gq) for some class function 1,. Furthermore, if 1 is a class function on G we have a restriction map

Res: R¢[G] — @ Rc[Hy)
geG

Since restriction is the dual of induction, a collection of 1, will define a class function on the whole
group precisely when it is in the image of this restriction map.

Proposition 2.4.7. cf. [Sel, Ezercise 9.6] A collection of 14 € Rc[H,) for all g € G defines a class
function in Rc[G] by extending by additivity and induction exactly when, for all integers k,

H
ReSszil)g = wg:ﬁ
and for any ¢' € Hy and any s € G,
/(/)g(g/) = wsgs_l(sgls_l)'

Proof. As we have already argued, it is enough to show that these are the image of

Res: R¢[G] — @RC[HQ]

geG

Consider the function on G given by ¥(g) = 14(g). By the second condition, this is a class function. By
the first condition Resggd)(g) = 1)y. O

Thus, if we want to determine whether we can extend a function defined on abelian characters to
a function defined on characters of non-abelian Galois groups by induction and additivity, then it is
enough to check that it satisfies the two conditions of Proposition 2.4.7.

In particular, let us check that the unramified part of the abelian L-functions extends in this way.
We already know that it does, because we have proved that the Artin L-function has this property, but
we can check this with our new condition without actually constructing the Artin L-function. First
notice that the L-function is not actually additive in characters, but log L is.

Definition 2.4.8. Fiz some Galois extension L/K, take g € Gal(L/K), and let Hy be the subgroup
generated by g. If x is a (class) function on Gal(L/LHs), then we define

L( = log H —Nps = Z ZX <Pp 1prs£’

p unram. p unram. £=1

where the product (resp. sum) is taken over all finite primes of L™s which do not divide primes in K
which ramify in L/ K.
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We want to show that this function gives us a unique function on characters of L/K by extending
by additivity and induction. In order to apply Proposition 2.4.7, we need to write L(s,x) in the form
(X, %g) for some class function ¢, on Hy.

Lemma 2.4.9. L(s,x) = (x, ¢,) where,
g = |Hg| Z P Np~,

p,  s.t.
pp=h

where £ goes from 1 to oo and p ranges over all finite primes of Ls which do not divide primes in K
which ramify in L/K.

Proof.
0o B . 1 7
2 2N = g D XL D N
p unram. /=1 g heH, p, ! s.t.
Pp=h

O

Theorem 2.4.10. The functions v extend to a unique class function v of G by induction and additivity.
Thus we can define L(s, x; L/K) for any character x of Gal(L/K). (By uniqueness, this is just the Artin
L-function.)

Proof. By Proposition 2.4.7, we only need to check that ¢, has those two properties. For the first
property, we notice that

Yge(h) = [Hge| > m 'Nq ™,

where q ranges over all primes in LHs* which divide unramified primes in L/K. On the other hand, by
Proposition 1.5.14, ¢4 = <p£q where p is the prime in L¥s under q. Also, Np = Nqﬁ. Therefore, since
there are gq different primes dividing p we get,
Resg’, Ug(h) = [Hy| > g7 "¢ (Nq70) ™.
' q, ¢ s.t.
(pg = hfq

Now, because f,; divides |H,|, <p§ = h'fa exactly when £ = m fq for some integer m. Therefore, we can
make a change of variables £ = f;m to get

H - - - —sm
Resy”, 1g(h) = | Hy| > gt imT NG
q, m s.t.
ep'=h
But, since gqfq = [Hy : Hyr], we get Resg"k ty(h) = Ygr(h) and we have checked condition 1.

Now we turn to the second condition. If p runs over all primes in L#s which divide unramified primes
in L/K, then sps~! runs over all primes in L9051 which divide unramified primes in L/K. Also, by
Proposition 1.5.14, pgps—1 = sgpps_l. Therefore,

Vsgs—1(h) = |[Hy| > LTN(spsTh) T =y (h),
p, £ s.t.
SDZ 1 =h
SpS_

because the norm of conjugate primes are equal. O
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2.4.4 Our Program for Constructing the Completed Artin L-function

One of the most important problems which Artin has left unanswered in his paper is showing that one
can actually construct a well-defined completed Artin L-function. To do this, we need to show that we
can extend the terms for ramified primes, the terms for infinite primes, and the exponential term just
as we were able to extend the unramified terms. Although we could attempt nonconstructive proofs like
the one in the last section, we will actually be able to explicitly construct functions that behave well
under sums and induction and that agree with the abelian case. The bulk of the rest of this chapter will
be devoted to extending each of these parts of the abelian L-function to the non-abelian case so that in
the end we will be able to explicitly write down a completed L-function with a functional equation.

69



2.5 The Local Factors for Ramified Primes

2.5.1 Introduction

Our first step in completing the Artin L-function is to give a definition of the local factors for the ramified
primes. Recall that, for the unramified primes the local factors, if L/M/K is a tower of extension
with L and M both Galois over K and if ¢ is a class function on Gal(M/K), then Ly(s,¢;L/K) =
Ly(s,v; M/K). We would hope that the same is true of the ramified primes. This will be our key tool
for motivating Artin’s definition which he gave in his paper Zur Theorie der L-Reihen mit allgemeinen
Gruppencharakteren [Ar, pp. 165-179]. Once we have this definition, we can verify that this definition
satisfies the basic properties concerning the sum of characters, the pullback of characters, and induced
characters.

2.5.2 Definition
Recall that, for p unramified,

2 (!
o (o, /1) = 3 (p2<x,wp>,

where

v0) =161 Y Fmr

wh=g

Suppose that y is trivial on some normal subgroup H. By the second version of Frobenius reciprocity,
we have (x,¥)e = (X, ¢h)G/H. Thus, if x is trivial on a normal subgroup H, we have

— 1 1
IOng(57X§KH/K):ZW@ > x(9)-
=1

£
gepy H

In particular, suppose that x is trivial on the inertia group I,. Then, the prime p is unramified in
the extension L» /K. Hence, in the expression above, the left hand side makes sense and suggests that
we use the right hand side as the definition of the local factor in the general case.

Definition 2.5.1. Ifp is any finite prime of K (possibly ramified), B is any prime sitting over p in L,
and x is a character of L/K, then we define the local factor

L,(s,x; L/K) = exp Z@prs L Z x(g) | =exp <Z mihx“(wgs))
=1

e
» g€y Iy
It is clear that this definition agrees with the definition in the unramified case. Furthermore, we can
rewrite this formula in a way which is more reminiscent of our original formula.
Proposition 2.5.2. Ifp is a prime in K, P is some prime sitting over it in L, and V is a representation
of Gal(L/K), then

Ly(s,x; L/ K) = det (Id — Np g V%) ™"

Proof. Suppose that Aq,..., A, are the eigenvalues of pgp acting on V1% then

log det (Id — Np g VI¥) ™" = logH 1— Np~—*\) Zlog 1— Np~*\,).
i=1 =1

Now we can take the Taylor expansion to get,

log det (Id — Np~*pq; VI¥) szpe&f-

i=1 ¢=1
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Interchanging sums and using the fact that Y37 Af = x5 (95), we see that

. 1 L
log det (Id — Np~*pq; VI*) 7' =Y T (o%)-
=1

Thus, our claim follows from Proposition 1.5.34. [

2.5.3 The Basic Properties of the Local Factors for Ramified Primes

Now that we have a definition of the local factor for the ramified primes which agrees with our old
definition, we need to check that it has all of the nice properties which the unramified factors had.

Proposition 2.5.3 (Artin).
Ly (s x1 + x2; L/ K) = Ly(s, x15 L/ K) Ly (s, x2; L/ K).

Proof. The formula for the logarithm of the local factor is clearly additive, thus exponentiating gives
our result. 0O

Proposition 2.5.4 (Artin). If Gal(L/K) = G has a normal subgroup H and x is a character of G/H,
then
Ly(s,x; L' /K) = Ly(s, x; L/ K).

Proof. Take q a prime above p in L7, and 9 a prime above q in L. By Proposition 1.5.14 pq is ppH.
Furthermore, Iy = IqH. Thus py 1y (o) = pyra(¢q), and the proposition follows from Proposition
2.5.2. O

Proposition 2.5.5 (Artin). If Gal(L/K) is an abelian group, then Ly (s, x; L/K) equals the local factor
of the abelian L-function of the corresponding character of the class group given by Artin reciprocity.

Proof. Recall that the definition of the abelian L-function is given by taking the character and looking
at it as a primitive character of a quotient of the class group by the kernel of the character. By Artin
reciprocity, this corresponds to considering Ly (s, x; L /K) where H be the kernel of x. By Proposition
2.5.4, Ly(s,x; L/K) = Ly (s, x; L /K), which is exactly what we wanted to show. O

Lastly we need to prove that the Artin L-function attached to an induced representation is the same
as that attached to the original representation. In order to prove this in general, we will need a slightly
stronger version of Mackey’s theorem.

Theorem 2.5.6 (Mackey’s Theorem, stronger version). If H and G’ are subgroups of G, W a
representation of H, and N is a normal subgroup of G, then

(Resg: IndSW)N = @ (IndS, g7, sW)NDSHS ™
s€EG\G/H

(Where (ps,sW) is a representation of sHs™1 given by ps(x) = p(s~1xs).)

Proof. The proof of the special case of N = 1 [Sel, Proposition 22, page 58] actually works for any N
if one simply follows through what the N-invariance means in each step of the proof. Since it is purely
a representation theoretic result, we will not repeat this proof here. O

Proposition 2.5.7 (Artin). Suppose we have number fields K C M C L with Gal(L/K) = G and
Gal(L/M) = H. H can be identified with subgroup of G. Fiz p some prime of K. If x is any character
of H, then

11 Za(s,x: L/M) = Ly (s, Indix; L/ K).

alp
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Proof. Take x to be the character of some representation W.

Following our notation and argument in Theorem 2.2.1, we have that in M p factorsasp = q1q2-- - q,.
For each i, choose some 3; € L sitting over g;. Let G; and I; denote the decomposition and inertia
groups of PB;/p respectively. Now take ¢ € G; which reduces to the Frobenius in G1/I;. Thus, by
definition, the local factor is

Ly(s, V. L/K) = det (1 = pNp: Vh) 7"

Since the Frobenius lives in G; not G, we can replace V' with Resg, V. In this case this lets us rewrite
our local factor as:

~1
Ly(s,V, L/K) = det (1 — oNp; (ResGlIndgwﬂl) .

Just as before we want to apply Mackey’s theorem. Recall that, if we take 7; € G such that

7719, = qi, then {7;} is a set of representatives for the double cosets G;\G/H (here as always i ranges

between 1 and g). Furthermore, since the 3; were arbitrarily, we can choose them so that 7[1‘431 =P;.
Therefore, by the stronger version of Mackey’s theorem, we can rewrite our local factor as:

—1
g
Ly(s,V,L/K) = det (1 — oNp; @(IndgimﬂHT1TiW)IlﬁTHT—1>

i=1
. G LinrHr ! -1
= Hdet (1 — pNp; (IndK%‘riH‘ri_lTiW) N7 HT; )
i=1
Conjugate each term individually by Ti_l to find
g 1 ) _ -1
Ly(s,V,L/K) = [ ] det (1 — 77 Yo7 Np; (Ind:f,lgi::mHW)ﬂ 1ImﬂH) (2.5.1)

i=1

But, clearly, from the definition of 7;, G; = Ti_lGlTi and I; = Ti_lj 17; are (respectively) the decom-
position and inertia groups for B;/p. Furthermore, by Proposition 1.5.14, ¢; = Tlflapﬂ- reduces to the
Frobenius in G;/I;.

Notice that G; N H = H; and I; N H = I are (respectively) the decomposition and inertia groups for
Bi/ai-

Now this expression is beginning to look like the product of the local factors for each gq;. By Propo-
sition 1.5.14 if f; is the relative degree of 93;/q;, then gof is the Frobenius for 9B;/q;. Thus,

g g . 1
[T La.(ss W, L/a0) = [T det (1= ol NpPs W)
i=1 i=1

Therefore we have reduced our general problem to verifying the equation

det (1= @ Np/s W) = det (1~ :Np; (Ind W) )

But, this is exactly the equality of local factors in the special case of the extension of decomposition
fields, L&+ C L¥i C L (in this case g = 1). (It is important to note here that the Frobenii for this field
extension are exactly the same as those at the same prime in the original field extension.)

Now that we are in this special case we can reduce even further to get rid of the ramification. By

Proposition 1.5.35 (Ind§W)! = Indg%mIWmH. Applying this to equation Equation 2.5.1 reduces us

to proving the equality of local factors for the tower of extensions L& C L: C L'i | where now our prime
above p in L% is completely unramified. Thus we have reduced to the calculation which we already
made in the end of Theorem 2.2.1. O

In particular, since the logarithm of L, (s,x;L/K) is additive and preserved under induction, by
Artin’s theorem, it is the unique function which extends the abelian definition to characters of non-
abelian groups by additivity and induction.

Since we now have a definition for the ramified primes we change our original definition of the Artin
L-function.
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Definition 2.5.8.
L(s,x; L/K) = [ [ Ly (s, x; L/ K).
p

Clearly we have that with this new definition the Artin L-series has actual equality in the following
formulas:

Theorem 2.5.9 (Artin).

1. If Gal(L/K) is abelian, then L(s,x; L/K) equals the abelian L-function associated to the character
X oL i of the class group of L/K (where ¢r,/ is the Artin map).

L(s,x1 + x2; L/ K) = L(s, x1; L/ K) L(s, x2; L/ K).
3. If Gal(L/K) = G has a normal subgroup H and x is a character of G/H, then
L(s,x; L" /K) = L(s, x; L/ K).

4. Suppose we have number fieldls K C M C L with Gal(L/K) = G and Gal(L/M) = H. H can be
identified with subgroup of G. If x is any character of H, then

L(s,x; L/M) = L(s, Indfix; L/ K).

Proof. We have already shown these equalities prime by prime. O

2.5.4 An Application to (-function Formulas

We now have a definition of the Artin L-function which is genuinely equal to the abelian L-function in
the abelian case and where we have genuine equality in the induction formula. This gives us a means of
finding relations between abelian L-functions. In particular,

Theorem 2.5.10 (Artin). If L/K is a Galois extension of number fields, then

Cols) = [T L(s,x)*™,

where the product is taken over all irreducible characters.

Proof. By Theorem 2.5.9 property 1, we know that (1,(s) = L(s, xo; L/L) where xq is the trivial char-
acter. By the induction formula (property 4), we see that,

Cr(s) = L(S,Indfl}x(); L/K).

By Frobenius reciprocity,

Ind?l}x() =rg= ZX(O)X-
X

Therefore, by the additivity property (property 2),

CL(s) = H L(s, x)XM).

X
O

This formula gives us our required generalization of Weber